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Abstract Here, we describe the development of a triangular
silver nanoprism (AgNPR) etching-based plasmonic ELISA
for the colorimetric determination of Cr(III) levels in environ-
mental water samples. This involved the creation of a novel
signal generation system (substrate reaction solution) for a
competitive ELISA in which hydrogen peroxide (H2O2) is
used to etch triangular AgNPRs, inducing a change in color.
This is achieved by controlling the H2O2 concentration that
remains after degradation by catalase, which is conjugated to
the secondary antibody of the ELISA. Because the degree of
color change and the shift in the absorption spectrum of the
substrate reaction solution are closely correlated with the
Cr(III) concentration, this plasmonic ELISA can be used not
only for the quantification of Cr(III) concentrations ranging
from 3.13 to 50 ng/mL, with a limit of detection (LOD) of
3.13 ng/mL, but also for the visual detection (indicated by a

color change from blue to mauve) of Cr(III) with a sensitivity
of 6.25 ng/mL by the naked eye. Therefore, the plasmonic
ELISA developed in this work represents a new strategy for
heavy metal ion detection and has high potential applicability
in resource-constrained areas.
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Introduction

Due to rapid industrial development, more and more nonde-
gradable heavy metal ions (e.g., Cr3+, Pb2+, Hg2+, Cu2+, Ni2+,
and Cd2+) are being discharged into water and soil by various
routes [1], where they remain indefinitely, exposing ecological
systems and food chains to high levels of pollution [2–4].
Chromium (Cr) is a regulated toxic heavy metal that exists
mainly in two oxidation states, Cr(III) and Cr(VI). Although
Cr(III) is less toxic than Cr(VI), it can accumulate to high
levels in the environment, and high concentrations of Cr(III)
can bind to DNA, which has a detrimental effect on cellular
structures and damages cellular components [5, 6]. Moreover,
Cr(III) can be oxidized to the more toxic Cr(VI), which has
been linked to disease states including neurological damage,
birth defects, lung cancer, liver cancer, and esophageal cancer,
and can thus increase the regional incidence of cancer and
infant deformities [7–9]. Because Cr(VI) cannot be chelated
with ethylenediaminetetraacetic acid (EDTA) and easily re-
duced to Cr(III) through pretreatment, a monoclonal antibody
was designed to target Cr(III)–EDTA [4, 10]. Therefore, the
development of an easy readout method to detect Cr(III) could
be significant for human health.

Various analytical methods have been reported to detect
heavy metal ions, including inductively coupled plasma mass
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spectrometry (ICP-MS) [11, 12], flow injection analysis [13],
atomic absorption, atomic emission, and flame emission
spectrometry [14, 15], fluorescence spectrometry [16],
DNAzyme biosensors [17, 18], aptamer biosensors [19],
enzyme-linked immunosorbent assays (ELISAs) [20, 21], and
immunochromatographic biosensors [22–24]. Although these
analytical methods have high sensitivity and specificity, most
require well-trained operators and expensive instruments.
Therefore, a more cost-effective and user-friendly analytical
method with a straightforward readout would be widely appli-
cable and highly desirable in the study of heavy metal ions.

Metal nanoparticles, such as gold nanoparticles (AuNPs)
and silver nanoparticles (AgNPs), are commonly used in plas-
monic nanosensors, as they exhibit excellent localized surface
plasmon resonance (LSPR). LSPR is an optical property of
nanomaterials that is strongly dependent upon the morpholo-
gy and aggregation state of the nanostructures. The LSPR
state of plasmonic nanoparticles can indicate the presence or
absence of target biomolecules. Furthermore, changes in the
LSPR state of plasmonic nanoparticles are linearly correlated
with the concentrations of analytes [25–27]. Recent advances
in plasmonic nanosensors have it possible to develop a series
of rapid on-site detection assays with useful properties
[28–31] such as a visible readout and high sensitivity and
specificity [32–34]. Among these plasmonic nanosensors, tri-
angular silver nanoprism (AgNPR) etching-based plasmonic
nanosensors are of particular interest because their lateral di-
mensions greatly exceed their thickness, favoring highly tun-
able LSPR [35, 36]. Xia et al. described a glucose plasmonic
nanosensor in which H2O2 produced by a glucose oxidase
system acts as an oxidant to etch the triangular AgNPRs into
nanodiscs [34]. Glucose concentrations correlated well with
the color change and the blueshift of the LSPR peak of the
triangular AgNPRs [37]. Based on this method of generating
H2O2 from the enzymatic oxidation of a glucose system,
Liang et al. developed a highly sensitive triangular AgNPR
etching-based plasmonic sandwich ELISA for the detection of
prostate-specific antigen (PSA) [36].

Here, we introduce a triangular AgNPR-based plasmonic
competitive ELISA to detect Cr(III) in water samples. This
assay can be used for both the quantification and the visual
assessment of Cr(III) levels by the naked eye. The plasmonic
competitive ELISA we developed is a heavy metal ion
sensing platform with two important advantages over oth-
er analytical methods. First, since the signals are positive-
ly and closely correlated with analyte concentrations, the
readout can easily be evaluated and quantified. This rep-
resents a significant improvement in the user-friendliness
of competitive immunoassays. In addition, the obvious
blue-to-mauve changes can easily be distinguished by
the naked eye, making this method cost-effective and suit-
able for heavy metal ion detection, even in resource-
constrained areas.

Materials and methods

Materials and apparatus

Silver nitrate (AgNO3, 99.8 %) was purchased from Sinoreagent
(Shanghai, China). Trisodium citrate was obtained from
Damaoreagent (Tianjin, China). Hydrogen peroxide (H2O2,
30 wt%), Tween-20, and NaBH4 were purchased from GZ
Chemical Reagent (Guangzhou, China). Catalase and polyvinyl-
pyrrolidone (PVP, MW 40,000) were obtained from Sigma (St.
Louis, MO, USA), respectively. Biotin-conjugated goat anti-
mouse IgG (Ab2) was purchased from Proteintech (Chicago,
IL, USA). Dimethyl sulfoxide (DMSO) and 24-unit ethylene
glycol functionalized with succinimidyl and maleimido ends
(SM(PEG)24) were obtained from Thermo Scientific
(Waltham, MA, USA). Catalase-Ab2 was prepared in our lab
(the process is explained in the BElectronic supplementary
material,^ ESM1). Chromium chloride (99.99 %) was obtained
from Sigma–Aldrich (Milwaukee,WI, USA), and all other metal
ions were purchased fromMerck KGaA (Darmstadt, Germany).
Anti-Cr(III)-iEDTA antibodies (Ab1), Cr(III)-iEDTA-OVA,
phosphate buffer (PBS, pH 7.4), and bicarbonate buffer
(pH 9.6) were prepared in our labora to ry [4 ] .
Isothiocyanobenzyl-EDTA (iEDTA) was purchased from
Dojindo Laboratories (Kumamoto, Japan). Deionized water
(Milli-Q grade, Millipore, Billerica, MA, USA) with a resistivity
of 18.2 MΩ cm was used throughout this study. For the ELISA,
96-well polystyrene plates were purchased from Guangzhou Jet
Bio-Filtration Co., Ltd. (Guangzhou, China). The triangular
AgNPRs were characterized by transmission electron microsco-
py (TEM) using a Philips (Eindhoven, Netherlands) TECNAI-10
transmission electron microscope operating at an acceleration
voltage of 120 kV. The LSPR spectra of the resulting solutions
in 96-well plates were collected by a Synergy H1 hybrid multi-
mode microplate reader (Bio-Tek Instruments, Inc., Winooski,
VT, USA). Inductively coupled plasma mass spectrometry
(ICP-MS, Thermo Fisher Scientific, Waltham, MA, USA) was
used to confirm sample composition.

Preparation of substrate reaction solutions (solution A
and solution B)

Solution A refers to 20μMH2O2 and solution B to the triangular
AgNPRs. Triangular AgNPRs were prepared as previously de-
scribed [36, 37]. Briefly, 50 μLAgNO3 (0.1M), 750 μL sodium
citrate (0.1 M), and 120 μL H2O2 (30 wt%) were added one at a
time to a conical flask containing 49.08 mL of deionized water.
The solution was vigorously stirred on a magnetic stir plate at
room temperature. After the rapid addition of 400 μL NaBH4

(100mM), the solution changed gradually from colorless to light
yellow and, after approximately 20 min, to blue, indicating the
formation of triangular AgNPRs. The resultant triangular
AgNPRs were stored at 4 °C until use.
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Competitive Cr(III) assay

To detect Cr(III) via plasmonic ELISA, 96-well micro-
plates were pre-coated with the antigen Cr(III)-iEDTA-
OVA diluted in bicarbonate buffer (100 mM, pH 9.6)
overnight at 4 °C. After washing the microplates three
times with wash buffer (0.1 % Tween-20 in PBS) to re-
move unbound Cr(III)-iEDTA-OVA, the plates were
blocked with blocking buffer (1 % BSA in PBS) at
37 °C for 1 h, followed by three additional washes.
Next, 50 μL of different concentrations of Cr(III) diluted
in 5 μM EDTA-Na2 (prepared in our lab) were added to
the microplates, followed by 50 μL anti-Cr(III)-iEDTA
monoclonal antibodies (Ab1, prepared in our lab).
Microplates were incubated at 37 °C for 1 h and then
washed three times to remove unbound Ab1. Next,
200 μL catalase-Ab2 were added to each well, which were
then incubated at 37 °C for 1 h. Following incubation, the
microplates were washed, and 100 μL substrate solution A
were added to each well. Fifty microliters of substrate
solution B were added after 30 min and allowed to mix
with solution A in the plate at room temperature for
15 min before the resulting LSPR spectrum was imaged
and analyzed.

Analysis of spiked samples

Water samples for the experiment were obtained from the
Pearl River (Guangzhou, China) or were tap water (Tianhe,
China). Serially diluted Cr(III) was spiked into the tap water
and Pearl River water samples with 5 μMEDTA-Na2, and the
samples were analyzed using the plasmonic ELISA. These
Cr(III)-spiked water samples were also assessed by ICP-MS.

Colorimetric differentiation of Cr(III) from other metal
ions

To evaluate the specificity of the triangular AgNPR-based
plasmonic nanoimmunosensor, a series of metal ions, includ-
ing Zn2+, Co2+, Al3+, Mg2+, Ca2+, Pb2+, and Fe2+, were tested
at concentrations of 10 ng/mL.

Results and discussion

Scheme of the plasmonic ELISA

The basic principle of the plasmonic ELISA Cr(III) detection
system is illustrated in Fig. 1. In the absence of Cr(III)-EDTA

Fig. 1 Schematic of the plasmonic Cr(III) ELISA. For negative samples
(no Cr(III)-EDTA), the catalase-Ab2 bound on the microplate through
immunoreactions degrades the H2O2 in solution A. As a result, H2O2 in
solution A is consumed, no AgNPR etching occurs, and no color change
or spectral shift is detected. For positive samples (containing Cr(III)-
EDTA), analytes and antigens coating the microplate competitively

bind Ab1, leading to a decrease in catalase-Ab2 captured on the
microplates. H2O2 in solution A is not completely consumed; it
maintains a relatively high, Cr(III)-dependent concentration, etching
triangular AgNPRs of solution B. Subsequently, the reaction solution
changed color from blue to mauve, and its LSPR peak gradually
blueshifted
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(negative samples), the anti-Cr(III)-iEDTA antibodies (Ab1)
are captured by the coating antigens (Cr(III)-iEDTA-OVA)
and bind the added catalase conjugated to Ab2 (catalase-
Ab2). When substrate solutions A and B are then successively
added to the microplate, the H2O2 in solution A is degraded by
the bound catalase so that the nanoparticles in solution B
maintain their triangular shape and the color remains blue.

When samples containing Cr(III)-EDTA are added to the
precoated microplates (positive samples), the Cr(III)-EDTA in
the samples and the coating antigens competitively bind Ab1.
The free Cr(III)-EDTA-Ab1 complexes are removed during
the washes, resulting in a reduction in the amount of captured
Ab1 and thus less catalase-Ab2 that is bound by the micro-
plates. Therefore, the H2O2 from solution A remains at a
higher level and can catalyze the etching of the triangular
AgNPRs in solution B into nanodiscs, leading to a distinct
color change (from blue to mauve) and an LSPR wavelength

blueshift. Importantly, the extent of the color change was
found to be correlated with the concentration of Cr(III) in
the samples. The plasmonic ELISA can thus be used not only
for Cr(III) quantification but also for the visual detection of
Cr(III) by the naked eye.

H2O2-mediated etching of triangular AgNPRs

According to previous research [37], H2O2 can easily etch
triangular AgNPRs because of its powerful oxidizing proper-
ties. To investigate the influence of the H2O2 concentration on
the etching of triangular AgNPRs, the triangular AgNPRs
were etched with different concentrations of H2O2 ranging
from 0 to 100 μM (experimental details are explained in the
ESM). As shown in Fig. 2a, as the concentration of H2O2

increases from 0 to 100 μM, the color of the reaction solution
gradually changes from brilliant blue to mauve, and this

Fig. 2a–f Characterization of H2O2-mediated etching of triangular
AgNPRs. a Color changes induced by triangular AgNPRs etched by
different concentrations of H2O2 (0–100 μM). b Corresponding LSPR
peaks of the triangular AgNPRs etched by different concentrations of
H2O2. c Standard curve plotting the relationship between the LSPR peak

blueshift of the triangular AgNPRs and the concentration of H2O2. d–f
TEM images of triangular AgNPRs etched by 0 μM (d), 50 μM (e), or
100 μM (f) of H2O2, respectively. Scale bar is 50 nm. The triangular
AgNPRs become increasingly round as the H2O2 concentration increases
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change can be clearly distinguished starting at 20μMH2O2 by
the naked eye. Additionally, the LSPR peak exhibits a gradual
blueshift (Fig. 2b–c). The degree of LSPR blueshift and the
color change were highly dependent on the concentration of
H2O2. TEM images revealed that the morphology of the tri-
angular AgNPRs gradually changed from triangular to round
when they were etched with increasing concentrations of
H2O2 (Fig. 2d–f).

Catalase-dependent triangular AgNPR etching

To determine the effects of the catalase concentration, the
degree of H2O2-mediated etching of triangular AgNPRs and
the associated LSPR peaks were evaluated in the presence of
different catalase concentrations ranging from 0 to 1,000 ng/
mL (experimental details are provided in the ESM). As shown
in Fig. 3a, a distinct color change from mauve to blue was
observed as the concentration of catalase increased, and the
color change process was highly dependent on the catalase
concentration. Moreover, the LSPR peaks of the triangular
AgNPRs were redshifted, and higher catalase concentrations
produced greater redshifts of the LSPR peak (Fig. 3b–c).

Cr(III) detection by competitive plasmonic ELISA

After demonstrating that H2O2 could etch triangular AgNPRs
and cause a color change, we applied this competitive ELISA

Fig. 3a–c H2O2 etching of triangular AgNPRs in the presence of
different catalase concentrations. a Color change induced by H2O2-
etched triangular AgNPRs exposed to a serially diluted catalase. As the
catalase concentration increased, H2O2 levels decreased, and the color of
the resulting solution changed from mauve to blue. b Corresponding

LSPR peaks of triangular AgNPRs. As the catalase concentration
increased (0–1,000 ng/mL), the LSPR absorbance of the triangular
AgNPRs was redshifted. c Relationship between the AgNPR LSPR
peak shift and the catalase concentration

Fig. 4a–b Detection of different Cr(III) concentrations using the
plasmonic nanoimmunosensor ELISA. a The etching of the triangular
AgNPRs induced a color change from blue to mauve as the
concentration of Cr(III) increased. b Calibration curve of the plasmonic
nanoimmunosensor. The inset in b plots the relationship between the
LSPR peak blueshift of the triangular AgNPRs and the concentration of
Cr(III). Each value represents the mean of the values obtained in three
replicates, and error bars indicate the standard deviation based on three
independent measurements
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to the detection of Cr(III). Different concentrations of Cr(III)
ranging from 0 to 100 ng/mL were chelated with EDTA and
analyzed using the plasmonic competitive ELISA. In this
case, the color of the resulting solution was blue when
Cr(III) concentration was low (0 ng/mL), and changed to
mauve when the Cr(III) concentration reached 6.25 ng/mL
(Fig. 4a). Concentrations as low as 6.25 ng/mL Cr(III) were
detectable by the naked eye. The LSPR peak blueshift of the
triangular AgNPRs increased as the concentration of Cr(III)

increased in the range 3.13 ng/mL to 50 ng/mL, and the lower
LOD was determined as 3.13 ng/mL (Fig. 4b).

Cr(III) detection in spiked samples

The tap water and Pearl River samples were mixed with 5 μM
EDTA and then spiked with 0, 5, 10, 20, and 40 ng/mLCr(III),
respectively. These water samples were then analyzed by the
plasmonic ELISA. As shown in Fig. 5a–b, an obvious color
change occurred when the Cr(III) concentration reached
10 ng/mL. According to the LSPR blueshift of the triangular
AgNPR solution, the plasmonic ELISA has a relatively high
recovery (Table 1).

Selectivity for Cr(III)

The cross-reactivity of the immunoassay was assessed by de-
tecting other metal ions, including Zn2+, Co2+, Al3+, Mg2+,
Ca2+, Pb2+, and Fe2+, at concentrations of 10 ng/mL. No dis-
tinguishable change in the color of the triangular AgNPR so-
lution was observed in the presence of those other metal ions
compared with the blank control. By measuring the blueshift
in the absorbance spectrum, cross-reactivities of 0.73 %,
0.93 %, and 5.18 % were observed with Al3+, Ca2+, and
Fe2+, respectively (Fig. 6). The cross-reactivity rate is
expressed as (Cr(III)/100)×100 %. The cross-reactivity rates
of the other metal ions with Cr(III) were less than 0.73 %.
These results confirm the high specificity of the triangular
AgNPR-based plasmonic ELISA for the detection of Cr(III).

Fig. 5a–b Color change from
blue to mauve in the detection of
Cr(III) spiked into tap water (a) or
Pearl River water (b)

Table 1 Detection of Cr(III) in tap water and Pearl River water samples

Samples Actual Cr(III)
concentration
(ng/mL)

Cr(III) concentration
detected by ICP-MS
(ng/mL)

Recovery by
ICP-MS (%)

Cr(III) concentration
detected by plasmonic
ELISA (ng/mL)

Recovery by
plasmonic
ELISA (%)

Coefficient
of variation
(%)

Spiked tap water 0 0 0 0.45

5 3 60 3.58 ± 0.19 71.6 5.3

10 9 90 9.91 ± 0.61 99.1 6.2

20 22 110 20.55 ± 1.11 102.7 5.4

40 43 107.5 40.41 ± 2.78 101.0 6.9

Spiked Pearl
River water

0 0 0 0.45

5 3 60 3.44 ± 0.25 68.8 7.2

10 10 100 9.73 ± 0.67 97.3 6.9

20 21 105 21.12 ± 1.57 105.6 7.4

40 42 105 40.73 ± 3.04 101.8 7.5

Fig. 6 Detection of other metal ions (Zn2+, Fe2+, Co2+, Al3+, Mg2+, Ca2+,
Pb2+, and Cu2+) using the plasmonic Cr(III) ELISA to determine cross-
reactivity. The cross-reactivity rate is expressed as (Cr(III)/100)×100 %.
Inset shows the final reaction solution of samples containing 10 ng/mL of
the tested metal ion
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Comparison with existing methods

Compared to other analytical chromium detection methods
(Table 2), the presented method offers a range of detection
and an LOD comparable to those of several other methods.
In addition to the quantification of relevant levels of Cr(III),
the plasmonic ELISA offers several other advantages, includ-
ing that it does not require expensive equipment and that it
makes it possible to detect Cr(III) by eye due to the obvious
color change from blue to mauve. Furthermore, the strategy
employed by this method provides users with another option
for the detection of heavy metal ions in resource-constrained
areas.

Conclusions

In summary, we have presented a competitive plasmonic
ELISA that accurately quantifies Cr(III) levels based on the
LSPR wavelength shift of a triangular AgNPR reaction solu-
tion and allows Cr(III) levels to be assessed by the naked eye
based on the color change of the solution. The signal was
found to be positively correlated with the analyte concentra-
tion and allowed easy interpretation of the results. Because of
its user-friendliness and the ability to observe the signal with
the naked eye, this plasmonic ELISA could be the best option
for Cr(III) detection in resource-limited regions. In the near
future, the strategy developed in this assay should be applied
to improve the detection of Cr(VI) and total chromium ions in
complex biological matrices.
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