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. Multidimensional sensing offers advantages in accuracy, diversity and capability for the simultaneous

- detection and discrimination of multiple analytes, however, the previous reports usually require

. complicated synthesis/fabrication process and/or need a variety of techniques (or instruments) to
acquire signals. Therefore, to take full advantages of this concept, simple designs are highly desirable.
Herein, a novel concept is conceived to construct multidimensional sensing platforms based on a single
indicator that has capability of showing diverse color/fluorescence responses with the addition of
different analytes. Through extracting hidden information from these responses, such as red, green and
blue (RGB) alterations, a triple-channel-based multidimensional sensing platform could consequently
be fabricated, and the RGB alterations are further applicable to standard statistical methods. As a
proof-of-concept study, a triple-channel sensing platform is fabricated solely using dithizone with
assistance of cetyltrimethylammonium bromide (CTAB) for hyperchromicity and sensitization, which
demonstrates superior capabilities in detection and identification of ten common heavy metal ions
at their standard concentrations of wastewater-discharge of China. Moreover, this sensing platform

. exhibits promising applications in semi-quantitative and even quantitative analysis individuals of

. these heavy metal ions with high sensitivity as well. Finally, density functional theory calculations are
performed to reveal the foundations for this analysis.

© Multidimensional sensing devices, which offer advantages in accuracy, diversity and capability for the simulta-
neous detection and discrimination of multiple analytes, have received increasing attention in recent years!-4.
Traditionally, three strategies are often employed to construct multidimensional sensing systems: i) combining
a variety of cross-reactively colorimetric or fluorometric indicators (i.e. sensor array approach)!'% ii) mechani-
cally incorporating several, such as mass-sensitive, capacitive and calorimetric transducers onto a single chip (i.e.
smart chip approach)'*-'%; and iii) integrating fluorescent, phosphorescent, light-scattering, absorbing, and/or
electrochemiluminescent (ECL) reporters on a molecule or a nanoparticle (i.e. lab-on-a-molecule/nanoparticle
. approach)!'®-2%. These efforts have made great progress toward developing multidimensional sensing systems,
. however, they either require complicated synthesis/fabrication process and/or need a variety of techniques (or
. instruments) to acquire sensing signals, thus limiting their widespread applications. In order to take full advan-
: tages of the concept of multidimensional sensing, more simple design strategies are highly desirable and have in
. fact emerged recently. For example, Ouyang et al. reported a visual sensor array for recognition and analysis of
© proteins using two types of fluorescent gold nanoclusters®. Song ef al. designed and fabricated microchips for
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Figure 1. Schematic illustration of the concept of a single-indicator-based triple-channel
multidimensional sensing platform.

recognition of metal ions based on a single indicator via multiple fluorescent channels?®*. Encouraged by these
advances, we are interested in seeking even more simple but general strategies to construct multidimensional
sensing systems.

Inspired by the knowledge that certain indicators show distinct color or fluorescent responses to different
analytes??’, in this current study, a triple-channel-based multidimensional sensing platform is proposed to fab-
ricate through extracting more hidden information, such as red, green and blue (RGB) alterations, from the color
or fluorescent responses of a single indicator. As a proof-of-concept study, dithizone was taken as an example of
the single indicator. Through extracting RGB color alterations of dithizone with the addition of diverse metal
ions, a triple-channel based multidimensional sensing platform could in principle be fabricated. Importantly,
much better sensing performances are achieved with assistance by the addition of cetyltrimethylammonium
bromide (CTAB), a surfactant that is known for hyperchromicity and sensitization to a probe. This sensing
platform is found to be excellent in the detection and identification of ten common heavy metal ions at their
standard concentrations of wastewater-discharge of China. In addition, this sensor also shows great potentials
in semi-quantitative and even quantitative analysis each of these heavy metal ions with high sensitivity. The
approach to multidimensional sensing systems is considered to be maximally simplified, including no need com-
plicated synthesis, fabrication and utilization of expensive instruments.

The interactions between dithizone and heavy metal ions had solely been investigated from experimental
characterization® or conjecture. Herein, the experimental means and density functional theory (DFT) calcula-
tions are performed to clarify the nature of interactions between dithizone and diverse metal ions. The accurate
chelates of dithizone products and nine heavy metal ions are determined at B3LYP/6-31G* level. The correspond-
ing frontier molecular orbital energies (i.e. HOMOs and LUMOs) and electronic distributions of the optimized
chelates are also determined. More importantly, the calculated HOMO-LUMO gaps are found in good agreement
with the experimental data, confirming the reliability of the optimized configurations. The combination of exper-
imental characterizations and theoretical calculations demonstrate that the distinct color responses of the probe
to metal ions result from the different interactions, electron distributions and transitions.

Results

It’s known that certain indicators show distinct color or fluorescence responses to different analytes*®?°. For
example, the dithizone and CTAB co-modified gold nanoparticles had been found to respond ten types of heavy
metal ions with different colors in our previous study?. Based on this knowledge, a triple-channel-based mul-
tidimensional sensing platform could be attempted to fabricate through simply extracting red, green and blue
(RGB) alterations from the indicator’s color responses with the addition of diverse analytes, as shown in Fig. 1.
These RGB alterations are also applicable to standard statistical methods (e.g. Hierarchical clustering analysis
(HCA) and principal component analysis (PCA)) for further evaluating the capability of such a sensing platform
in detection and discrimination of multiple analytes.

To do a proof-of-concept study, dithizone was taken as an example in this study, which had been reported
showing different color responses to diverse metal ions*>**. Given requirements of the practical application, ten
common heavy metal ions (i.e. Hg*", Cd**, Pb**, Cr(VI), Co®*, Ni**, Cu?", Zn?**, Mn*', and Ag™") at their stand-
ard concentrations of wastewater-discharge of China (Supplementary Information (SI) Table S1) are evaluated.
As shown in Fig. S1 (SI), dithizone does show different color responses to six of the selected ten heavy metal ions
(i.e. Co*", Ni?T, Cu*™, Zn**, Mn?", and Ag™), but not to four of them (i.e. Hg*", Cd**, Cr(VI), and Pb*"), might
be due to their relatively low concentrations of wastewater-discharge standard. Through extracting the RGB alter-
ations from these color responses, a triple-channel sensing platform is fabricated, which clearly shows different
recognition patterns for those six metal ions that can produce color changes to dithizone (Fig. S2 in SI). Moreover,
when these RGB alterations are subjected to standard statistical analysis (e.g. HCA and PCA), similar results as
those triple-channel recognition patterns are observed (Fig. S3 in SI).

Although the above results verified our concept, the relatively poor detection performance may restrict its
practical applications. However, keeping in mind that the sensitivity of a probe might be significantly improved
with the presence of surfactants (i.e. well-known sensitization effects of surfactants)**~*, and a cationic surfactant
CTAB was attempted to sensitize dithizone’s response to metal ions. It’s astonishing to us that much stronger
responses of dithizone to the ten heavy metal ions are observed with the addition of CTAB. The sensitization
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Figure 2. Performances of the single-indicator-based sensing platform to multiple metal ions. (a) Color
images of the dithizone-CTAB mixture before and after exposure to ten heavy metal ions at their standard
concentrations of wastewater discharge of China, and the color difference map. For purposes of visualization,
the color range of the difference map was expanded from 4 to 8 bits per color (RGB range of 4-19 expanded to
0-255). (b,c) Recognition patterns (b) and HCA (c) for the ten heavy metal ions at their wastewater discharge
standard concentrations of China and a control based on their corresponding ARGB values obtained from the
“before” and “after” images. No confusions or errors in classification were observed in 66 trials. Error bars in
(b) represent standard deviations of six parallel measurements.

effects of CTAB here probably can be ascribed to its solubilization capacity to dithizone in aqueous solution, and
meanwhile forming a microenvironment that favouring interaction between metal ions and the probe®-**.

To obtain better sensing performances to metal ions with the dithizone and CTAB ensemble, further opti-
mized experiments are performed. First of all, 30 uM of dithizone was selected and fixed (for observing a clearly
colored solution), and different ratios of CTAB to dithizone were examined. As seen in Fig. S4 (SI), the color
responses (described by the total Euclidean distances, EDs, i.e. square root of the sums of the squares of the
ARGB values) of the mixture to 5pM Cd?" are found to be increased and reach a maximum at the ratio of 3:1
(CTAB to dithizone), and then drop down at higher ratios. Secondly, pH influences on the color responses of
the dithizone and CTAB mixture to metal ions were investigated. Experimental results exhibited that higher pH
conditions (e.g. pH > 7) are in favour of the recognition of metal ions, but precipitations tend to appear due to the
formation of metal hydroxides if pH > 8. Hence, a 90 .M CTAB and 30 pM dithizone mixture in pH 7.4 buffer is
used as the optimal condition for the detection of metal ions in the following study.

The color responses of the single indicator (i.e. dithizone, 30 xM) in the presence of CTAB (90 M) to the ten
common heavy metal ions at their wastewater-discharge standard concentrations of China are investigated. For
further reducing the instrumental requiements, an ordinary flatbed scanner (or even a digital camera) is used
to acquire digital images. As shown in Fig. 2a, from the color profiles of the dithizone-CTAB mixture in the
absence (named “before” images) and presence (named “after” images) of metal ions, distinctive color changes
are observed to each of the ten heavy metal ions, even by naked eye. For quantitative comparisons of these color
changes, a difference map can be acquired by taking the difference of the RGB values from the “before” and “after”
images.

Through exctracting the RGB alterations of the dithizone and CTAB mixture after addition of metal ions (the
full data set are summarized in Table S2 of SI), a triple-channel sensing platform could thus be constructed. To
probe reproducibility of the sensing system and further statistical analysis, sextuple data are acquired. As shown
in Fig. 2b, the ten heavy metal ions exhibit distinct ARGB recognition patterns (can also be called fingerprints) at
their wastewater-discharge standard concentrations with good reproducibility, which demonstrates the excellent
detection and discrimination capability of this sensing system. The multiple dispersion of this colorimetric sen-
sor data requires a classification algorithm that uses the full dimensionality of the data. Herein, HCA, which is a
model-free method based on the grouping of the analyte vectors according to their spatial distances in their full
vector space is employed*®!. On the basis of the clustering of the sensor response data in the three-dimensional
ARGB color space (Table S2 in SI), dendrograms formed by HCA are depicted in Fig. 2c. Remarkably, all the ten
heavy metal ions and a control are accurately classified with no errors out of 66 cases. This three-dimensional
response patterns are also explored by PCA, which is a statistical treatment used to reduce multidimensional data
for easier interpretation®2. The resulting two-dimensional PCA score plot (Fig. S5 in SI) shows clear clustering of
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Figure 3. Performances of the single-indicator-based sensing platform to individuals of metal ions.

(a) Color images of the dithizone-CTAB mixture before and after exposure to different concentrations of Cd**
and Hg”", along with the color difference maps. For purposes of visualization, the color difference maps were
expanded from 4 to 8 bits per color (RGB range of 4-19 expanded to 0-255). (b,c) The total Euclidean distances
of the dithizone solution in the absence and presence of CTAB versus different concentrations of Hg** (b) and
Cd?* (¢). (d) PCA plot for the discrimination of Hg*™ and Cd?" at different concentrations based on the RGB
alterations of the dithizone-CTAB system. The experiments were performed in triplicate with 30 uM dithizone
in the presence of 90 pM CTAB in 10 mM HEPES buffer at pH 7.4. The error bars in Fig. (b,c) represent the
standard deviations of triplicate experiments.

the data using only the first two principal components (representing 91.5% of the total variance), with excellent
discriminatory capacity. The large distance between clusters in the PCA score plot reflects significantly differential
responses of the sensing system to heavy metal ions at their wastewater-discharge standard concentrations.

To further explore capabilities of this sensing platform, such as responses at other concentrations rather
than wastewater-discharge standards, potentially quantitative analysis and limit of detection (LOD), the color
responses of dithizone-CTAB mixture with the addition of an individual metal ion at various concentrations are
examined (Hg*" and Cd*" are taken as examples). As shown in Fig. 3a, more and more intense color responses
are observed with increasing concentrations of the two metal ions up to about 10 uM, and these color changes
can further be quantitatively indicated with total EDs (Fig. 3b,c). Importantly, nice linear fitting curves are
obtained with excellent correlations (R = 0.999) between the total EDs and the concentrations of the two rep-
resentative heavy metal ions from 1 to 10 pM, which actually provide possibilities for quantitative analysis. By
means of extrapolating these fitting curves, the LODs are estimated to be 0.13 M and 0.14 uM for Hg?>" and
Cd?*, respectively (see Table S3 in SI for fitting parameters), both being well lower than their concentrations
of wastewater-discharge standard of China. Interestingly, PCA further demonstrates that the dithizone-CTAB
solution can be applied for not only effective identification and discrimination between Hg?>* and Cd**, but
their different concentrations (Fig. 3d). Furthermore, it’s worthy to note herein, the comparisons of the color
responses of dithizone to Cd** and Hg?" in the absence and presence of CTAB clearly show that the sensitivi-
ties of dithizone are significantly enhanced with the addition of CTAB (Fig. 3b,c). Therefore, the as-developed
single-indicator-based sensing platform demonstrates not only great potentials in detection and differentiation
of multiple metal ions, but semi-quantitative and even quantitative analysis of individuals with high sensitivity,
based on the corresponding color response profiles, RGB recognition patterns, HCA/PCA, and EDs fitting curves.

To reveal the nature of distinct color responses of dithizone to diverse metal ions, of which lay the foundation
for constructing the as-proposed triple-channel multidimensional sensing platform, we extend our efforts to
apply the experimental means and density functional theory (DFT) calculations to study the interactions between
the probe and heavy metal ions. Experimentally, the UV-vis absorption at the maximal wavelength (\,.,) is
mainly attributed to the electron transitions of HOMO to LUMO*~*¢. As shown in Fig. S6 (SI), discinct UV-vis
spectra are observed with the addition of different metal ions, and the corresponding HOMO-LUMO energy
gaps are calculated (see Table 1). But it’s hard to achieve useful differentiation information solely from these
spectra. Nevertheless, the HOMO-LUMO energy gaps of the sensing system with each of these heavy metal ions
could be calculated. Theoretically, DFT has been proven to be a powerful tool for determining the molecular
structures and molecular orbitals**->2, Therefore, DFT calculations are applied to determine the chelate struc-
tures of the probe to heavy metal ions, and further for the corresponding HOMO to LUMO energy states. Based
on the fact that dithizone decomposes to [SCH,N,]*>~ in alkaline solution?, the chelates of [SCH,N,]>~ to nine
heavy metal ions (expect Cr(VI)) are actually performed. Note that the special structure of Cr(VI) (i.e. Cr,0,*")
would produce completely different structures with the probe from the other nine metal ions, and therefore,
Cr(VI) will not be discussed below. Through extensive DFT calculations using the optimized trial structures at
B3LYP/6-31G* level, we obtained the accurate chelates of SCH,N,M (M = Ni, Mn, Co, Cu, Zn, Pb, Hg, Cd, and
Ag) (Fig. 4). The shorter average distances of M-NH and M-N for Ni, Mn, Co, Cu, and Zn than that of Pb, Hg,
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SCH,N,Cd 2.01 2.17 (570nm)
SCH,N,Co 2.09 2.12 (585nm)
SCH,N,Zn 2.29 2.29 (541 nm)
SCH,N,Pb 230 2.38 (520 nm)
SCH,N,Cu 237 2.30 (540 nm)
SCH,N,Mn 242 2.52 (492nm)
SCH,N,Hg 2.50 2.55 (485nm)
SCH,N,Ag 2.58 2.55 (487 nm)
SCH,N,Ni 2.73 2.73 (455nm)

Table 1. Comparison of the HOMO-LUMO energy gaps of the chelate structures of [SCH,N,]*~ and heavy
metal ions from DFT calculations and UV-vis measurements. Note: experimental HOMO-LUMO energy
gaps = hc/\ a0 h=16.626 X 10734].s,c=3 x 108 m/s.

Optimized structures HOMO LUmMoO Optimized structures HOMO LUMO

FE
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Figure 4. Density functional theory calculations. The optimized structures, HOMOs and LUMOs of the
chelate structures of [SCH,N,]*~ and heavy metal ions, as well as the selected bond length parameters (A).

Cd, and Ag reveal their stronger coordination capabilities with [SCH,N,]*~. The Cartesian coordinates of the
optimized structures are summarized in Table S4 (SI). Moreover, for the purpose of clarifying the significant dif-
ferences in the electronic distribution and transitions among the optimized chelates, their molecular orbitals have
been theoretically investigated on the basis of DFT calculations with B3LYP/6-31G* level as well. As shown in
Fig. 4, the corresponding frontier molecular orbital energies (i.e. HOMOs and LUMOs) and electronic distribu-
tions of the optimized chelates are found to be distinctively different. Their HOMO-LUMO gaps and the frontier
molecular orbital energies are presented in Table 1 and Fig. S7 (SI). The calculated HOMO-LUMO gap increases
in the order from 2.0V for SCH,N,Cd, 2.10eV for SCH,N,Co, 2.29 eV for SCH,N,Zn, 2.30eV for SCH,N,Pb,
2.37 eV for SCH,N,Cu, 2.42 eV for SCH,N,Mn, 2.50eV for SCH,N,Hg, 2.58 ¢V for SCH,N,Ag, to 2.72 ¢V for
SCH,N,Ni. Importantly, these calculated HOMO-LUMO gaps are found in high agreement with the experimen-
tal data (Table 1), which confirms the assumed chelating structures of the probe to metal ions. The combination
of experimental characterizations and theoretical calculations demonstrate that the distinct color changes of the
probe to heavy metal ions result from the different interactions, electron distributions and transitions.

The practical applicability of the as-developed sensing platform is preliminarily evaluated using real wastewa-
ter samples (taken from Yongjiang River in Ningbo, China). Firstly, the real water sample was spiked with the ten
heavy metal ions at their standard concentrations of wastewater-discharge, and then subject to the same analysis
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process as that of in deionized water. As shown in Fig. S8 (SI), clearly distinct color response profiles of the sen-
sor to each of the ten metal ions are observed, even by the naked eye. Similarly, the sextuple data are acquired
to probe reproducibility of the sensing system and further for statistical analysis. Again, the as-developed
triple-channel sensing platform exhibits distinct ARGB recognition patterns to the ten heavy metal ions and
are well separated from each other based on PCA and HCA (Fig. S9 in SI). These findings demonstrate that the
single-indicator-based triple-channel sensing platform can potentially be applied in analysis of real wastewater
samples.

Discussion

In summary, a novel concept to fabricate multidimensional sensing platforms is proposed through simply
extracting more hiddern information, such as RGB alterations, from a single indicator that could show distinct
color or fluorescence responses to diverse substances. As a proof-of-concept study, a triple-channel multi-ion
analysis platform is developed solely using dithizone with assistance of a surfactant (i.e. CTAB) for hyperchro-
micity and sensitization. Through extracting the RGB alterations of dithizone and CTAB mixture to ten com-
mon heavy metal ions at their concentrations of wastewater-discharge of China, different recognition patterns
(fingerprints) can be observed, and HCA/PCA further demonstrate its detection and discrimination capability.
Moreover, this as-developed single-indicator-based sensing platform could as well as be applied in semiquanti-
tative and even quantitative analysis of a specific metal ions with high sensitivity based on their corresponding
color response profiles and EDs fitting curves, respectively. To reveal the nature of distinct color responses of
dithizone to metal ions, DFT calculations are employed to determine their chelate structures and the correspond-
ing HOMO-LUMO energy gaps. The high agreement of experimental characterizations and theoretical calcula-
tions demonstrate that the optimized chelates are credible, and the distinct color changes of the probe to heavy
metal ions result from the different interactions, electron distributions and transitions. Compared to the tradi-
tional strategies for multidimensional sensing systems, the greatest advantage of the as-proposed approach is
considered to be maximally simiplify the fabrication process. Notably, this work is only regarded as a preliminary
step for exploration and application of the suggested single-indicator-based multidimensional sensing concept,
and we are now focusing on extending its applications. The more recent research found that multiple proteins
could also be detected and discriminated through applying a single Au nanoparticles-based probe, demonstrat-
ing great potentials of general applicability of the as-proposed concept, and the relevant results will be published
separately elsewhere later.

Methods

Materials and instruments. Dithizone, cetyltrimethylammonium bromide (CTAB) and K,Cr,0;
were from Sinopharm Chemical Reagent Co., Ltd (Beijing, China). Mn(ClO,),-6H,0, Ni(ClO,),-6H,0,
Cd(Cl0,),-6H,0, Hg(ClO,),-3H,0 and Zn(ClO,),6H,0 were obtained from Strem Chemicals Inc.
(Newburyport, USA). Pb(ClO,),-3H,0 and Co(ClO,),-6H,0 were purchased from Sigma-Aldrich Co. (USA).
AgNO; and 4-(2-hydroxyethyl)piperazine-1-ethanesulfonic acid (HEPES) were from Aladdin Reagent Co. Ltd
(Shanghai, China). Cu(ClO,),-6H,0 was purchased from J&K Chemical Ltd. All chemicals were used as received
without further purification. 96-well plates (Corning 3632) were obtained from Genetimes Technology. The stock
solutions of metal ions were prepared using 50 mM HEPES (pH 7.4) buffer.

The pH measurements were performed using a PHS-3C pH meter. For all sensing experiments, imagings
were acquired with a flatbed scanner (Epson Perfection V300) in 96-well plates. UV-vis absorption spectra were
recorded using a Lambda 950 UV-vis spectrophotometer from Perkin Elmer. Fourier transform infra-red (FT-IR)
spectroscopy was performed using a Nicolet 6700 spectrometer.

Method for metal ions detection and discrimination. 1.0 mL of dithizone solution (1.0 mM in 0.2 M
NaOH) was firstly mixed with 24 mL of CTAB solution (0.125mM in H,0), and then mixed with HEPES buffer
that in the absence (control solutions) or in the presence of certain concentrations of metal ions (work solutions)
at a volume ratio of 3:1. The final concentrations of dithizone, CTAB and HEPES are 30puM, 90pM and 10 mM,
respectively.

300 pL of the control and work solutions were loaded into a 96-well plate, respectively, and the “before” (from
the control solutions) and “after” (from the work solutions) images were acquired on an Epson Perfection V300
photo flatbed scanner. Difference maps were acquired by taking the difference of the RGB values from the center
of the indicator solution (in 96-well plates) from the “before” and “after” images using the commercial Photoshop
software.

The chemometric analysis was performed on the color difference vectors using the Multi-Variate Statistical
Package (MVSP v.3.1, Kovach Computing); in all cases, hierarchical cluster analysis (HCA) and principal com-
ponent analysis (PCA) were performed on the database library (Table S2) using the minimum variance for
classification.

Analysis of metal ions in real samples. Metal ions detection in wastewater from Yongjiang River (located
in Ningbo, China) was taken as an example to preliminarily test the capability of the as-developed sensing plat-
form for real samples. The analysis procedure was the same as the above description, just by using wastewater
from Yongjiang River instead of deionized water.

Calculations. The geometry optimizations of dithizone, dithizone products and the chelate structures of dith-
izone product and heavy metal ions, their molecular orbitals were performed by means of DFT methods using the
Gaussian03 quantum chemistry package at the BALYP/6-31G* level.

SCIENTIFICREPORTS | 6:25354 | DOI: 10.1038/srep25354 6



www.nature.com/scientificreports/

References

1.
2.

3.

- %]

10.
11.
12.
13.
. Hierlemann, A. & Gutierrez-Osuna, R. Higher-order chemical sensing. Chem. Rev. 108, 563-613 (2008).
15.
16.
17.
18.
19.
20.
21.
22.
23.
24.
25.
26.

27.
. Pan, L. et al. Truly fluorescent excitation-dependent carbon dots and their applications in multicolor cellular imaging and

29.

30.
31.
32.

. Wichmann, H. J. Isolation and detemination of traces of metals. Ind. Eng. Chem. Anal. Ed. 11, 66-72 (1939).
34,

Rakow, N. A. & Suslick, K. S. A colorimetric sensor array for odour visualization. Nature 406, 710-713 (2000).

Askim, J. R., Mahmoudi, M. & Suslick, K. S. Optical sensor arrays for chemical sensing: the optoelectronic nose. Chem. Soc. Rev. 42,
8649-8682 (2013).

Diehl, K. L. & Anslyn, E. V. Array sensing using optical methods for detection of chemical and biological hazards. Chem. Soc. Rev.
42, 8596-8611 (2013).

. Anzenbacher, P. Jr,, Lubal, P,, Bucek, P., Palaciosa, M. A. & Kozelkovaa, M. E. A practical approach to optical cross-reactive sensor

arrays. Chem. Soc. Rev. 39, 3954-3979 (2010).

. Albert, K. J. et al. Cross-reactive chemical sensor arrays. Chem. Rev. 100, 2595-2626 (2000).
. Kreno, L. E. et al. Metal-organic framework materials as chemical sensors. Chem. Rev. 112, 1105-1125 (2012).
. Qian, S. H. & Lin, H. W. Colorimetric sensor array for detection and identification of organophosphorus and carbamate pesticides.

Anal. Chem. 87, 5395-5400 (2015).

. Liu, L. & Lin, H. W. Paper-based colorimetric array test strip for selective and semiquantitative multi-ion analysis: simultaneous

detection of Hg?*, Ag*, and Cu?*. Anal. Chem. 86, 8829-8834 (2014).

. Selvakumar, K., Motiei, L. & Margulies, D. Enzyme-artificial enzyme interactions as a means for discriminating among structurally

similar isozymes. J. Am. Chem. Soc. 137, 4892-4895 (2015).

Liu, Y. & Bonizzoni, M. A supramolecular sensing array for qualitative and quantitative analysis of organophosphates in water. J. Am.
Chem. Soc. 136, 1422314229 (2014).

Greiu, B. D. D. et al. Fluorescent discrimination between traces of chemical warfare agents and their mimics. . Am. Chem. Soc. 136,
4125-4128 (2014).

Zhang, Z. et al. Expanded porphyrin-anion supramolecular assemblies: environmentally responsive sensors for organic solvents and
anions. J. Am. Chem. Soc. 137, 7769-7774 (2015).

Hagleitner, C. et al. Smart single-chip gas sensor microsystem. Nature 414, 293-296 (2001).

Kwon, O. S. et al. Multidimensional conducting polymer nanotubes for ultrasensitive chemical nerve agent sensing. Nano Lett. 12,
2797-2802 (2012).

Chen, K., Shu, Q. & Schmittel, M. Design strategies for lab-on-a-molecule probes and orthogonal sensing. Chem. Soc. Rev. 44,
136-160 (2015).

Schmittel, M. & Lin, H.-W. Quadruple-channel sensing: a molecular sensor with a single type of receptor site for selective and
quantitative multi-ion analysis. Angew. Chem. Int. Ed. 46, 893-896 (2007).

Ling, Y., Gao, Z. E, Zhou, Q,, Li, N. B. & Luo, H. Q. Multidimensional optical sensing platform for detection of heparin and reversible
molecular logic gate operation based on the phloxine B/polyethyleneimine system. Anal. Chem. 87, 1575-1581 (2015).

Wu, P, Miao, L.-N., Wang, H.-E, Shao, X.-G. & Yan, X.-P. A multidimensional sensing device for the discrimination of proteins
based on manganese-doped ZnS quantum dots. Angew. Chem. Int. Ed. 50, 8118-8121 (2011).

Lee, J. S., Shin, D. H,, Jun, J. & Jang, J. Multidimensional polypyrrole/iron oxyhydroxide hybrid nanoparticles for chemical nerve gas
agent sensing application. ACS Nano 7, 10139-10147 (2013).

Bajaj, A. et al. Detection and differentiation of normal, cancerous, and metastatic cells using nanoparticle-polymer sensor arrays.
Proc. Nat. Acad. Sci. USA 106, 10912-10916 (2009).

Magri, D. C., Fava, M. C. & Mallia, C. J. A sodium-enabled ‘pourbaix sensor’: a three-input AND logic gate as a lab-on-a-molecule’
for monitoring Na*, pH and pE. Chem. Commun. 50, 1009-1011 (2014).

Lu, Y, Kong, H., Wen, F, Zhang, S. & Zhang, X. Lab-on-graphene: graphene oxide as a triple-channel sensing device for protein
discrimination. Chem. Commun. 49, 81-83 (2013).

Sang L. ]. & Wang, H. E. Aminophenylboronic-acid-conjugated polyacrylic acid Mn-doped ZnS quantum dot for highly sensitive
discrimination of glycoproteins. Anal. Chem. 86, 5706-5712 (2014).

Xu, S. et al. A visual sensor array for pattern recognition analysis of proteins using novel blue-emitting fluorescent Gold nanoclusters.
Anal Chem. 86, 11634-11639 (2014).

Huang,Y., Li, E, Qin, M., Jiang, L. & Song, Y. A multi-stopband photonic-crystal microchip for high-performance metal-ion
recognition based on fluorescent detection. Angew. Chem. Int. Ed. 52, 7296-7299 (2013).

Huang, Y. et al. A photochromic sensor microchip for high-performance multiplex metal ions detection. Sci. Rep. 5, 9724 (2015).

multidimensional sensing. Adv. Mater. 27, 7782-7787 (2015).

Leng, Y. et al. Colorimetric response of dithizone product and hexadecyl trimethyl ammonium bromide modified gold nanoparticle
dispersion to 10 types of heavy metal ions: understanding the involved molecules from experiment to simulation. Langmuir 29,
7591-7599 (2013).

Ly, N. H. & Joo, S. Zn(II)-concentration dependent Raman spectra in the dithizone complex on gold nanoparticle surfaces in
environmental water samples. Appl. Surf. Sci. 356, 1005-1011 (2015).

Sedghi, R., Heidari, B. & Behbahani, M. J. Synthesis, characterization and application of poly(acrylamide-co-methylenbisacrylamide)
nanocomposite as a colorimetric chemosensor for visual detection of trace levels of Hg and Pb ions. J. Hazard Mater. 285, 109-116
(2015).

White, W. E. Dithizone as an analytical reagent. J. Chem. Edu. 13, 369-373 (1936).

Integrated wastewater discharge standard. Chinese national standards. (GB8978-1996) Available at: http://english.mep.gov.cn/
standards_reports/standards/water_environment/Discharge_standard/200710/t20071024_111803.htm. (Accessed: 18th March
2016).

. Pedro, J. A. et al. Surface charge of zwitterionic sulfobetaine micelles with 2-naphthol as a fluorescent probe. Langmuir 28,

17623-17631 (2012).

. Kumari, N., Dey, N,, Jha, S. & Bhattacharya, S. Ratiometric, reversible, and parts per billion level detection of multiple toxic

transition metal ions using a single probe in micellar media. ACS Appl. Mater. Interfaces 5, 2438-2445 (2013).

. Priebe, J. P. et al. The chameleon-like nature of zwitterionic micelles: effect of cation binding. Langmuir 28, 1758-1764 (2012).
. Fiedler, H. D. et al. Cd(II) determination in the presence of aqueous micellar solutions. Talanta 64, 190-195 (2004).
. Nasr, A. T., Alexander, K., Schreiner, L. ]. & McAuley, K. B. Leuco-crystal-violet micelle gel dosimeters: I. influence of recipe

components and potential sensitizers. Phys. Med. Biol. 60, 4665-4683 (2015).

. Haswell, S. J. Practical Guide to Chemometrics, (New York, 1992).

. Johnson, R. A. & Wichern, D. W. Applied Multivariate Statistical Analysis, 6th ed., (Prentice Hall: Upper Saddle River, NJ, 2007).

. Jolliffe, I. T. Principal Component Analysis, (New York, 2002).

. Shiraishi,Y., Matsunaga, Y. & Hirai, T. Selective colorimetric sensing of Co(II) in aqueous media with a spiropyran-amide-dipicolylamine

linkage under UV irradiation. Chem. Commun. 48, 5485-5487 (2012).

. Zhang, P, Tang, B., Tian, W,, Yang, B. & Li, M. The comparative investigation on the optical properties and electronic structures of

the alkoxy-tuned 1,3,4-oxadiazole derivatives. Mater. Chem. Phys. 119, 243-248 (2010).

. Qi, D, Zhang, L., Zhang, Y., Bian, Y. & Jiang, J. Nature of the intense near-IR absorption and unusual broad UV-visible-NIR spectra

of azulenocyanines: density functional theory studies. J. Phys. Chem. A 114, 13411-13417 (2010).

SCIENTIFICREPORTS | 6:25354 | DOI: 10.1038/srep25354 7


http://english.mep.gov.cn/standards_reports/standards/water_environment/Discharge_standard/200710/t20071024_111803.htm
http://english.mep.gov.cn/standards_reports/standards/water_environment/Discharge_standard/200710/t20071024_111803.htm

www.nature.com/scientificreports/

46. Kityk, A. V. Absorption and fluorescence spectra of heterocyclic isomers from long-range-corrected density functional theory in
polarizable continuum approach. J. Phys. Chem. A 116, 3048-3055 (2012).

47. Leng, Y. et al. A rapid and sensitive colorimetric assay method for Co?* based on the modified Au nanoparticles (NPs):
understanding the involved interactions from experiments and simulations. Talanta 94, 271-277 (2012).

48. Leng, Y., Zhang, M., Song, C., Chen, M. & Lin, Z. A semi-empirical and Ab Initio combined approach for the full conformational
searches of gaseous lysine and lysine-H,O complex. J. Mol. Struct. (THEOCHEM) 858, 52-65 (2008).

49. Pena, L, Sanz, M. E., L6pez, J. C. & Alonso, J. L. Preferred conformers of proteinogenic glutamic acid. J. Am. Chem. Soc. 134,
2305-2312 (2012).

50. Baggett, A. W,, Guo, F, Li. B,, Liu, S. & Jakle, F. Regioregular synthesis of azaborine oligomers and a polymer with a syn conformation
stabilized by N—H...w interactions. Angew. Chem. Int. Ed. 54, 11191-11195 (2015).

51. Alonso, J. L. et al. The conformational behaviour of free D-glucose—at last. Chem Sci. 5, 515-522 (2014).

52. Peiia, I, Cabezas, C. & Alonso, J. L. The nucleoside uridine isolated in the gas phase. Angew. Chem. Int. Ed. 127, 3034-3037 (2015).

Acknowledgements

This work is supported by the Natural Science Foundation of China (21277149 and 51374132), Zhejiang
Provincial Natural Science Foundation of China (LR13B050001), and the Ningbo Science and Technology Bureau
(2014B82010). Y.L. would also like to thank the financial support from the Science and Technology Program
of Education Department of Henan Province (14A430024), Natural Science Foundation of Nanyang Normal
University (zx2014087) and China Postdoctoral Science Foundation (2015M581970). Z.L. would also like to
thank the financial support from Technicians Troop Construction Projects of Henan Province (No. C20150029).

Author Contributions
Y.L. performed the experiments, calculations and drafted the manuscript. Y.L, S.Q., YW,, C.L., X.J. and Z.L.
analysed the data. Y.W. and H.L. conceived the idea, designed the experiments, and wrote the paper.

Additional Information
Supplementary information accompanies this paper at http://www.nature.com/srep

Competing financial interests: The authors declare no competing financial interests.

How to cite this article: Leng, Y. et al. Single-indicator-based Multidimensional Sensing: Detection and
Identification of Heavy Metal Ions and Understanding the Foundations from Experiment to Simulation. Sci.
Rep. 6, 25354; doi: 10.1038/srep25354 (2016).

This work is licensed under a Creative Commons Attribution 4.0 International License. The images

G or other third party material in this article are included in the article’s Creative Commons license,
unless indicated otherwise in the credit line; if the material is not included under the Creative Commons license,
users will need to obtain permission from the license holder to reproduce the material. To view a copy of this
license, visit http://creativecommons.org/licenses/by/4.0/

SCIENTIFIC REPORTS | 6:25354 | DOI: 10.1038/srep25354 8


http://www.nature.com/srep
http://creativecommons.org/licenses/by/4.0/

	Single-indicator-based Multidimensional Sensing: Detection and Identification of Heavy Metal Ions and Understanding the Fou ...
	Results

	Discussion

	Methods

	Materials and instruments. 
	Method for metal ions detection and discrimination. 
	Analysis of metal ions in real samples. 
	Calculations. 

	Acknowledgements
	Author Contributions
	﻿Figure 1﻿﻿.﻿﻿ ﻿ Schematic illustration of the concept of a single-indicator-based triple-channel multidimensional sensing platform.
	﻿Figure 2﻿﻿.﻿﻿ ﻿ Performances of the single-indicator-based sensing platform to multiple metal ions.
	﻿Figure 3﻿﻿.﻿﻿ ﻿ Performances of the single-indicator-based sensing platform to individuals of metal ions.
	﻿Figure 4﻿﻿.﻿﻿ ﻿ Density functional theory calculations.
	﻿Table 1﻿﻿. ﻿ Comparison of the HOMO-LUMO energy gaps of the chelate structures of [SCH2N4]2− and heavy metal ions from DFT calculations and UV-vis measurements.



 
    
       
          application/pdf
          
             
                Single-indicator-based Multidimensional Sensing: Detection and Identification of Heavy Metal Ions and Understanding the Foundations from Experiment to Simulation
            
         
          
             
                srep ,  (2016). doi:10.1038/srep25354
            
         
          
             
                Yumin Leng
                Sihua Qian
                Yuhui Wang
                Cheng Lu
                Xiaoxu Ji
                Zhiwen Lu
                Hengwei Lin
            
         
          doi:10.1038/srep25354
          
             
                Nature Publishing Group
            
         
          
             
                © 2016 Nature Publishing Group
            
         
      
       
          
      
       
          © 2016 Macmillan Publishers Limited
          10.1038/srep25354
          2045-2322
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/srep25354
            
         
      
       
          
          
          
             
                doi:10.1038/srep25354
            
         
          
             
                srep ,  (2016). doi:10.1038/srep25354
            
         
          
          
      
       
       
          True
      
   




