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Abstract: Determination of oxyanions is of paramount importance because of the essential role they
play in metabolic processes involved in various aquatic environmental problems. In this investigation,
a novel chemical sensor array has been developed by using gold nanoparticles modified with different
chain lengths of aminothiols (AET-AuNPs) as sensing elements. The proposed sensor array provides
a fingerprint-like response pattern originating from cross-reactive binding events and capable of
targeting various anions, including the herbicide glyphosate. In addition, chemometric techniques,
linear discrimination analysis (LDA) and the support vector machine (SVM) algorithm were employed
for analyte classification and regression/prediction. The obtained sensor array demonstrates a
remarkable ability to determine multiple oxyanions in both qualitative and quantitative analysis. The
described methodology could be used as a simple, sensitive and fast routine analysis for oxyanions
in both laboratory and field settings.

Keywords: chemosensor array; gold nanoparticles; organic oxyanions; multicomponent analysis;
linear discrimination analysis (LDA); support vector machine (SVM)

1. Introduction

Oxyanions such as phosphonates, carboxylates and phosphates play essential roles
in metabolic processes and are involved in various aquatic environmental problems. Ex-
cess phosphate in rivers, lakes and coastal waters can lead to severe eutrophication [1].
Glyphosate, a compound called Roundup, is an herbicide widely used in agriculture [2,3].
Excessive use of glyphosate can cause various severe problems due to its adverse effects on
human beings and other living creatures, such as mental disorders, language malfunctions
and breathing paralysis, and can even endanger life [4–6]. Various methods for the determi-
nation of oxyanions have been developed, including high-performance liquid chromatogra-
phy (HPLC) [7], pulsed amperometric detection (PAD) [8], ion-exchange chromatography
(IC) [9], gas chromatography–mass spectrometry (GC-MS) [10] and capillary electrophore-
sis (CE) [11,12]. Nevertheless, these methods involve complex, time-consuming operation
processes and require expensive instruments, and they must be implemented by highly
trained technicians. Therefore, rapid, sensitive, reliable and high-throughput oxyanion
detection methods have still been widely sought.

Chemical sensors based on the lock–key strategy have been proved to be efficient in
identifying specific target molecules [13]. Meanwhile, the chemosensor array provides a
powerful method for multitarget detection. Sensor arrays have been widely used in target
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analysis (e.g., for toxic gases [14,15], pollutants [16], explosives [17–19], bacteria [20,21],
proteins [22–25], cancer cells [26,27], medical diagnosis [28–30], drug mechanisms [31] and
food quality control [32–34]). Indeed, chemosensor arrays demonstrate their virtue from
basic chemical analysis to practical application [35,36].

Gold nanoparticles (AuNPs) have been widely applied in the preparation of naked-
eye-recognizable chemical sensors [37–39]. The spectral shift of AuNPs is caused by the
change in localized surface plasmon resonance (LSPR) originating from aggregation or dis-
persion of particles caused by chemical stimuli [40–42]. Meanwhile, the properties of ease
of preparation and ease of surface functionalization provide AuNPs with advantages for
the construction of various sensing units. A number of chemical species, such as biological
thiols [43], bacterial species [44], catecholamine [45], toxic organophosphate pesticides [46]
and proteins [47,48], have been successfully identified by AuNP-based colorimetric sensor
arrays developed by different research groups. Recently, we reported the qualitative and
quantitative detection of biogenic amines for food analysis using a AuNP-based colorimet-
ric chemosensor array. The AuNPs are functionalized with carboxylate derivatives [49],
which capture target amines with electrostatic interactions and hydrogen bonds. Presum-
ably, a colorimetric chemosensor array comprising AuNPs functionalized with proper
targeting moiety may also be capable of determining oxyanions. In another study, a sim-
ple colorimetric chemical sensor array was designed for the quantitative determination
of the herbicide glyphosate [50]; competitive coordinative bonding of a metal ion (Zn2+)
occurred between a catechol dye and target anions, and the concentrations of targets were
determined by the changes in the optical properties of the dye. However, catechol dye has
a certain toxicity, is difficult to degrade under natural conditions and causes great harm
to the human body and environment. It is listed as an environmental pollutant by many
national environmental protection organizations. Therefore, it is necessary to establish a
pollution-free and efficient method for detecting oxyanions.

We herein report a AuNP-based colorimetric chemosensor array for the detection of
oxyanions. The chemical sensors (AET-AuNPs) were fabricated by AuNPs functionalized
with aminothiols with different chain lengths for the naked-eye detection of 11 oxyanions.
The chain length of functional groups was modified not only to detect target oxyanions at a
wide range of concentrations but also to construct a sensor array generating a colorimetric
fingerprint response pattern. The qualitative and quantitative detection was processed by
chemometric methods, including a linear discriminant analysis (LDA) and a support vector
machine (SVM). It is worth mentioning that the prepared chemosensor array demonstrated
high determination accuracy for the herbicide glyphosate. Thus, the proposed strategy for
building the chemosensor array represents a step forward for oxyanion analyses based on
nanoparticle technology.

2. Materials and Methods
2.1. Reagents and Equipment

Glyphosate (Glyp), malonate (Mal), oxalate (Oxa), citrate (CA), adenosine monophos-
phate (AMP), adenosine diphosphate (ADP), adenosine triphosphate (ATP), 4-chloropheno-
xyacetic acid (4-cpa), 2,4-dichlorobenzoate (2,4-dcba), salicylate, 2-amino pyrophosphate
(PPI), 2-aminoethyl mercaptan (2-AET), 3-aminopropyl mercaptan (3-AET), 6-aminohexyl
mercaptan (6-AET), MES sodium salt (MES) and hydrogen tetrachlorocuprate (III) trihy-
drate were purchased from Shanghai Titan Scientific Co., Ltd. (Shanghai, China). Sodium
borohydride, nitric acid and sodium hydroxide were purchased from local suppliers. All
chemicals and reagents were of analytical grade and used without further purification. The
river water was collected from Lijiang River in Guilin, Guangxi. The ultrapure water used
in all experiments was purified by asura-axlm1820 (resistivity 18.2 MΩ).

TEM and high-resolution TEM images of AuNPs were recorded on a 160 kV JEM-2100F.
Fourier transform infrared (FT-IR) spectra were obtained using a Thermo Nexus 470 FT-IR
instrument by grinding and tableting the sample with KBr. Thermogravimetric analysis
was performed using a thermogravimetric analyzer (TGA, TA Q500, TA Instruments, New
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Castle, DE, USA) under N2 with a temperature ramp rate of 10 ◦C min−1 from 30 to 600 ◦C.
Zeta potential experiments were performed on a Zeta-sizer 3000HS (Malvern Instruments,
Malvern, UK) using the nontraumatic backscattering (NIBS) technique. UV–visible spectra
measurements were obtained on a Lambda 365 UV–visible spectrometer (Perkin Elmer
Instruments, Waltham, MA, USA). Colorimetric sensor array experiments were performed
on a 96-well plate using a PowerWaveHT microplate spectrophotometer.

2.2. Synthesis of Surface-Functionalized Gold Nanoparticles

The preparation conditions of the AuNPs were selected according to a previous
report [51]. All glassware was cleaned with concentrated HCl/HNO3 (3:1, v/v) and rinsed
with distilled water. Briefly, 400 mL of 0.213 M different chain lengths of aminothiols and
40 mL of 1.40 mM HAuCl4·3H2O were mixed in a 100 mL glass vial. The mixture was stirred
for 20 min at room temperature in dark conditions. Then, 10 µL of fresh NaBH4 solution
(10 mM) was quickly added to the aforementioned aqueous solution with vigorous stirring,
the mixture solution was further stirred for 30 min followed by a centrifugation treatment.
Subsequently, the obtained solids were dispersed in MEA buffer (10 mM, pH = 5.5) to
obtain a wine-red solution. Finally, the wine-red solution was filtered with 0.22 µM filter
paper and stored in a refrigerator at 4 ◦C.

2.3. Measurement

We titrated the following 11 analytes: Glyp, Oxa, Mal, CA, PPI, AMP, ADP, ATP, 4-CPA,
2,4-DCBA and salicylate (A1–A11). The specific operation is as follows: After mixing 0.9 mL
of the AET-AuNPs (pH = 5.5, MES = 10 mM) solution and 0.1 mL of analyte together in a
cuvette, the resulting solution was incubated. UV–vis titration of oxyanions was implemented
and recorded using a Lambda 365 UV–visible spectrometer. Responses of the sensor array
upon addition of oxyanions were recorded using a PowerWaveHT enzyme marker.

2.4. Colorimetric Assay

The experiments for the qualitative and quantitative analysis of the colorimetric sensor
array were carried out in 96-well plates and observed with a PowerWaveHT microwell
spectrophotometer. The colorimetric response of eleven oxyanions with three sensor
elements was tested and collected. The specific process is as follows: First, 180 µL of
AET-AuNP solution (pH = 5.5, MES = 10 mM) was mixed with 20 µL of analytes (pH = 5.5).
All solutions were prepared at room temperature. Response data from 400 nm to 800 nm
were measured and recorded using the PowerWaveHT microplate reader. The array assay
of each sample was repeated 24 times; the obtained spectral data were subjected to a T-test,
and 4 abnormal data points were eliminated, resulting in the coefficient of variation of the
last 20 repeated data points being less than 9%. In such a way, a multidimensional response
model (3 sensors × 11 oxyanions × 20 repetitions) was constructed. Linear discriminant
analysis (LDA) was used to perform qualitative and semiquantitative analysis. Support
vector machine (SVM) was used to perform principal component analysis and automatic
scaling preprocessing on the dataset. SYSTAT 13.0 and Solo software were used to perform
statistical analysis on all data matrices.

3. Results
3.1. Structural Characterization of AET-AuNPs

In this work, we report a colorimetric sensor array comprising three sensors (S1–
S3) that can simultaneously identify 11 analytes with good classification rates. Figure 1
shows the molecular structures of oxyanions, sensing elements and sensing diagram of
the AET-AuNP colorimetric sensor array. The diameter, morphology and aggregation of
nanoparticles were determined by dynamic light scattering (DLS) and transmission electron
microscopy (TEM). The particle sizes of S1–S3 were 24.79 ± 1.7 nm, 28.36 ± 1.2 nm and
38.53 ± 0.85 nm (Figure 2a–c), respectively, and the morphology was spherical and uniform
in size (Figure 2d–f). The colorimetric detection depended on the aggregation of S1–S3 with
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oxyanions, and thus the aggregation behaviors of the AET-AuNPs were investigated. The
TEM results indicated that the addition of glyphosate induced the instant aggregation
of sensors S1–S3 (Figure 2g–i). Meanwhile, the color of the solution changed from red
to Cambridge blue (Figure 2g,h) or purple (Figure 2i). EDS confirmed that the binding
events occurred between the oxyanions and aminothiols attached to the surface of AuNPs
(Figure 3). The DLS result indicated that the diameter of S1 with glyphosate aggregate
had been enlarged 77 times. Moreover, absorption peaks at 2501 cm−1 and 2550 cm−1

originated from the S-H stretching vibration band in FT-IR spectra (Figure 4).

Figure 1. Molecular structures of oxyanion analytes (A1–A11) and AET–AuNP sensors (a); diagram
of colorimetric sensor array and oxyanion detection principles (b).

Figure 2. (a–c) The histograms of the nanoparticle diameter measured from DLS for S1–S3 (red) and
with glyphosate (blue); TEM images of AET-AuNPs chemical sensors S1–S3 (d–f) and the aggregation
state in the presence of 5 mM of glyphosate (g–i).
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Figure 3. EDS of AET–AuNP chemical sensors S1 (a), S2 (b) and S3 (c) in the presence of 5 mM of
glyphosate particles. Au, S, P represents the EDS mapping of AuNP, AET–AuNP and AET-AuNP
mixed with glyphosate, respectively.

Figure 4. FT-IR spectra of AET-AuNP chemical sensors S1 (a), S2 (b) and S3 (c) dispersions (red) and
aggregates (black) in the presence of 5 mM glyphosate (KBr pellet).

3.2. Development of the Oxyanion Sensor

Previous reports testified that both pH value and ionic strength drastically affect the
aggregation of AuNPs. In order to determine the effect of pH on the prepared AET-AuNP
sensors, we investigated the change in absorbance of gold nanoparticles in the pH range
from 2 to 12. Figure 5 illustrates that the A640/A530 ratio of S1–S3 began to increase at
pH 5.5; based on this result, pH 5.5 was determined as the optimal pH value in all sensor
array assays. Next, we investigated the spectral changes of the prepared chemosensors in
response to chemical stimuli in an aqueous solution by using UV–vis spectroscopy (Figures
S4–S26, ESI). The absorption peaks of S1–S3 are 525 nm, 530 nm and 540 nm, respectively.
Figure 6 shows drastic spectral shifts of S1–S3 in the presence of oxalate. With the addition
of oxalate, the absorbance peak of S1–S3 undergoes a remarkable redshift from 530 nm
to 640 nm. Notably, S1 and S2 exhibited relatively more sensitive responses to the target
oxalate than S3, which suggested that the AuNPs with the shorter chain length of functional
groups were more proper for designing more sensitive sensors. As shown in Figures S4–S26,
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the cross-reactivity of S1–S3 for A1–A11 confirmed that the prepared chemosensors are
suitable for preparing a sensor array for simultaneous detection of multiple oxyanions.

Figure 5. The changes in UV–vis spectra of chemosensors S1 (a), S2 (b) and S3 (c) in MES buffer
solution (10 mM 25 ◦C) in the pH range of 2–12.

Figure 6. The changes in UV–vis spectra of chemosensors S1 (a), S2 (b) and S3 (c) upon the addition
of oxalate in a 10 mM MES buffer solution (pH 5.5, 25 ◦C). (d) Absorbance ratio (A640 nm/A530 nm) of
oxalate; UV–vis spectra measured in a 10 mM MES buffer solution (pH 5.5, 25 ◦C).

3.3. Multicomponent Analysis of Oxyanions

To illustrate the potential of the AET-AuNP-based chemosensors, we decided to
fabricate a chemosensor array comprising S1–S3 for the simultaneous detection of oxyan-
ions. The sensor array was prepared using a dispenser, and the absorbance spectra were
recorded using a microplate spectrophotometer. Figure 7 shows the reactions of each sensor
in the presence of oxyanions. As assumed, each oxyanion induced a distinctive change in
absorbance of the individual sensors.
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Figure 7. Colorimetric sensor response of AuNPs (S1–S3) for 11 oxyanions; error bars reflect the
standard deviations of 20 replicates of each sensor–oxyanion pair.

A multidimensional response data matrix was then created by compiling the
(A1–A11) × (S1–S3) response data; the dataset included the recorded absorbance spectra of
S1–S3 in the presence or absence of 11 analytes (oxyanions), and then 24 repetitions of each
analyte (including four outlier data points) were carried out to evaluate the classification
accuracy. Linear discriminant analysis (LDA) was employed to classify multiple oxyan-
ions [52,53]. LDA is a commonly used supervised pattern recognition tool for reducing
and classifying multivariate data. The leave-one-out cross-validation protocol (jackknife
method) (see ESI) was employed to determine the correct classification of the analytes
within the clusters. Figure 8 reveals the response space constructed with the first three
standard factors (F1–F3). The three-dimensional LDA diagram obtained for the first three
factors (F1 = 48%, F2 = 43.3%, F3 = 4.3%) shows that 11 oxyanions and the blank (240 data
points in total) are clearly distinguished from each other, and 20 repeated experiments of
the same oxyanions are basically concentrated together; jackknife cross-validation outputs
of LDA show 100% correct classification (11 analytes and blank). This confirms that the
AuNP-based chemical sensor array possesses a high potential for simultaneous detection
of oxyanions in water.

After qualitatively identifying 11 oxyanions using quantitative analysis, we tested
the quantitative analysis ability of the designed chemosensor array. Among oxyanions,
glyphosate is usually used as an herbicide in agriculture; the overuse of Glyp may have ad-
verse effects on animals and aquatic vegetation and may induce the proliferation of breast
cancer in human beings. The nucleotide phosphate ATP plays important role in metabolism,
bioenergetics and transfer of genetic information. Citrate possesses widespread biological
function, notably its roles of antimicrobial action, metabolic regulation and mineralization
regulation. We herein demonstrated a semiquantitative assay and simultaneous analysis of
Glyp, CA and ATP by employing the AuNP-based chemosensor array. Figure 9 illustrates
the clustering result with LDA and indicates the precise concentration-dependent classifi-
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cation. This confirmed the potential of the chemosensor array for quantitative analysis of
oxyanions.

Figure 8. LDA plots for the data matrix of the response of the chemosensor array to 11 analytes
and blank in MES buffer (10 mM). (analyte) = 5 mM; 20 repetitions for each analyte were measured.
Cross-validation routine shows 100% correct classification.

Figure 9. LDA plot of the semiquantitative assay for three different oxyanions (Glyp, CA and ATP);
20 repetitions for each concentration were measured.
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To further assess the quantitative detective ability of the prepared chemosensor array
for three oxyanions in the mixtures, we implemented regression analysis by employing
support vector machine (SVM) [54], which is a powerful machine learning algorithm. The
calibration line can be built in mixtures to predict unknown samples. Figure 10 shows
the quantitative prediction results of multiple concentrations of each oxyanion in a hybrid
system. Here, we executed the SVM algorithm through the Solo software to classify the data
obtained from 11 mixed concentrations. For analysis, we divided the obtained dataset into
two parts; the first part was used for model construction and calibration, and the second
part was used as an unidentified sample for cross-validation. Therefore, one-seventh of the
concentrations (18% of the entire dataset) were analyzed as unknown concentrations using
a developed model. This analysis routine was implemented for all concentrations (one by
one). The accurate quantitative regression analysis proved that the developed chemosensor
array with the aid of SVM is capable of predicting unknown concentrations of glyphosate,
citrate and ATP, even in a hybrid system.

Figure 10. Regression analysis for quantitative estimation of oxyanion concentrations of Glyp, CA
and ATP in mixtures (in 10 mM of MES buffer). Detailed concentrations are summarized in SI. Plots
of actual concentrations versus predicted concentrations show high prediction accuracy for multiple
concentrations of each analyte. Root-mean-square errors (RMSEs) of calibration (C) and prediction
(P) attest to the high quality of the model and prediction.

4. Conclusions

In conclusion, we developed a sensitive and low-cost colorimetric sensor array system
based on the self-assembly of different chain lengths of aminothiols with nanoparticles
for the detection of oxyanions. The as-prepared sensor array generates a fingerprint-like
response originating from cross-reactive binding events with various oxyanions, including
the herbicide glyphosate. Notably, the limit of detection of (LOD) for glyphosate reached
3.07 µg/mL, which is significantly higher than previous reports (Table S9 in ESI). With the
aid of chemometric techniques, including linear discrimination analysis (LDA) and the sup-
port vector machine (SVM) algorithm for pattern classification and regression/prediction,
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the chemosensor array demonstrates a remarkable ability to detect multiple organic oxyan-
ions in a both qualitative and quantitative manner. The described methodology can be
used as a sensitive and fast routine analysis in both laboratory and field settings.

Supplementary Materials: The supporting information can be downloaded at: https://www.mdpi.
com/article/10.3390/pr10071251/s1.
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