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ABSTRACT

Surfactants are considered as typical emerging pollutants, and extensive use of which in
disinfectants brings huge threat to ecosystem and human health, particularly during the
pandemic of coronavirus disease-19 (COVID-19), whereas the rapid discrimination of multiple
surfactants in environments is still a great challenge. Herein, we designed a fluorescent sensor
array based on luminescent metal-organic frameworks (UiO-66-NH2@Au NCs) for the specific
discrimination of six surfactants (AOS, SDS, SDSO, MES, SDBS, and Tween-20). Wherein,
UiO-66-NH>@Au NCs was fabricated by integrating UiO-66-NH> (2-aminoterephthalic acid -
anchored-MOFs based on zirconium ions) with gold nanoclusters (Au NCs), which exhibited
a dual-emission features, showing good luminescence. Interestingly, due to the interactions of
surfactants and UiO-66-NH>@Au NCs, the surfactants can differentially regulate the
fluorescence property of UiO-66-NH>@Au NCs, producing diverse fluorescent “fingerprints”,
which were further identified by pattern recognition methods. The proposed fluorescence
sensor array achieved 100% accuracy in identifying various surfactants and multi-component
mixtures, with the detection limit in the range 0f 0.0032 to 0.0315 mM for six pollutants, which
was successfully employed in the discrimination of surfactants in real environmental waters.
More importantly, our finding provided a new avenue in rapid detection of surfactants,
rendering a promising technique for environmental monitoring against trace multi-
contaminants.
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INTRODUCTION

Under the background of coexistence of coronavirus disease-19 (COVID-19) and human
beings, surfactants are usually added into disinfectants to provide a synergistic effect with
alcohols to inactivate the coronavirus.'* However, extensive use of disinfectants usually leads
to the release of surfactants into the ecosystem, resulting in a series of environmental issues. In
addition, exposure to surfactants with high concentrations can cause adverse health effects,
such as irritation to human eyes and skin.*® In recent years, environmental health problems
caused by surfactants have received extensive attentions.”” To date, many instrumental
methods for surfactants detection have been developed,® ' but these techniques were hampered
in wide applications due to high cost, tedious procedures, and time-consuming analysis.'!"1?
Thus, it is essential to explore simple, efficient, and high-throughput methods to detect
environmental surfactants for risk assessment.

Inspired by the olfactory or gustatory system, sensor array has become a powerful tool in
biosensing, especially in rapid discrimination of multiple targets in complex samples.!*!®
Typically, the identification of various analytes can be realized by analyzing the characteristic
fingerprints originated from the responses of probes to analytes.!> "' Nevertheless, the
development of sensor array for surfactant identification is rarely reported.’*?! Wherein, Luo
et al. synthetized two fluorescent nanomaterials as signal receptors to establish a fluorescent
sensor array for multiple surfactants detection,?’ whereas the preparation of multiple sensing
units will increase the synthetic cost, analytical operation, and detection time,?? as well as
disturb the repeatability.>** To simplify the array, an individual sensing unit with multiple
signal channels could provide an effective strategy to avoid the above issues, 2% highlighting
the variations between individual analyte based on the completely different responses.?® For
instance, Yu et al. prepared an Au-Ag nanocomposite with three signal channels (the
fluorescence, light scattering and absorption) as sensing units against sulfur species.?’” However,
various output signals still required additional instruments and measurements.’> 2> As an
alternative, it is important to design a sensor array based on single sensing unit with multiple
response channels for multi-surfactants detection, especially for a single measurement.

Herein, we prepared a luminescent metal-organic framework (UiO-66-NH>@Au NCs) with



two response channels by integrating UiO-66-NH; with Au NCs for constructing an array
sensor for the rapid and high-throughput discrimination of six surfactants (AOS, SDS, SDSO,
SDBS, MES, and Tween-20) (Scheme 1). Owing to the various responses between surfactants
and UiO-66-NH2@Au NCs, the “fingerprints” generated from the fluorescence signals were
further analyzed by pattern recognition methods for surfactant identification. Under conditions
optimization, the proposed fluorescence sensor array achieved sensitive measurement for the
six surfactants, which also indicated good performance in the distinction of surfactants and
their mixtures in the actual samples. This strategy based on multiple channels originating from
a single material was shown to be low-cost, simple to operate and easy to test, which not only
bridged the gap of existing rapid detection methods of surfactants, but also opened a new way

for environmental monitoring.

MATERIALS AND METHODS

Synthesis of UiO-66-NH:

The preparation of UiO-66-NHz was relied on the previous studies.? ?® In brief, ZrCls (0.129
mM, 30 mg,), BDC-NH; (0.110 mM, 20 mg,), and benzoic acid (4.918 mM, 600 mg) in 2 mL
of DMF were ultrasonically dissolved, and transferred into reactor. The mixture was heated in
an oven at 120 °C for 12 h. After reaction, the resultants were collected and washed with DMF
and acetone to remove unreacted precursors. The resulting UiO-66-NH» was dried at 60 °C and
stored at room temperature.

Preparation of UiO-66-NH2@Au NCs

The synthesis of UiO-66-NHx@Au NCs was based on the in-situ induction of Au NCs on
Ui0-66-NH,.2-*? Typically, UiO-66-NH2 (10 mg) was dissolved into 13.6 mL of water by
sonication, and then 6 mL of GSH (3 mg/mL) solution was added and stirred thoroughly for 15
min. Next, 0.4 mL HAuCl4 (60 mM) was added into the above mixture under vigorous stirring
for 10 min, the above solution was heated to 70 °C under gentle stirring for 24 h. The resultants
were collected and washed with water for three times, and dried in an oven at 60 °C.
Fluorescence Sensor Array for the Discrimination of Surfactants.

The sensor array was composed of UiO-66-NHx@Au NCs with dual-emission, six

surfactants (AOS, SDS, SDSO, SDBS, MES, and Tween-20), and five replicates. Briefly, six



surfactants and blank sample as a control were mixed with UiO-66-NH>@Au NCs respectively,
and the mixtures were incubated at 25 °C for 4 min. Then, the fluorescence intensity of the
mixtures at 450 and 614 nm were recorded by a fluorescence spectrometer. Consequently, six
surfactants were measured against the UiO-66-NH2@Au NCs five times to provide a training-
data matrix of 2 channelsx6 surfactantsx5 replicates. The obtained data were normalized and
analyzed by linear discriminant analysis (LDA) and hierarchical cluster analysis (HCA) for the
differentiation of six surfactants.

Identification of Surfactants in Actual Samples.

The practicability of the fluorescent sensor array in actual samples was assessed. Firstly, six
surfactants (AOS, SDS, SDSO, SDBS, MES, and Tween-20) were added into the tap water
samples, and then the above mixtures were detected by the proposed fluorescent sensor array.
The fluorescence intensity was recorded by a fluorescence spectrometer, and the recovery rate
of six surfactants in tap water were calculated. Meanwhile, unknown samples containing
different surfactants at various concentrations were tested by the proposed sensor array with a
double-blind protocol. In addition, to further study the feasibility of the fluorescent sensor array
in actual samples, 11 kinds of washing and disinfecting products were collected in local markets,
including hand sanitizer, disinfectant, and detergent etc., which were also detected by the

proposed sensor array.

RESULTS AND DISCUSSION

Characterization of UiO-66-NH2@Au NCs.

Figure 1a demonstrated the synthetic strategy of UiO-66-NH2@Au NCs by in-situ synthesis
of Au NCs on UiO-66-NH,. Characterized by TEM images, pure UiO-66-NH> presented
typical octahedral morphology (Figure 1b), and the average size was about 250 nm. As shown
in Figure 1c¢, the Au NCs with spherical structure presented a good dispersibility, and their
average size was about 1.74 nm (Figure S1). The prepared pure UiO-66-NH; and Au NCs were
similar to previous studies.?® -3 After integrating UiO-66-NH> and Au NCs, a luminescent
metal-organic framework (UiO-66-NH2@Au NCs) was obtained, which still showed a regular
octahedral structure (Figure 1d), indicating that the modification of Au NCs had no significant

effects on the crystallinity of UiO-66-NHz. As presented in HRTEM images of individual UiO-



66-NH>@Au NCs (Figure 1e), there were some black dots (Au NCs) on the surface of UiO-
66-NH, and the lattice spacing of Au NCs were obviously observed, implying that the
successful modification of Au NCs on UiO-66-NH,. In addition, elemental mapping in
HAADF-STEM image demonstrated that the elements (C, N, O, Zr, and Au) could be observed
in individual UiO-66-NHa@Au NCs, wherein Au was evenly distributed on the surface of UiO-
66-NH», implying the preparation of UiO-66-NH>@Au NCs nanocomposites (Figure 1f).
The features of the synthesized UiO-66-NHx@Au NCs was further assessed. As depicted in
Figure 2a, the PXRD patterns of UiO-66-NH2@Au NCs was consistent with the pure UiO-66-
NH:> and the simulated one, demonstrating that the modification of Au NCs had no effects on
the crystallinity of UiO-66-NH,. Meanwhile, absorption spectrum of UiO-66-NH>@Au NCs
presented that the absorption peak at 240 nm shifted to 250 nm after fabricating with Au NCs
on UiO-66-NH; (Figure 2b). In addition, a comparison of the UiO-66-NH>@Au NCs and UiO-
66-NH> was studied by the FT-IR spectrometer (Figure 2¢). Wherein, the characteristic peaks
at 3460, 1250, and 760 cm™' were assigned to the stretching vibration of amino groups, the N-
H wagging band and the strong C-N stretching band,?® 3! respectively, and the peak at 1570
cm! was the stretching vibration of the carboxyl group coordinated with Zr*" in FT-IR analysis
of Ui0-66-NH,.*"" 33 Meanwhile, similar typical peaks were observed in UiO-66-NH@Au
NCs, demonstrating the successful fabrication of UiO-66-NH>@Au NCs.***7 Besides, the
chemical compositions of UiO-66-NH2@Au NCs were verified by XPS spectrum. The peaks
of O 1s, N 1s, C 1s, Zr 3d, S 2p, and Au 4f all appeared in the survey spectrum (Figure 2d),
suggesting the preparation of UiO-66-NH>@Au NCs. Wherein, two peaks at 182.9 and 185.2
eV in Zr 3d spectrum were attributed to the binding energies for Zr 3ds;2 and Zr 3ds.2, which
was related to the ligand BDC-NH, (Figure 2e).2% 3® Meanwhile, three peaks at 530.2, 531.4,
and 532.7 eV in O 1s spectrum were originated from the binding energies of Zr-O-Zr, Zr-OH,
and -OH,?% 3 respectively (Figure S2). In addition, two peaks at 83.48 and 87.18 eV, were
ascribed to the binding energies for Au 47> and Au 4fs», suggesting the fabrication of Au NCs
on Ui0-66-NH; (Figure 2f). Moreover, the contents of each element in UiO-66-NH@Au NCs
were shown in Table S1. The results showed that the proportion of C and O elements were
67.25% and 18.46%, respectively, which were attributed to that UiO-66-NHx@Au NCs

possessing C-C and C=0 bonds. Besides, the proportion of Au and S elements were similar



(2.84% and 2.49%), indicating that the UiO-66-NH2@Au NCs contained abundant gold
nanoclusters. These results revealed the successful fabrication of UiO-66-NH>@Au NCs.
Luminescent Property of UiO-66-NH2@Au NCs.

The fluorescence properties of UiO-66-NHz@Au NCs was assessed. As described in Figure
2g, the characteristic emission peaks of UiO-66-NH; and Au NCs were at 450 nm and 650 nm,
respectively.’® 4’ And the luminescent MOFs (UiO-66-NH>@Au NCs) exhibited dual-emission
properties, and the characteristic emission peaks were at 450 and 614 nm. Wherein, the
fluorescent peak at 450 nm was derived from UiO-66-NH, whereas the emission peak of Au
NCs shifted from 650 nm to 614 nm after the fabrication of Au NCs on the UiO-66-NH,.%!
These results suggested that UiO-66-NHx@Au NCs exhibited a two-channels fluorescent
signal, indicating the successful fabrication of single sensing unit with multiple response
channels. Characterized by CIE chromaticity diagram (Figure 2h), the CIE coordinate of the
band at 450 nm of UiO-66-NH> and at 614 nm of Au NCs were calculated to be (0.137, 0.101)
and (0.585, 0.414). After the combination of UiO-66-NH; and Au NCs, the CIE coordinate of
the UiO-66-NHx@Au NCs (0.350, 0.305) was situated the coordinate for a saturated white
emitter.”> And the photographs of UiO-66-NHa, Au NCs, and UiO-66-NH>@Au NCs solution
under UV lamp irradiation were consistent with the results of CIE coordinate (Figure 2i). Then,
the fluorescence lifetime of UiO-66-NHx@Au NCs was measured, and the results showed that
the average fluorescence lifetimes at 450 and 614 nm were 7.02 and 8.02 ns, respectively
(Figure S3 and Table S2), suggesting the good fluorescence property of UiO-66-NH>@Au
NCs. Besides, the stability results presented that the synthesized UiO-66-NH>@Au NCs could
maintain good fluorescence properties under UV irradiation, long storage, and different pH
(Figure S4).4!

Fluorescence Sensor Array for the Differentiation of Surfactants.

Owing to the diverse fluorescence responses of six surfactants to dual-emission profiles of
the UiO-66-NH2@Au NCs, the single luminescent metal-organic framework was employed to
design a fluorescent sensor array for the differentiation of six surfactants, including AOS, SDS,
SDSO, SDBS, MES, and Tween-20 (Figure 3a). Shown in Figure 3b, when the UiO-66-
NHx@Au NCs was mixed with different surfactants, the fluorescence intensities of UiO-66-

NH2@Au NCs at 450 and 614 nm appeared apparent and various responses. Wherein, AOS,



SDSO, and SDBS could remarkably improve the fluorescence intensity at 450 nm of UiO-66-
NH2@Au NCs, whereas a “turn-off” response at 614 nm was observed after adding AOS, SDS,
SDSO, MES, and Tween-20. Then, the obtained fluorescence intensities were collected for
producing pattern F/Fy data, and results showed the generation of various fluorescence
responses of UiO-66-NHx@Au NCs to different surfactants (Figure 3c), which could be
analyzed by pattern recognition methods for the recognition of six surfactants. In addition, the
corresponding heat map suggested the diverse fluorescence responses of UiO-66-NHx@Au
NCs to six surfactants (Figure 3d). By introducing the linear discriminant analysis (LDA), the
training matrix (1 arraysx6 surfactantsx5 replicates) generated from fluorescence responses
patterns (F/Fy data) were converted into “fingerprints” and produced two Factors. Wherein, the
two factors (factor 1, 91.77%; factor 2, 8.23%) were employed to create a two-dimensional
(2D) plot, and the six surfactants were accessible to be separated from each other without
overlap, suggesting that the fluorescence responses derived from proposed sensor array could
be used for the distinction of six surfactants by the LDA (Figure 3e). Meanwhile, hierarchical
cluster analysis (HCA) was employed to evaluate the comparability of six surfactants.*’ As
shown in Figure 3f, all of the 30 cases (6 surfactantsx5 replicates) were correctly distributed
to their respective groups with no misclassification or error. On this basis, the identification
capability of sensor array was further assessed by analyzing these surfactants at various
concentrations (1, 0.1, and 0.01 mM), which presented good fluorescence response fingerprints,
and achieved an overall accuracy of 100.0% for the fingerprint of different concentration of
surfactants (Figure S5).** The above results of LDA and HCA indicated that the obtained
sensor array platform can achieve a rapid and effective identification for surfactants, with good
accuracies and feasibilities.

Mechanism of Fluorescence Sensor Array for Surfactants Detection.

In this study, the mechanism of fluorescence sensor array for surfactants detection was
further discussed, and the structure differences of these surfactants could induce different
interactions between surfactants and UiO-66-NHx@Au NCs, resulting in various fluorescence
responses (Figure S6). Firstly, the influences of surfactants on the morphology of UiO-66-
NHx@Au NCs was investigated, and the results in Figure S7 revealed that UiO-66-NH>@Au

NCs still maintained an octahedral structure with the addition of the surfactants. In addition,



the PXRD results also presented that the participation of surfactants showed no obvious effects
on the structure of the UiO-66-NH2@Au NCs (Figure S8). The above results suggested that
the fluorescence responses were not attributed to the morphology change of UiO-66-NHx@Au
NCs. Then, the fluorescence lifetimes of the mixture of UiO-66-NH2@Au NCs and surfactants
were further evaluated. In this study, AOS and SDSO could enhance fluorescence intensity of
UiO-66-NH2@Au NCs at 450 nm, whereas other surfactants showed the quenching effect on
the fluorescence intensity at 614 nm. Thus, AOS, SDSO, and Tween-20 were employed as
typical surfactants for monitoring the fluorescence lifetime. As shown in Figure S9, the
addition of AOS and SDSO could prolong the fluorescence lifetime of UiO-66-NHx@Au NCs
at 450 nm, thereby enhancing the fluorescence intensity, and significantly decrease the
fluorescence lifetime at 614 nm, resulting in fluorescence quenching (Table S2). As a nonionic
surfactant, Tween-20 exhibited different responses from anionic surfactants (AOS, SDSO), and
significantly reduced the fluorescence lifetime of UiO-66-NH>@Au NCs at 450 and 614 nm,
indicating that the decrease of fluorescence lifetime was the main factor of fluorescence
quenching. According to the previous studies, when the value of 1o/t was similar to the value
of Fy/F, the quenching principle could be regarded as dynamic quenching. By contrast, the
value of 1o/t was 1, the quenching mechanism could be considered as static quenching.?® 434
In this study, the response between UiO-66-NH2@Au NCs and SDSO was chose as an example
to investigate the quenching mechanism. Shown in Table S2, the 10 and 1 value of UiO-66-
NHo@Au NCs at 614 nm was 8.05 and 6.61 ns, respectively, and the value of 1o/t was 1.22,
which was close to the value of Fo/F (1.31), implying that the quenching response was caused
by dynamic association.
Fluorescence Sensor Array for the Quantitative Determination of Surfactants.
The proposed sensor array could accomplish the qualitative discrimination of six surfactants
by the pattern recognition methods. To achieve satisfactory discriminations of the six
surfactants, the optimal conditions of the fluorescence sensor array was further studied,
including incubation time, probe concentration, and pH. As shown in Figure S10-12, 4 min,
1.54 mg/mL, and pH=7 was selected as the optimal parameter conditions for the quantitative
discrimination of six surfactants, respectively. Wherein, the fluorescence responses of the array

sensor to varying concentrations of AOS and SDBS were collected as examples for testifying



quantitative detection. In the canonical score plot (Figure 4a-c), AOS with different
concentrations (0.015-0.5 mM) could be efficiently distinguished, and a good linear
relationship between the fluorescence intensity of UiO-66-NH>@Au NCs and AOS was
obtained. As shown in Table S3, the limit of detection (LOD) for AOS was calculated to be
0.0032 mM. Meanwhile, the quantitative detection for SDBS by the proposed sensor array was
established, and the limit of detection (LOD) for SDBS was 0.023 mM (Figure 4d-f). In
addition, other surfactants (SDS, SDSO, MES, and Tween-20) with different concentrations
could be efficiently differentiated (Figure S13), and the LOD of the fluorescence sensor array
for SDS, SDSO, MES, and Tween-20 detection were 0.0311, 0.0315, 0.03, and 0.028 mM,
respectively (Table S3).

To testify the discrimination ability of the surfactant mixtures, the binary and ternary
mixtures were measured by the proposed sensor array. First, the compound of SDSO and MES
with varying molar ratios were prepared (SDSO 100%, SDSO 80%+MES 20%, SDSO
60%+MES 40%, SDSO 50%+MES 50%, SDSO 40%+MES 60%, SDSO 20%+MES 80%, and
MES 100%), which was further evaluated by the fluorescent sensor array. And the fluorescent
responses of UiO-66-NH2@Au NCs for the binary mixtures of SDSO and MES were collected
and analyzed by the LDA and HCA. As showed in Figure 4g and S14a. individual SDSO,
MES, and binary mixtures were accurately identified against one another with no error or
misclassifications. Meanwhile, ternary mixtures containing SDSO, MES, and SDBS were
employed as examples to verified, which also presented good identification capacity (Figure
4h and S14b). In addition, for the fingerprint of individual surfactant, binary and ternary
mixtures of surfactants, it achieved an overall accuracy of 100.0% (Figure 4i). In addition, the
anti-interference ability of the proposed sensor array was also investigated, and the multiple
typical cations (Na®, K, Mg?", Zn*", Fe**, and Ca") and anions (COs*, SO+*, and CI') were
added into the sensor array for the identification of surfactants. As depicted in Figure S15, the
complete separation of all interfering ions from the six groups of surfactants, indicating the
superior interference capacity of the sensor arrays. These results proved the good performance
of the proposed fluorescence sensor array based on UiO-66-NH>@Au NCs for the
identification of surfactant mixtures, laying a good foundation for the detection of surfactants

in actual samples.



Identification of Surfactants in Real Samples.

To validate the ability of the proposed sensor array in identifying multiple surfactants,
unknown samples containing different surfactants at various concentrations were tested with a
double-blind protocol. Among 30 samples, 28 of them are correctly identified by the
fluorescence sensor array, providing identification accuracy of 93.33% (Table S4). The results
verified the great potentials of the fabricated sensor array in identifying and distinguishing
multiple surfactants. Wherein, tap water samples were spiked into 6 different surfactants at the
concentration of 0.1 mM, after which their fluorescence responses were measured. The LDA
and PCA results displayed that the selected surfactants were well separated from each other
with good accuracy (Figure 5a and Sb), and the recoveries of 6 surfactants ranged from 96.9
to 103.3% (Table S5). In addition, the measured value by the proposed fluorescent sensor array
could well correspond with the measured value obtained from the LC-MS/MS method,
indicating the good precision and accuracy of our established sensor array. In addition, the
ability of recognizing the surfactants mixtures in real samples was further verified. Wherein,
three mixed groups (AOS: SDS=1:1; SDS: Tween-20=1:1; AOS: SDS: Tween-20=1:1:1) were
added to the water samples, which were further assessed by the established sensor array. As
shown in Figure 5¢ and Sd, the LDA and PCA results showed that the surfactants mixtures
were well separated with 100% accuracy, demonstrating the utility of the established sensor
array for distinction of mixed surfactants in real samples.

To further verify the practical application of the proposed sensor array, 11 kinds of washing
and disinfecting products were collected in local market, including hand sanitizer, sanitizer gel,
disinfectant, and disinfectant wipes, etc., which were detected by the proposed sensor array. As
shown in Figure Se, some surfactants were found in the collected sanitizer gel and disinfectant,
and other real samples (hand sanitizer, 84 disinfectants, and antiseptic wipes) did not detect
any surfactants, which were presented in Table S6. However, it was difficult to achieve the
quantitative analysis of these surfactants in real samples due to the complexity of the collected
sample, and the compositions were not as ideal as water samples used in experiments.
Fortunately, a fluorescence sensor array will be combined with artificial intelligence and deep
learning based on the numerous training data and appropriate processing algorithms in the

future for achieving the identification of surfactants residues in real samples.



CONCLUSIONS

In this study, a single sensing element-assembled fluorescent sensor array with dual-
emission property was proposed the rapid identification of multiple surfactants in environments.
The structures differences of six surfactants endowed their various interactions with the UiO-
66-NHx@Au NCs, resulting in diverse fluorescence responses, which were collected and
analyzed by combining HCA and LDA for the identification of six surfactants with high
selectivity and sensitivity. Meanwhile, the fabricated fluorescence sensor array showed good
performance in the identification of various surfactants and their mixtures, which were
successfully employed for detecting surfactants in actual water samples. This sensor array
based on single sensing probe with multiple channels exhibited the advantages of low-cost,
simple to operate, and easy to test, which bridged the gap of rapid detection of surfactants,

opening a new way for the identifications of multiple emerging contaminants in environments.
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Figure 2. (a) PXRD patterns of UiO-66-NH>@Au NCs, UiO-66-NH>, and simulated UiO-66-

NHo. (b) UV-vis absorption spectra of UiO-66-NH>@Au NCs and UiO-66-NH». (¢) FTIR
spectra of U10-66-NHx@Au NCs and UiO-66-NHa. (d) XPS spectra of UiO-66-NH@Au NCs.
(e) Zr 3d and (f) Au 4f spectrum of UiO-66-NH>@Au NCs. (g) Fluorescence spectra of the
UiO-66-NH>, Au NCs, and UiO-66-NH>@Au NCs. (h) CIE chromaticity diagram for the UiO-
66-NH>, Au NCs, and UiO-66-NH2@Au NCs. (i) Photographs of UiO-66-NH>, GSH-Au NCs,
and UiO-66-NHx@Au NCs under UV lamp irradiation.
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Figure 4. (a, d) HCA and (b, ) LDA plot for fluorescence response patterns toward different

concentrations of AOS and SDBS. Linear relationships between Factor 1 and various

concentrations of (c) AOS and (f) SDBS. LDA plot for fluorescence response patterns toward

(g) the mixtures of pure SDSO, MES, and their mixtures, and (h) pure SDSO, MES, SDBS,

and their mixtures. (i) The classified prediction confusion matrix heat map for the

discrimination of pure SDSO, MES, SDBS, and their mixtures with five parallel measurements.
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