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The simultaneous detection of K+ and TI* can serve as a toxicological diagnostic tool for thallium poisoning.
Colorimetric-reaction-based nanoprobes have emerged as promising sensors for the rapid and ultrasensitive de-
tection of molecular species in simple systems. However, the development of viable screening tools for multi-
component analysis in complex systems remains challenging owing to interference from coexisting materials
in the media. Herein, a simple chemical sensor array based on the peroxidase-like activity of gold nanoparticles
modified with single-stranded DNA (AuNPs-ssDNA) and chemometrics was developed for the simultaneous de-
tection of K™ and TI" in aqueous solutions and serum. The use of a K* adapter conferred high selectivity to the
developed method. Optimized AuNPs-ssDNAs were used to construct a sensor array, which together with
chemometrics provided fingerprints that can facilitate the simultaneous analysis of multiple components. The
developed colorimetric reaction in combination with the chemometrics assay was directly used as a biosensor
array, which exhibited detection limits of 107.33 nM for K* and 19.26 nM for TI*. The developed method
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could potentially serve as a diagnostic technique for investigating thallium poisoning and toxicology.

© 2020 Published by Elsevier B.V.

1. Introduction

Thallium and its compounds are some of the most toxic heavy metal
species and are even more toxic than lead and mercury, which are lo-
cated adjacent to thallium in the periodic table [1]. Thallium exists in
+1 and +3 oxidation states; however, as TI™ species are more abun-
dant in the environment, they are the focus of this work. Thallium
salts are colorless and tasteless, which make them difficult to detect
when drinking and eating. Owing to these characteristics, thallium
salts have been widely used as potent poisons in terrorist attacks in sev-
eral countries, and thallium poisoning by acute intake or chronic expo-
sure has been reported [2,3]. With the ever-increasing growth in
mining, an increasing amount of thallium is entering the environment
as soluble thallium ions, which can travel deep into the soil, be absorbed
by crops, and eventually reach the human body through the food chain
[4]. Currently, there are no standard clinical treatments available for de-
liberate thallium poisoning or environmental thallium pollution expo-
sure. Acute thallium poisoning is rapid, dangerous, and may cause
multiple organ dysfunction syndromes and other serious health compli-
cations [5]. Unfortunately, both the misdiagnosis and mortality rates of
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thallium poisoning are very high, and the pathogenesis of thallium poi-
soning is unclear. The accepted mechanism of action for thallium poi-
soning is competitive inhibition with K*. K* and TI* have similar
ionic radii (TI™: 1.54 A, K™: 1.44 A), the same charge, and can be
substituted for each other in their mineral salts and in some biological
reactions. For example, TI" can replace Na™ and K™ in the glutamate
transporter excitatory amino acid carrier and in quadruplex DNA [4,6].
Despite these issues, sensing methods for TI* are underexplored com-
pared with those for other elements that belong to the same group in
the periodic table, such as lead and mercury. Hence, the simultaneous
quantitative analysis of K™ and TIT in blood is highly important because
it could facilitate the rapid and convenient detection and quantitation of
TI™ poisoning.

The analysis of K™ and TI* in blood and aqueous solutions has been
intensively investigated using sophisticated techniques and instrumen-
tation, such as atomic absorption spectroscopy, inductively coupled
plasma (ICP)-atomic emission spectroscopy, and ICP-mass spectrome-
try [7-9]. Additional monitoring methods for thallium have also been
summarized in recent reviews [10,11]. However, these approaches suf-
fer from disadvantages such as the non-portability, space-inefficiency,
and high cost of the instrumentation and the complexity of the analyti-
cal processes. Although a number of alternative methods for the fast on-
site detection of thallium have been reported (Table 1), these methods
do not take into account that false positives might be caused by K.


http://crossmark.crossref.org/dialog/?doi=10.1016/j.saa.2020.118392&domain=pdf
mailto:huanglijuanlmm@sina.com
mailto:yanzha@tju.edu.cn
mailto:yonganw@sina.com
mailto:niezhiyong2018@sina.com
Journal logo
Unlabelled image
http://www.sciencedirect.com/science/journal/13861425
www.elsevier.com/locate/saa

2 L. Huang et al. / Spectrochimica Acta Part A: Molecular and Biomolecular Spectroscopy 238 (2020) 118392

Table 1
Comparison of the proposed optical approach with other reported methods for the detection of TI™ and K*.
Detection methods  Probe LODs Selectivity Application  References
K*  Fluorescence G-quadruplex 7 .M Li*, NHZ, Pb?*, Hg? ", Mg?*, Zn?>*, Ca®  and  Urine [30]
Cu2+
K*  Fluorescence G-quadruplex 0.04 mM Li*,Na*, Ca®*, Mg?*, NH{, Cu®*t, Co®™, Pb?*, Lake water  [31]
Thioflavin T Zn?** and Fe3+ and urine
K*  Chemiluminescence G-quadruplex 9 uM Na®, NHF, Mg?*, Ca®", Zn?>" and Pb?* Urine [32]
K™  Fluorescence Triple-helix molecular switch 0.014 mM Na*, Li*, NHS, Mg?™", and Ca** None [33]
K*  Colorimetric G-Quadruplex-based DNAzyme 0.5 uM Na® None [34]
K*  Colorimetric G-quadruplex AuNPs 5 nM Ca’*, Mg?*,Na™, Li*, Fe?", Zn®" and NH{ Urine [35]
K+  Colorimetric G-quadruplex 1.9 nM Pb%*, NHZ, Lit, Ca%*, Mg?*, Zn®", Fe?*, Ba>*  Serum [36]
and AP+
K*  Colorimetric G-quadruplex 2 nM Na*, Ca?*, Mg?*, Ba®*, Zn?>* and Fe** Urine [37]
TI™  Fluorescent and DNA protected gold nanoparticles 4.6 uM Na™, NHf, Li™, Cs*, Rb™, K™ Lake water  [38]
colorimetric sample
TI*  Colorimetric Rhodamine B hydrazide 0.005 mg/mL  None Urine [39]
TI*  Colorimetric Amino acid 523 nM Fe?t Fe**, Ba®*, Ni* ", Zn?*, Mn?*, Co?™, Drinking [40]
Cd?*, Cr*™, and Cu®™ water
TI*  Colorimetric 4-(5-Bromo-2-pyridylazo)-5-(diethylamino)-phenol 2.6 x 1075 M CI~, NO5, CH;C00~, NO3, BrO3, Cu®>*, Pb?>*,  River water [6]
(Br-PADAP) as a complex agent Ag*, Fe’T, La®t, Co?t, ca® ", Mg?*, S03 ™, and tap
Clog, APT, Zn?*, Ni?*, Mn?*, cd?*, As>* water
samples

Because the mechanism of action for thallium poisoning is likely com-
petitive inhibition with K*, the presence of potassium may affect the
detection of thallium and produce false positive results.

In recent decades, rapid developments in nanotechnology have con-
tributed to the emergence of colorimetric and other biosensing plat-
forms as viable technologies for the on-site detection of various
analytes [12-14]. In particular, gold nanoparticles (AuNPs) have been
at the forefront in these approaches due to their well-established syn-
thesis routes, propensity for facile modification, high stability, low
cost, low toxicity, and remarkable surface plasmon resonance (SPR)
properties, which allow the visual read-out of a sensing event. Many
SPR-based sensors have been developed for the analysis of heavy
metal ions, peptides, proteins, and nucleic acids [15-17]. However, be-
cause AuNPs easily undergo surface functionalization, cross-reactions
can occur with small molecules in complex biological systems
(e.g., blood, saliva, and urine), which result in poor selectivity for
AuNP-based sensing.

To establish a method for efficient on-site detection of K™ and TI™
with high selectivity, we sought to employ the peroxidase-like activity
of AuNPs modified with single-stranded DNA (AuNPs-ssDNA) to oxidize
3,3',5,5'-tetramethylbenzidine (TMB; colorless) to TMBoy (color range
from light blue to dark blue). In this approach, the color intensity of
the TMB chromogenic solution is related to the catalytic activity of the
AuNPs-ssDNA. Additionally, we used a K™ adapter to improve the selec-
tivity of the method. Using AuNPs-ssDNAs optimized via
microadjustments to the sequence of the K* adapter, a sensor array
was constructed to enable the simultaneous quantitative analysis of
K* and TI". UV-Vis spectra (350-1060 nm) of the TMB chromogenic
solution were collected and multivariate calibration models partial
least squares (PLS) [18] and backward interval partial least squares
(BiPLS) [19] were established. Using multivariate analysis and the de-
veloped sensor array, we simultaneously quantified the ions in a binary
K*/TI" system. Data fusion methods were employed to further improve
the prediction accuracy of the chemometric models based on our sensor
array. The high selectivity and sensitivity of the sensor array designed in
this study for the quantitative analysis of TI" /K" binary mixtures allows
the accurate and quantitative analysis of thallium in the presence of po-
tassium, which has not been specifically discussed in many studies (see
Table 1). The developed method is expected to be applicable to other re-
lated systems comprising biomolecules and biosensor arrays. These
novel sensor arrays have potential as low-cost, convenient solutions
for the diagnosis and toxicological evaluation of thallium.

2. Experimental section
2.1. Materials and instruments

Hydrogen tetrachloroaurate (III) trihydrate (HAuCly-3H-0,
>99.99%), sodium citrate dihydrate (CgHsNas0,-2H,0, 299%), KCl,
CdCl,-2.5H,0, BaCl,-2H,0, MnCl,-4H,0, NiCl,-6H,0, CuCl,-6H,0,
FeCls;-6H,0, and CrCls-6H,0 were purchased from Aladdin Industrial
Corporation (Shanghai, China). TINO3 was purchased from Sigma-
Aldrich (St. Louis, MO, USA). The ssDNAs 5'-TGG GGG TGT GGG GGT-
3’ (T001), 5’-GGT GGT GGT GGT GGT-3’ (T002), 5-GTT GTT GTT GTT
GTT-3’ (T003), 5'-GGT TGG TGT GGT TGG-3’ (T004), 5'-GGT TGG TGT
GGT TGG GGT TGG GGT TGG TGT GGT TGG-3’ (T005), and 5'-GGT TGG
TGT GGT TGG TGT GTT TGG TGT GGT-3’ (T006), 5'-GGT TGG TGT GGT
TGG TGT GTT TGG TGT GGT-3’ (T006), 5'-GGG GGG GGG GGG GGG-3'
(TO07), and 5’-TTT TTT TTT TTT TTT-3’ (T0O08) were purchased from
Sangon Biotechnology Co. Ltd. (Shanghai, China). All reagents were of
analytical grade and were used without further purification. All solu-
tions were freshly prepared with ultrapure water obtained from a
Direct-Q3 system.

UV-Vis spectra were acquired using a UV5Nano UV-Vis spectrome-
ter (Mettler Toledo Corporation). A constant temperature oscillator
(ST70-21ST60-4, Hangzhou Miu Instruments Co. Ltd.) was used to mix
the solutions and heat them at 37 °C for 30 min.

2.2. Synthesis of AuNPs

All glassware was thoroughly cleaned with freshly prepared aqua
regia (HNO5;/HCI = 1:3, v/v) and then rinsed with deionized water. Sub-
sequently, the glassware was dried in an oven at 100 °C for 2-3 h before
use.

AuNPs (13 nm) were synthesized by the reduction of a boiling
HAuCl, solution with trisodium citrate. The details of this process have
been reported previously [20]. The concentration of the AuNPs in the
colloids was estimated using the Beer-Lambert law. The characteristics
of the synthesized AuNPs are shown in the supplementary information
(Fig. S1).

2.3. Mixed binary solutions of K* and TI*

To ensure that the components in the binary mixtures were uncorre-
lated, a grid scheme was used to design the experimental concentration
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sets for the binary mixtures. In this approach, a graph was prepared
with the TI™ concentration on the x-axis and the K concentration on
the y-axis, and the points at the line intersections were obtained. Fur-
ther details can be found in the supplementary information (Fig. S2
and Table S1).

2.4. Preparation of chromogenic TMB solution

Solution A was prepared by mixing Na,HPO, (0.2 mol-L7,
25.70 mL), citric acid (0.1 mol-L™!, 24.30 mL), and H,0 (50.00 mL). So-
lution B was prepared by mixing TMB (2 mg-mL ™" in ethanol, 1 mL), so-
lution A (10 mL), and H,0, (140 pL). The TMB chromogenic solution for
the experiments was then prepared by mixing solutions Aand B (1:1, v/
V).

2.5. Sensor arrays

T001, T002, TO03, TO04, TO05, TOO6, TOO7, and TOO8 were selected as
AuNP-surface modification agents. After centrifuging the AuNPs
(60 mL) to remove the supernatant, the AuNP solution was diluted to
20 mL with deionized water. The AuNPs (3.6 pL) and different volumes
of ssDNAs (3.6, 7.2, 10.8, 14.4, 18, 21.6, 25.2, 28.8 or 32.6 L of T001,
T002, TO03, TO04, TOO5, TO06, TOO7, or TO08, 100 nM) were mixed, di-
luted to 35 pL with deionized water, and stored at 37 °C for 30 min.
Next, the binary mixed solution of TI" and K* was added to the
AuNPs-ssDNA solution. After holding this mixture at 37 °C for 30 min,
the TMB chromogenic solution (200 pL) was added. After 1 h, the UV-
Vis spectrum of each solution was collected after diluting to 600 pL
with deionized water. The data analysis is described in the following
section. Triplicate measurements were conducted for each concentra-
tion pair, and each measurement was considered an independent
sample.

2.6. Chemometric methods

The entire data set was randomly split into two subsets comprising a
modeling set (80%) and an external test set (20%). To build robust
models, latent variable (LV) number selection was conducted by
bootstrapping Latin partitions [21]. The bootstrapped Latin partitions
were used to evaluate the calibration models. The advantage of
bootstrapping Latin partitions is that the relative proportions of the
class distributions are maintained between the training and prediction
sets. The data set is randomly partitioned so that every object was
used only once for prediction. An unbiased evaluation of the calibration
models is important for the accuracy of the overall model. This approach
is efficient and unbiased because all objects were used for the predic-
tion. The performance of the PLS model was evaluated by means of
the square of the correlation coefficient (R?), the root-mean-square
error of cross-validation (RMSECV), the root-mean-square error of pre-
diction (RMSEP), the standard deviation of the root-mean-square error
of prediction (SD-RMSEP), and the ratio of the standard deviation of the
validation set to the standard error of prediction (RPD).

To build a model with more informative variables, data fusion was
applied to construct an augmented matrix. A comparison of two data fu-
sion levels (low-level data fusion and mid-level data fusion) was con-
ducted. The schematics of the different levels of data fusion are
illustrated in Fig. S5.

The BiPLS toolbox developed by Leardi and Nergaard [19] was used
in this work for BiPLS modeling. All model optimization and construc-
tion processes were carried out using MATLAB (The MathWorks Inc.,
USA).

2.7. Application

To probe the practical applications of the developed sensor array, the
AuNPs-ssDNAs were applied to the quantification of K*/TI" binary

mixture in drinking water and artificial serum samples. For accurate de-
terminations of the K* concentrations in serum samples, an artificial
serum without K™ was purchased from InnoReagents Co. Ltd. (Huzhou,
China). Since serum samples typically do not contain TI*, a known
amount of the analytes (K*/TI*) was added to the artificial serum or
drinking water to prepare test samples.

As the background interference in drinking water is relatively small,
we could directly use the PLS regression models (see Fig. 3(a2) for K™
and Fig. 3(b2) for TI*) for predicting the K*/TI* concentrations in the
drinking water samples. The experimental procedure and working con-
ditions were the same as those mentioned above.

3. Results and discussion
3.1. Sensing mechanism

Horseradish peroxidase (HRP)-catalyzed coloration is a widely used
clinical diagnostic method due to its straightforward labeling ability and
the requirement for fewer sample tests [22]. Further, this method has
been widely used in several biochemical detection projects and immune
kits. Recently, functional AuNP-based catalysts have attracted signifi-
cant interest due to their potential applications in several reactions of
both industrial and environmental importance [23]. As promising artifi-
cial enzyme candidates, catalytically active nanomaterials (nanozymes)
show several advantages over natural enzymes, such as controlled syn-
thesis at a low cost, tunable catalytic activities, and high stabilities under
stringent conditions. However, the enzyme mimicking potential of
AuNPs for catalyzing the oxidation of TMB with H,0, to generate
TMBoy, which displays a light blue color, is limited by the relatively
low catalytic activity and stability of AuNPs [24]. Several reports have
revealed a strong dependence of the enzyme-like properties of AuUNPs
on their surface properties [23,25]. For these reasons, ssSDNA was
employed to modify AuNPs and realize improved catalytic activity.
The ssDNA-modified AuNPs (AuNPs-ssDNAs) have several exposed ni-
trogenous ssDNAs on their surfaces, which confer a higher peroxidase
catalysis ability for the oxidation of TMB with H,0,, which results in
the generation of a dark-blue color and thus allows the colorimetric de-
tection of TI'" and K. In our experiments, we found that the K™ -binding
aptamers (PBS) display high selectivity not only for K* but also for TI™
(Fig. 4). To achieve the simultaneous detection of TI™ and K™, the base
sequence (5-GGT TGG TGT GGT TGG-3') was slightly adjusted and op-
timized, and in this study, we selected T001, T002, TO03, and T004 to
form a sensor array (AuNPs-TOO1 + AuNPs-TO02 + AuNPs-
TO03 + AuNPs-T004). In the AuNPs-ssDNAs (AuNPs-T001, AuNPs-
T002, AuNPs-T003, and AuNPs-T004), the enrichment of the AuNP sur-
faces with the highly anionic ssDNAs led to the improved oxidation of
TMB, which resulted in the dark-blue color being generated more rap-
idly (Fig. 1(a) and (b)). Notably, in the presence of the K™ and TI* tar-
gets, the resulting ssDNA-K* and ssDNA-TI* binding led to the
desorption of ssDNA from the AuNP surfaces. Furthermore, with the in-
crease of the K* or TI* concentration, the negative charges on the
AuNPs-ssDNA surfaces were reduced, which led to a reduction of the
AuNP-based peroxidase-like activity and resulted in the solution color
changing from dark blue to light blue. This phenomenon can be used
to quantify TI™ and K. The results presented in Fig. 1 indicate that
the peroxidase-like activity of AuNPs is dramatically enhanced follow-
ing the activation of their surfaces with ssDNA (T001, T002, T003, and
T004). In the presence of the K and TI" targets, the ssDNAs (T001,
T002, TO03, TOO4) leave the surfaces of the AuNPs in a target-
concentration-dependent manner, which results in the decrease of the
peroxidase catalytic ability of the AuNPs. Thus, K™ and TI" can be simul-
taneously quantified using the AuNPs-ssDNA-catalyzed colorimetric
TMB oxidation reaction. The degree of the solution color change is de-
pendent on the concentrations of K™ and TI", and importantly, this
change can be monitored by visual inspection or by UV-Vis spectromet-
ric monitoring.
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Fig. 1. UV-Vis spectra (a) and photographs (b) of TMB chromogenic solutions in the presence of different nanoenzymes: (1) AuNPs, (2) AuNPs-T001, (3) AuNPs-T002, (4) AuNPs-T003,
and (5) AuNPs-T004. Comparison between the UV-Vis spectra of K* and TI'" with and without different AuNPs sensors: (c) AuNPs-T001, (d) AuNPs-T002, (e) AuNPs-T003, and (f) AuNPs-
TO04.

The selectivity of the sensor array is determined by the number of
sensing elements. To enhance the selectivity and reproducibility of our
method, we employed chemometrics (PLS) to analyze the TMB-
oxidation-based colorimetry using global UV-Vis spectra (wavelength
range: 230-1060 nm) instead of the traditional Agsg ratio values to in-
crease the number of sensing elements in the sensor array. However,
in spectroscopic analyses, some spectral regions may contain informa-
tion originating from non-modeled interference, background variations,
interactions, and other analytes, which often degrade the calibration
model and should hence be excluded from the model. Thus, spectral re-
gion selection is often required in multicomponent spectroscopic analy-
sis to build a well-fitted model that avoids non-modeled interference.
We employed the BiPLS method to further improve the performance
of the multicomponent quantitative models.

3.2. Optimization of detection conditions

To select suitable ssDNAs, ssDNAs with different sequences and
lengths (T001, TO02, TOO3, TO04, TOO5, TO06, TOO7, and TOO8) were
evaluated. Fig. S3 displays a photograph of the ssDNA-AuNPs sensor
array responding to various metal ions (Cu?*, Fe?*, Fe3*, Mn?™,
Ni2*, zZn2™, cd?*, Cr3*, Co?™, Ba® ™", Pb2*, K™, and TIT). Among the
tested ssDNAs, TOO1, T002, T003, and T004 displayed better

selectivity for K™ and TI*. Therefore, these ssDNAs were used to
form a sensor array. The H,0, concentration, temperature, pH, and
sensor array detection time are critical determinants of the signal
readout (TMBox color). Furthermore, the catalytic activities of
nanozymes (AuNPs and AuNPs-ssDNAs) depend on the operational
pH and temperature, and the degree of oxidation relies on the vol-
ume of H,0, (30%) used. Therefore, the volume of H,0, (30%) was
optimized by incubating the AuNPs and AuNPs-ssDNAs in different
volumes of H,0, (90, 100, 110, 120, 130, 140, 150, and 160 pL). Sim-
ilar to the natural HRP-catalyzed reaction, the AuNPs-ssDNA-cata-
lyzed oxidation of TMB was inhibited at high H,0, concentrations.
The results presented in Fig. 2 demonstrate that the maximum Agsg
value is attained when the volume of H,0, (30%) is 140 pL with no
further increases observed at higher volumes, which reflects the
AuNPs-ssDNA peroxidase catalytic activity. Further, the AuNPs-
ssDNAs showed high peroxidase-mimicking activity within the
acidic pH range of 4.0-5.0 and between 5 and 30 °C (Fig. 2), which
is due to the facile desorption of ssDNA from the AuNP surfaces in
strongly acidic or alkaline conditions, or at high temperatures. Nota-
bly, this tolerance to acidic pH and low temperature imparts room-
temperature operability to our method. The following tests were car-
ried out at 25 °C and pH 4, as the AuNPs exhibit the optimal
peroxidase-mimicking activity under these conditions. Fig. 2d
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Fig. 2. Absorbance plotted as a function of the volume of H,0, (a), pH (b), temperature (c), and time (d). UV-Vis spectra of TMB chromogenic solutions in the presence of different Vanps to

Vpna ratios: (e1) 1:1; (e2) 1:2; (e3) 1:3; (e4) 1:4; and (e5) 1:5.

illustrates that the reactions catalyzed by AuNPs-ssDNAs (AuNPs-
TOO01, AuNPs-T002, AuNPs-T003 and AuNPs-T004) achieved equilib-
rium 1 h.

To achieve higher sensitivity, the spectral difference between the
analyses using AuNPs with and without DNA must be as large as possi-
ble. To achieve a large spectral difference, we investigated mixing differ-
ent ratios of the AuNP and ssDNA solutions. Fig. 2e shows the UV-Vis
spectra of the chromogenic TMB system in the presence of AuNPs-
ssDNA (AuNPs-T001, AuNPs-T002, AuNPs-T003, AuNPs-T004) and
AuNPs. The largest differences in the UV-Vis spectra of the chromogenic
TMB systems with AuNPs-ssDNA (AuNPs-T001, AuNPs-T002, AuNPs-
T003, and AuNPs-T004) and AuNPs were obtained when the ratio be-
tween the AuNP and ssDNA solutions was 1:4 (v/v). This optimal condi-
tion was used in all subsequent experiments.

3.3. Quantitative analysis of Tl and K™

The higher peroxidase catalytic activity of AuNPs affords a higher
Agso value. Further, several methods for the detection of GSH, K™,
H,0,, and glucose have been developed based on the Agso value
[22,26-29]. However, all of the aforementioned methods are specific
for the detection of a single analyte and are not suitable for the detection
of multiple targets in a mixture. Therefore, the development of a sensi-
tive multisensor colorimetric detection method that allows the simulta-
neous detection of different ions is of high practical significance.
Although establishing a working curve based on the absorbance at char-
acteristic peaks is feasible, the development of a quantitative model
based on the full spectrum will afford higher selectivity, tolerance, and
reproducibility for practical applications. Thus, we employed a multi-
variate calibration method (PLS) to quantitatively analyze TI* and K™
simultaneously. We also employed a data fusion approach to establish
quantitative models based on all of the readout signals obtained from
different sensing units. Data preprocessing is a necessary procedure

before fusing the data sets. Fig. S4 shows the UV-Vis spectra before
(a) and after mean centering (b) of the TMB chromogenic solution in
the presence of the different nanoenzymes ((1) AuNPs-T0O1,
(2) AuNPs-T002, (3) AuNPs-T003, (4) AuNPs-T004, and (5) AuNPs, as
well as (6) data fusion). Fig. S4(b6) shows data set construction. A
data set comprising five different data sets based on AuNPs-T001,
AuNPs-T002, AuNPs-T003, AuNPs-T004, and AuNPs (75 samples x 3550
wavelengths) was used for building the PLS models.

To eliminate effects from background variations and noise, the spec-
tra were preprocessed using mean, autoscaling, MSC-mean, and MSC-
auto. The performance of the PLS model was evaluated using the
RMSECV, the square of the correlation coefficient of cross-validation
(R%,), and the RPD. Within the same concentration range, a higher
RPD value indicates higher accuracy. Generally, RPD values > 5 indicate
that the model provides acceptable prediction results and values > 8 in-
dicate that the model has a very high prediction accuracy. However,
RPD values < 2 indicate that the predicted results are unacceptable.
Table 2 summarizes the PLS results (RZ,, RMSECV, and RPD) obtained

Table 2

PLS models and cross-validation results for the quantitative analysis of the binary K*/TI*
mixture using the sensor array (AuNPs-T001 + AuNPs-T002 + AuNPs-T003 + AuNPs-
TO04 + AuNPs).

Target Preprocessed nLVs R? RMSECV RPD

K* None 10 0.7257 16.95 1.45
Mean 13 0.9458 8.79 3.08
Auto 10 0.7184 19.10 1.44
MSC-mean 13 0.9386 9.55 2.90
MSC-auto 9 0.8281 15.30 1.78

T None 13 0.7976 18.33 1.66
Mean 13 0.9745 2.66 10.01
Auto 10 0.9975 6.15 4.38
MSC-mean 10 0.9736 9.55 2.89
MSC-auto 10 0.9834 4.96 2.78
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from various preprocessed spectra. The obtained R, values indicate that
spectral preprocessing is important to improve the performance of the
PLS models. The maximum RZ, value was obtained when the mean
was the preprocessed method. Mean centering was employed to in-
crease the differences in the spectra. Importantly, these results allowed
us to conclude that even small spectral differences could have a signifi-
cant impact on our assay. In the subsequent experiments, the mean was
used for spectral preprocessing to obtain more robust models. The RPD
values obtained for the detection of K+ and TI* were 3.08 and 10.01, re-
spectively. While the RPD values for TI* and K* indicate that this PLS
model could quantitatively analyze TI™ precisely, its quantitative accu-
racy for K™ detection is very poor. This poor performance may be due
to the presence of non-modeled information (non-modeled interfer-
ence, background variations, interactions, and other analytes) in certain
spectral regions, which indicates that this information should not be
used when preparing the calibration model. Thus, spectral region selec-
tion would likely enhance the accuracy of the UV-Vis spectroscopic
analysis.

The formation of the sensing array that uses the AuNPs as a sensing
unit or the lack of such an array will affect the selectivity and accuracy of
the method. Table S2 shows the PLS models and the results of cross-
validation based on the sensor array (AuNPs-TOO1 + AuNPs-
T002 + AuNPs-T003 + AuNPs-T004). The R?, for detection of K™
using the sensor array comprising AuNPs-TO01 + AuNPs-
TO02 + AuNPs-TO03 + AuNPs-T004 is 0.9330, which is lower than
that using the sensor array comprising AuNPs-TO01 + AuNPs-
T002 + AuNPs-T003 + AuNPs-T004 + AuNPs. This difference in detec-
tion is caused by the concentrations of K™ and TI*, which affect the ionic
strength of the system and can reduce the stability of the AuNPs. Thus,
the catalytic activities of the AuNPs can reflect the concentrations of
K" and TI*. In the subsequent experiments, the AuNPs are also consid-
ered as sensor units for the construction of the sensor array.

3.4. Variable selection and data fusion

To improve the quantitative analysis results, BiPLS was used for
spectral region selection. BiPLS is a local modeling method proposed
by Leardi and Nergaard [19]. The developed assay may find the optimal
spectral regions or their combinations that are suitable and significant
for building the calibration model. When BiPLS is used to process spec-
tral data, the processed spectrum is split into several equivalent subin-
tervals (each spectrum was split into 20 UV-Vis spectral subintervals
in this study). A series of local PLS models were developed, which
were then subjected to backward elimination, wherein the elimination
of each interval was evaluated to determine which intervals should be
removed to afford the best calibration model. The local PLS model
with the lowest RMSECV was selected and regarded as the optimal
BiPLS model. When applying both data fusion and variable selection,
two strategies are available for building the PLS model. The first is
low-level data fusion, in which the data from different sensor units are
simply concatenated to set up a data set that is processed by BiPLS.
The second is mid-level data fusion, in which a feature data set is ex-
tracted from the sensor units by BiPLS to construct a data set that is
processed by PLS. Fig. S5 shows the low-level data fusion model
(a) and mid-level data fusion model (b).

In low-level data fusion, the UV-Vis spectra of different sensor units
are simply concatenated to set up a data set (see Fig. 3(al) for Kt and
Fig. 3(b1) for TI™). First, the UV-Vis spectra of each sensor unit were di-
vided into 20 intervals (the wavelength range of each interval are listed
in Table S3) and 100 local calibration models were established. Table S3
summarizes the number of LVs and the RMSECV values of the 100 local
calibration models. According to the RMSECV values, model 33 is the
optimal model among the 100 local calibration models, 33 intervals
(shown in Fig. 3), and 15 LVs employed for K* detection. For TI* detec-
tion, another 100 local calibration models were established, and the cor-
responding BiPLS results are also summarized in Table S3. When model

32 was used, the RMSECV value was minimized. Fig. 3(a1) and (b1) il-
lustrate the selected UV-Vis spectral regions (shaded areas) for the de-
tection of K and TI™, respectively, and demonstrate the superiority of
the results obtained using BiPLS. Fig. 3(a2) for K™ and Fig. 3(b2) for
Tl show the cross-validation and external test results of the BiPLS
models. For K* detection based on low-level data fusion, the BiPLS
model can achieve 3.17 4+ 0.18 pM with 10 bootstrap Latin partitions
and the R3 value reaches 0.9918. For TI* detection based on low-level
data fusion,a mean RMSECV of 0.82 4 0.10 uM is achieved with 10 boot-
strap Latin partitions and the R3 value reaches 0.9996. The limits of de-
tection (LODs) were calculated based on the IUPAC definition. The LODs
of K™ and TI* in the binary mixture were 20.66 nM and 2.33 nM, respec-
tively. The RPDs of K™ and TI" in the binary mixture were 11.04 and
50.00, respectively.

For mid-level data fusion, 10 BiPLS models (5 BiPLS models for K™
and 5 BiPLS models for TI*) were built. The optimal spectral intervals
(shaded areas) for detection of K™ (Fig. S6(1)) and TI* (Fig. S6(3))
were selected using each BiPLS model, and the cross-validation results
and the external results of the BiPLS models for the detection of K™
(Fig. S6(2)) and TI™ (Fig. S6(4)) based on different nanozymes
((a) AuNPs-T001 (b) AuNPs-T002 (c) AuNPs-T003 (d) AuNPs-T004,
and (e) AuNPs) were evaluated. The PLS models and the cross-
validation results based on different sensor units (AuNPs-T001,
AuNPs-T002, AuNPs-T003, AuNPs-T004, and AuNPs) and the sensor
array comprising AuNPs-TO01 4+ AuNPs-T002 + AuNPs-
TO03 + AuNPs-T004 + AuNPs are listed in Table 3. The results pre-
sented in Fig. S6 and Table 3 indicate that an accurate quantitative anal-
ysis of K cannot be achieved with any of the sensor units. Therefore,
the data fusion technique was applied for further improvement. Next,
the feature data set extracted from the sensor units (see Fig. S6(1) K™
and Fig. S6(3) TI") by BiPLS to construct a data set (see Fig. 3(c1) for
K™ and Fig. 3(d1) for TI*) was processed by PLS. To probe the middle
level of agreement between the predicted and experimental values,
scatter plots of the experimental values and predicted concentrations
were obtained from the bootstrapped Latin-partition cross-validation
results. The results for the external test sets are shown in Fig. 3(c2) for
K™ and Fig. 3(d2) for TI" along with the precision that is described by
the 95% confidence interval obtained by 10 bootstraps. Notably, the pre-
dicted K™ and TI* concentrations are in good agreement with the ex-
perimental values based on low-level data fusion. For K* detection
based on mid-level data fusion, the PLS model can achieve 9.44 +
0.55 uM with 10 bootstrap Latin partitions and the correlation coeffi-
cient reaches 0.9270. For TI" detection based on low-level data fusion,
a mean RMSECV value of 1.77 4 0.12 uM is achieved with 10 bootstraps
Latin partitions and the correlation coefficient reaches 0.9978. The LODs
of K* and TI" in the binary mixture were 107.33 nM and 19.26 nM, re-
spectively. The RPDs of Kt and TI™ in the binary mixture were 3.70 and
21.32, respectively.

These data indicate that better results were obtained by using low-
level data fusion since each sensor unit contributes unequally. There-
fore, for the current system, low-level data fusion brings together all
of the data for comprehensive consideration. Furthermore, the key ad-
vantage of low-level data fusion is that the loss of information is
minimal.

3.5. Selectivity

Selectivity is a crucial criterion for evaluating the feasibility and
merit of a sensor or an analytical method. A selectivity study for
AuNPs-T004 has been reported previously [20]. To evaluate the selectiv-
ity of the sensor array, we first tested the colorimetric responses toward
different metal ions (Cu®™, Fe?*, Fe**, Mn?™", Ni2 ™", Zn?™, Ccd**, cr° ™,
Co?*, Ba%™, and Pb?™) at a concentration of 100 uM. As indicated by
the results in Fig. 4, high selectivities are obtained for the detection of
K" and TI" using AuNPs-ssDNAs (AuNPs-T001, AuNPs-T002, AuNPs-
T003, and AuNPs-T004) in the presence of 13 other metal ions.
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Fig. 3. Optimal spectral intervals (shaded areas) selected by BiPLS for the detection of K* (a1, c1) and TI* (b1, d1). Cross-validation and external results of BiPLS models for K™ (a2, ¢2) and
TI* (b2, d2) based on low-level data fusion (a, b) and mid-level data fusion (c, d).

Table 3

Information about the BiPLS models for the quantitative analysis of the K /TI* binary mix-
ture using the sensor units (AuNPs-T001, AuNPs-T002, AuNPs-T003, AuNPs-T004, and
AuNPs) and the sensor array (AuNPs-T001 + AuNPs-T002 + AuNPs-T003 + AuNPs-
T004 + AuNPs) using mid-level data fusion.

K* T+

nlvs R? RMSECV+SD  nLVs R? RMSECV+SD
AuNPs-TO01 10 0.5466 23.54 + 0.74 11 09616 7.38 + 0.98
AuNPs-TO02 9 03210 2883 + 058 9 0.9884 4.02 + 0.12
AuNPs-T003 12 07135 1872 +£092 10 09944 297 + 0.17
AuNPs-T004 11 0.6788 19.82 + 0.75 10 09928 321 +0.13
AuNPs 10 0.6545 2055 + 100 7 0.9936 3.00 + 0.12
Sensor array 15 09270 9.44 4+ 055 16 09978 1.77 + 0.12

However, the AuNPs without ssDNA as the nanozyme exhibited poor
selectivity for K* and TI* detection. Although the presence of several
coexisting ions and biomolecules interfere with K* and TI" sensing,
we investigated the UV-Vis spectral responses of the sensor array,
which indicated that corrections could be made for interference be-
tween species of interest. The samples studied in the present work
contained heavy metals and organic molecules in the serum matrix,
and interference from other analytes should be taken into account
while other coexisting compounds can be neglected. This aspect of the
sensing will be discussed in the following section. Overall, the results
from this study show that the combination of the array-based chemical
sensor and chemometrics allows simultaneous multicomponent analy-
sis, and any interference between analytes can be corrected using the
figure of merit of chemometrics.
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Fig. 4. Photographs of TMB chromogenic solutions containing various metal ions in the presence of different nanozymes: (a) AuNPs-T001, (b) AuNPs-T002, (c) AuNPs-T003, (d) AuNPs-

TO004, and (e) AuNPs.

Several optical chemical sensors have been developed in previous
studies for the analysis of TI™ or K* (Table 1). Among these methods,
our current approach does not have the lowest LODs. However, the pre-
vious chemical sensors were applied to the detection of only K* or TI*.
Because the chemical properties of potassium and thallium are similar,
it is very difficult to distinguish between them. Therefore, a false posi-
tive result may be obtained because the presence of potassium affects
the detection of thallium or vice versa. However, the sensor array not
only exhibits selectivity for K* and TI" in the presence of various
metal ions (Cu®™, Fe?™, Fe3*, Mn?*, Ni2*, Zn?*, Cd?*, cr®+, Co®™,
Ba’™, and Pb?™), it can also distinguish thallium from potassium.

3.6. Application

Having optimized the method and studied various approaches for
assessing its selectivity, we applied it for the quantification of a K*/
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TI* binary mixture in drinking water and artificial serum samples.
The PLS model based on low-level data fusion (see Fig. 3(a2) and
Fig. 3(b2)) was directly applied for the analysis of the drinking
water samples. The recoveries and relative standard deviations
(RSDs) of the PLS predictions were 108.21% + 1.22% for K* and
99.86% =+ 0.57%, for TI". For serum analyses, as the composition
and nature of the external test samples vary greatly, adjustments to
the calibration model are required. To address this, we established
new calibration models based on low-level data fusion. Fig. 5
shows the UV-Vis spectra of the TMB chromogenic solution for the
detection of the binary mixture (K*/T1") in the group of artificial
serum samples based on the sensor array comprising AuNPs-
TOO1 + AuNPs-T002 + AuNPs-TO03 + AuNPs-TO04 + AuNPs
(Fig. 5(a1) and (b1)) and the PLS regression results for K™ (Fig. 5
(a2)) and TI™ (Fig. 5(b2)). For K* detection based on mid-level
data fusion, the PLS model achieved a mean RMSECV value of

a2
= 150
= * Cross validation results
3
c
2 R2=0.8599
© 100
€
[
3}
c
8
o 50
2
Q
-
o
o
1 0
14000 16000 0 50 100 150

Experimental concentration (uM)

= 150
= ~ Cross validation results
e
c
o
= R?=0.9876
© 100
IS
[0}
o
c
8
S 50
[}
o
o
o
& 0
14000 0 50 100 150

Experimental concentration (uM)

Fig. 5. Optimal spectral intervals (shaded areas) selected by BiPLS for the detection of K* (a1) and TI* (b1) in serum based on low-level data fusion. Cross-validation and external results of
BiPLS models for the detection of K* (a2) and TI* (b2) in serum based on low-level data fusion.
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13.08 + 0.65 uM with 10 bootstrap Latin partitions and the R3 value
reached 0.8599. For TI" detection based on low-level data fusion, a
mean RMSECV value of 4.17 & 0.21 uM was achieved with 10 boot-
strap Latin partitions and the R3 value reached 0.9876. The LODs for
K" and TI* in the artificial serum samples were 1.35 uM and
326.44 nM, respectively. The RPDs of K* and TI" in the artificial
serum samples were 2.67 and 8.98, respectively. Although high
background interference was observed for the serum samples, the
TI* concentrations predicted by the BiPLS model (RPD > 8) were cor-
rect. Simultaneously, the developed method also satisfactorily met
the requirements for the semiquantitative analysis of KT in serum
(RPD > 2). Having made an important advance in this direction, our
subsequent research in this area will focus on improving the accu-
racy and selectivity of this method for the detection of K.

4. Conclusion

A straightforward visible-readout chemical sensor array based on
the peroxidase-like activity of AuNPs-ssDNAs and chemometrics was
developed for the simultaneous detection of K* and TI* in serum and
water. The ssDNAs were optimized to achieve high selectivity, and the
accuracy was improved using chemometric methods (PLS, BiPLS, and
data fusion). The LODs of the developed assay were 20.66 nM and
2.33 nM for K* and TI*, respectively in water, and 1.35 uM and
326.44 nM for K+ and TI, respectively in serum. Importantly, as the de-
veloped assay successfully detected low concentrations of K™ and TI* in
drinking water, it can thereby be used to ensure water safety. The
method also allowed the accurate analysis of K™ and TI* concentrations
in serum, which will enable the diagnosis and treatment of thallium
poisoning.
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