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Abstract: Water quality control employs techniques mostly targeting individual analytes; group
detection is also practiced, but the choice of group methods is limited, which supports interest
in developing such methods. We have examined the interaction of hypochlorite with a chlorine-
containing heptamethine carbocyanine dye in the presence of 30 organic and inorganic model analytes
that were found to induce diverse color changes in the system. The main supposed mechanisms
are retardation of the dye oxidation with hypochlorite (presumably by scavenging chlorine radicals)
and substitution of chlorine atom in the dye by the most nucleophilic analytes (amines, amino acids,
proteins, DNA, phenol). The grass-green substitution product is more contrastingly visible against
the dark-purple hypochlorite oxidation product of the dye than against the original emerald-green
dye. The indicator reaction is monitored photographically for 10-40 min and the images are processed
using principal component analysis (PCA) or linear discriminant analysis (LDA), allowing for data
convolution for the complex color transitions. Nitrogen compounds are discriminated from the others,
and more reactive analytes (tryptophan, cysteine, bovine serum albumin, and DNA) are detected in
the presence of less reactive ones in natural water. The system is promising for the development of
group assays for dissolved organic matter and the discrimination of water samples.

Keywords: color test; carbocyanines; hypochlorite; organic analytes; nitrogen compounds; machine
learning; natural water; wastewater

1. Introduction

Control of water sources is critical to ensure the normal life of human communities.
As of 2022, 2.2 billion people in the world did not have access to clean drinking water; the
problem is most acute in developing countries, including Sub-Saharan Africa. Despite the
efforts of international organizations and the adoption of the Sustainable Development
Goals, aimed, among other things, at improving the state of water resources, no significant
progress has been observed in recent years [1].

The analytical information on the organic matter dissolved in water is gained by
advanced techniques such as high-resolution mass spectrometry, chromatography-mass
spectrometry, and others [2]. However, the number of organic compounds in water is
in the hundreds, which is difficult to monitor by techniques that determine individual
components. This situation raises interest in molecular spectroscopy techniques (UV-Vis,
fluorescence, infrared, and Raman spectroscopy) that provide information about groups
of compounds [3]. Due to simple equipment and affordability, a number of indices and
parameters have been developed to characterize organic matter-containing samples without
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its prior separation into fractions: specific UV absorbance parameters (SUVAg),365,/436)
absorption ratios at different wavelengths, such as E2/E3 (at 250/365 nm), the spectral
slopes and slope ratios (Sy75-295/S350-400) are associated with the level of double bonds,
molecular weight, aromaticity, polarity, humification and hydrophobicity of organic matter,
prediction of lignin phenols, and hydrophobic/hydrophilic species content [4].

A number of group tests for organic compounds are based on chemical reactions with
UV-vis and fluorimetric control. Examples of such assays are chemical oxygen demand
determination by permanganate or dichromate oxidation [5], a ninhydrin test for amino
compounds [6], a thiobarbituric acid-reactive compounds test (TBARS) [7], a test for thiols
and disulfides [8], nitroaromatics and nitrates [9], and antioxidant capacity tests (ferric ion
reducing antioxidant power (FRAP), cupric ion reducing antioxidant capacity (CUPRAC),
2,2-diphenyl-1-picrylhydrazyl (DPPH) radical scavenging, and others [9,10]). The existing
tests still do not characterize the samples comprehensively due to the presence of unreactive
components [11], which raises interest in developing assay methods for other groups of
compounds, for example, thioamides [12].

Analytical characterization of complex samples such as natural waters or foods be-
came more efficient with the development of sensor array techniques based on pattern
recognition [13] in combination with machine learning data processing. Nevertheless,
optical sensors for water quality control have been developed mostly for the detection of
particular compounds and less frequently for integral parameters such as turbidity, chemi-
cal oxygen demand [14], or groups of analytes such as heavy metal ions [15,16], aromatic
hydrocarbons [17], or organophosphorus pesticides [18]. Examples of the application of
optical sensor arrays for the discrimination and determination of such groups of analytes
as polyhydroxy compounds, flavonoids, sulfur compounds, organic acids, amines, amino
acids, and saccharides mainly refer to model solutions [19]. Direct group assays of organic
species by optical sensing arrays in real-world samples remains a challenge that requires
more research.

Up to 60 compounds were found in most surface waters at low but measurable
concentrations and recommended for water quality control (pharmaceuticals, fragrances,
surfactants, biocides and plasticizers, disinfection by-products) [20]. Some of these and
several other compounds can indicate discharges to water, for example, fecal sterols and
bile acids can help detect animal or human wastewater, and the latter can be identified by
artificial sweeteners [21]. Treated wastewater effluent can be recognized by benzaldehyde,
benzonitrile, chlorobutanoic acid, and other compounds [22]. However, these markers do
not account for a sudden release of a chemical not included in this list, increasing interest
in methods that respond to the widest possible range of compounds.

An essential part of water treatment is disinfection using active halogen reagents
(chlorine gas, hypochlorite, chloramine, etc.) with the formation of potentially harmful
disinfection by-products (DBPs) [23], especially nitrogenous DBPs that are considered more
toxic than the others [24]. Primary amino group-containing compounds (amines, amino
acids, proteins, amino sugars), which are non-toxic themselves, are believed to be the main
precursors of N-DBPs [25] and should be included among the model analytes.

As the socio-economic situation in many developing countries remains difficult, the
possibility of applying new methods is closely related to their simplicity and low cost.
The approach proposed in this article is aimed at the development of tests for the gross
assessment of water quality rather than determining individual components, which avoids
using multiple tests and can significantly decrease costs. It will be possible to develop
methods, for example, to detect sudden discharges from industrial plants and to monitor
the effects of floods on water bodies, as agricultural waste can enter rivers and lakes in
large quantities. For example, in 2024 alone, floods in the East African region affected more
than 600,000 people [26]. When the same water sources are regularly monitored, a database
is built up, with which the current result of the analysis can be compared; therefore, field
assay methods can contribute to a long-term solution for the water problem.
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Earlier, we studied two types of processes of chlorine-containing heptamethine carbo-
cyanine dyes: a hypochlorite oxidation reaction that was applied for the discrimination
of natural water samples [27], and the substitution of chlorine atom that was used to
determine isoniazid [28]. These indicator reactions feature multiple color transitions and
near-IR fluorescence signals. An essential feature of the discrimination technique was the
use of the kinetic factor by monitoring the optical signal over time with digital cameras,
which expanded the set of data obtained from the reacting system.

In the present study, we observed a combination of these types of processes, when
carbocyanine I (Scheme 1) was reacted with NaOCl in the presence of various model
compounds. The purpose of this study was to explore the possibilities of the dye I-NaOCl
system as an indicator reaction for the discrimination of individual low-molecular organic
analytes belonging to different groups. It was necessary to reveal the effects of compounds
of various classes on the course of the reaction, study the effects of the concentrations and
co-presence of analytes, find out the feasibility of detecting analytes in the presence of
natural water, and differentiating between natural and wastewater samples.

oC\ Product I
CL - ﬁaoc 56\ =520, 560, 600 nm

" ‘ (dark violet) \
Colorless

i % Chlorine substitution products
Dye I products II / 11
).=775 nm % ).= 782 nm

(emerald-green) "y (grass-green)

Scheme 1. Structure of carbocyanine dye I and main processes in the dye-NaOCl-analyte system.
Absorption maxima of the dye and products are indicated.

2. Materials and Methods
2.1. Reagents and Water Samples

Carbocyanine dye I was synthesized by the authors according to a published proto-
col [29]; the spectral data for the dye are given in ESI. The dye was dissolved at 1 g/L in 96%
ethanol (Bryntsalov-A, Moscow, Russia) and stored at 4 °C. Model proteins: lysozyme from
chicken egg white, CAS No 12650-88-3, was from Sigma—Aldrich (St. Louis, MO, USA);
bovine serum albumin (BSA), CAS No 9048-46-8, was from Sigma (Taufkirchen, Germany).
DNA from salmon testes was supplied by Immunolex (Moscow, Russia) as 2.5% (w/v)
aqueous solution (Derinat). Other model analytes were purchased from Sigma—Aldrich (St.
Louis, MO, USA) and used as 5 mM aqueous solutions. Most experiments were conducted
in 0.01 M acetate buffer solution (pH 5.6). Sodium hypochlorite (Aquatics, Moscow, Russia)
was received as 2 M solution and diluted to 5 mM to receive working solution. Aqueous
solutions were prepared using water treated in a Millipore water purification system (Milli-
pore water). Natural water samples collected in central Russia and sewage water samples
were kindly provided by the Analytical Center of Moscow University; the characteristics of
the samples are listed in Tables S1 and S2 in ESL

2.2. Instrumentation

Absorption spectra were measured using SF-102 spectrophotometer (Interfotofizika,
Moscow, Russia) in 0.2 cm x 1.0 cm quartz cells (internal volume of 0.5 mL, optical path
length of 1 cm); fluorescence spectra were obtained on a Fluorat-02 Panorama spectroflu-
orimeter (Lumex, St. Petersburg, Russia). Reactions were carried out in white 96-well
fluorimetric plates (cat. No M-018, Sovtech, Berdsk, Russia). Absorbance/reflectance of the
reaction mixtures in the plates was measured using Visualizer 2 (Camag, Muttenz, Switzer-
land), and near-IR fluorescence was detected with an in-house manufactured visualizer [30]
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containing red LEDs (660 nm) as a light source (Minifermer, Moscow, Russia) and a Nikon
D80 camera with a light filter to cut off light with wavelength under 700 nm.

2.3. Indicator Reaction Protocols and Data Processing

In a typical experiment, the following solutions were added to the wells of a fluori-
metric plate: 30 uL of 0.1 M acetate buffer solution (pH 5.6), 30 pL of ethanol, 30 uL of
the sample or solution of a model analyte (5 mM, if not stated otherwise), water up to
300 pL, 30 pL of 0.0025 M sodium hypochlorite, 30 uL of 0.1 g/L dye L. When the reac-
tion was conducted in the presence of natural water, 120 uL of it was added to each well.
The moment of adding the dye was taken as the reaction start, after which the reaction
mixtures were photographed using visualizers. Typically, the images were captured at
1,2,3,5,7,10, 15, 20, and 30 min after the start of the reaction (if not stated otherwise).
The photographs were processed to obtain the average intensities of the RGB channels of
the wells using software developed by the authors. The desktop application included a
YOLO neural network model for object detection [31] and a post-processing algorithm with
a graphical user interface written in Python. The neural network model was trained to
detect wells in photographs of the plates. The program output the RGB channel intensity
values to an MS Excel file. The RGB intensities were organized into data tables so that
the rows corresponded to different wells of the plate (to be called observations), and the
columns referred to different color channels (R, G, B) at different reaction times (i.e., 1 min,R;
1 min,G; 1 min,B; 3 min,R; 3 min,G; 3 min,B; etc.). The chemometric techniques used were
principal component analysis (PCA) and linear discriminant analysis (LDA); XLSTAT add-
on for Microsoft Excel (version 2016.02.28451, Lumivero, Denver, CO, USA) was used for
PCA and LDA processing. PCA uses an unsupervised technique, in which the software
is not informed about the division of the data into classes, so it is an objective approach
to data convolution. When PCA could not adequately divide the data into the groups
of interest, LDA was used; in this technique, the software is provided with information
about the division of observations into classes, and its task is to discriminate these classes.
In LDA, a validation procedure is possible, where the software randomly sets aside each
6th (in this work) observation (validation set) and builds a discrimination model using
the remaining 83.3% of observations (training set). The observations from the validation
set are then assigned to one or another class using the built model. The ratio of correctly
assigned observations to the total number of observations in the validation set is called the
discrimination accuracy (%), which characterizes the quality of discrimination.

3. Results and Discussion
3.1. Hydrolysis of Dye I

When an ethanol solution of carbocyanine I is diluted with an aqueous buffer, the
emerald-green dye (Amax = 780 nm) slowly forms a yellow-green product, supposedly a
result of chlorine substitution by hydroxyl. This reaction occurs more rapidly in an alkaline
medium (Figure 1a and Table S3); a similar process was observed for a Cl-containing
heptamethine carbocyanine IR-783 [32]. During this color transition, the absorbance spectra
(Figure 1b) show a slow decrease in intensity at 780 and 716 nm and an increase at 450 nm.

3.2. Reaction of Hypochlorite with Dye I

When reacted with millimolar concentrations of NaOCl in acidic and neutral media
(pH < 9; Table S3), dye I instantly and reversibly forms a dark-violet product I (Amax= 520,
560, and 600 nm, Figure 1d; Scheme 1), presumably an adduct (when formed on mixing
of reactants, product I can disappear in seconds to yield other products). In an alkaline
medium (pH > 9), colorless or yellow products are rapidly formed instead of product L. In
glycine buffer (pH 9), however, hypochlorite has no effect; rather, a grass-green product
is developed, presumably due to the substitution of chlorine by the glycine moiety. It is
likely that the light-green colored products are formed as a result of chlorine substitution
with OH or a nucleophilic analyte, and this group of products is denoted as product II
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(Scheme 1). At a lower pH, discoloration occurs but more slowly; at pH 5.6 used in this
study, product I discolors in about 10 min (Figure 1d), which is a convenient time to follow

the reaction in assays.

1.6 -.f

— Dye 1 min
12 — Dye 70 min

— Dye + Trp 1 min
08 |

Absorbance

Dye + Trp 70 min

0.4 |

300 400 500 600 700 800 900
Wavelength, nm

Figure 1. View of the plate with the reaction mixtures at various pH with and without NaOCl at 2
min reaction time (a). Absorbance spectra at pH 5.6: (b)—dye I; (c)—dye I + tryptophan; (d)—dye I +
NaOCl; (e)—dye I + NaOCl + tryptophan (full system); (f)—excerpts from Figure (b,c) (dye alone
and dye + trp). Concentrations in the cell: 0.01 g/L dye, 2.5 x 1074 M NaOCl, 5 x 107° M trp. The

nature of the buffer is shown above the pH value (Glyc: glycine buffer).
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3.3. Interaction of Model Analytes with Dye I (Without NaOCI)

Nucleophilic analytes compete with hydroxyl to give chlorine substitution products
of the dye. For example, tryptophan (trp) forms a grass-green product (type II) with a
spectrum that is similar (but not identical) to that of the hydrolysis product (Figure 1c,f).
However, screening of the analytes” interaction with dye I in a 96-well plate using an
RGB camera did not reveal any noticeable color effects; retardation of the reaction is only
observed for several analytes (DNA, BSA, succinate, the three surfactants, and ascorbate).
This may be explained by the fact that the two green compounds, the parent dye and
product I, are similarly colored. Amino compounds do not give any visible effect in this
system (the PCA scores plot is shown in Figure S1 in the ESI together with an image of the
plate). Due to lacking contrast, this process is not used as an indicator reaction.

3.4. Effect of Model Analytes in the Carbocyanine-NaOCI Reaction

The situation changes in the presence of NaOCI due to a distinctly colored product I
that is formed in the blank run. In the presence of a highly reactive analyte (tryptophan), the
absorbance at 780 nm decreases; a small amount of product I is seen at 3 min at 520-600 nm,
but it vanishes in a few minutes, and the grass-green substitution product II is formed
(Figure 1le).

The effects of the model analytes studied under the screening conditions in a 96-well
plate are shown in Figure 2a. Strong reducing agents (ascorbate, cysteine) prevent NaOCl
from reacting with the dye, which preserves the emerald-green color of the solution for
a long time. Other compounds slow down the discoloring of violet product I: amino
acids (serine, leucine, glutamine, alanine), amines (methylamine, diethylamine), urea,
and O-compounds (succinate, oxalate, acetaldehyde), as well as NH,*, Ca?* and Mg2+.
Tryptophan forms the grass-green product II. Dodecyl sulfate (SDS) gives a uniquely
colored product, Triton X-100 causes fast bleaching, while CTAB has a little effect. Small
molecules (isopropanol, acetaldehyde and acetone, citrate) and sugars demonstrate weak
effects in this reaction. In general, the most diverse influence of the model analytes is
observed in the dye-NaOCl system, which is manifested in the formation of products of
different colors at different reaction times.

The described color effects refer to the Millipore water medium. When an aliquot
of natural (borehole) water is added to the reaction mixture, the indicator reaction is
accelerated (Figure 2b). Ascorbate and cysteine are most active, similarly to the Millipore
water medium, but besides them, the emerald-green color of the initial dye is also preserved
during the first 5 min of the reaction by tryptophan, BSA, and phenol. DNA also has a
stronger effect than in Millipore water, yielding a green product. Carboxylates (amino
acids, oxalate, and succinate) slow down the formation of violet product I and its bleaching;
the same behavior is observed for both amines, both amides (urea and creatinine), NH,*
and Mg?*. The effects of surfactants are essentially the same as in Millipore water.

The observed complex pattern of color transitions (Figure 2) can be understood by
taking into account multiple effects of the analytes: (1) slowing down the disappearance
of the emerald-green initial dye color, most likely by direct reaction with hypochlorite;
(2) slowing down the discoloration of the deep-violet product I, the putative adduct of HOCI
with the dye; and (3) formation of the grass-green products of type II, candidate products
of the substitution of chlorine in the dye. Process (1) is due to reducing agents; process (2) is
presumably due to chlorine radical scavenging, and this is the most “popular” mechanism
of action among the model analytes studied. Process (3) occurs more rapidly with selected
nucleophiles such as phenolate and tryptophan; it can also occur with nucleophilic primary
amines and amino acids, but the resulting products may have no distinct spectral differences
compared to the control. Substitution of chlorine (3) is supposed to compete with hydrolysis,
both yielding similarly colored grass-green or yellow-green products. Moreover, it is very
likely that substitution (3) competes with the oxidation of the dye by hypochlorite to give
the violet product I; this can be noticed in the presence of phenol in the Millipore water
medium (Figure 2a), where the violet product I is replaced by the green product II. This



Chemosensors 2024, 12, 224

7 of 16

fact confirms the reversibility of product I formation and supports the hypothesis that it is
an adduct of the dye and hypochlorite.

a Millipore water b Borehole water
Visible images
1min 900000000006 1:mn 860800666666
[oioiotoﬁoioto?ﬁo*&.*o o:oio*oto o:oio .%oia*.
Seoasessosee .. LTRSS
5 min . 3 min

01010:0 BHOOOOOOE t’:‘t‘:‘ . oio O 01010
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25min (900860666888 15m *oﬁ"‘o“‘o*oio*o*oiaioio"‘i"
HOO0000000D0 OOOO0O0O0VO0
S RO R S RS OaS

NIR fluorescence images

5 min 3 min
15 min 7 min
25 min 12 min

Figure 2. Images of the 96-well plate with the reaction mixtures of dye I with NaOCl in the presence
of model compounds in Millipore water (a) and borehole water (b) taken at different times after
adding the dye. Concentrations in the final reaction mixture: NaOCl 0.25 mM, dye I, acetate buffer
(pH 5.6) 10 mM, model organic analytes 0.5 mM, inorganic compounds 1 mM, Cu and Co 0.1 mM,
BSA 0.3 g/L, DNA 0.025 g/L. Model analytes, 1st row: control, 4-nitrophenol, Triton X-100, CTAB,
SDS, fructose, glucose, phenol, isopropanol, acetone, acetaldehyde, control; 2nd row: succinate,
oxalate, ascorbate, citrate, serine, glutamate, leucine, glutamine, alanine, cysteine, tryptophan, BSA;
3rd row: DNA, diethylamine, methylamine, creatinine, urea, CaCly, NaNOj3, KCl, MgCl,, (NH4)25O4,
CuSOy, CoSOy.

The difference between Millipore and natural water is the content of salts and organic
matter, which can both influence the reaction rate and modify the effects of model analytes.
Organic components of water can interact with the intermediate particles formed in the
course of a radical oxidation reaction [33], as can redox-active metal ions such as Fe(**,
3+) or Cu?*. A rich content of dissolved organic matter in the samples opens up ample
opportunities for such effects. The result is the different patterns of water matrix effects for
the two types of water.

To compress the data obtained as color images, PCA score plots were constructed
(Figure 3a,b). Without the addition of natural water, the most reactive compounds are
displayed as points located far from the control (Figure 3a); other model analytes densely
populate the area around the control and can hardly be discriminated. A more diverse
picture is observed in the presence of natural water (Figure 3b): additional groups of
moderately reactive amino acids (alanine, glutamate, glutamine, leucine) and less reactive
nitrogen compounds (creatinine, urea, methylamine, serine, diethylamine) are separated
in the score plot. Oxygen-containing compounds and inorganic salts represent a group
around the control. Thus, natural water increased the diversity of the model analyte signals.
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To obtain a more refined pattern of the model analytes’ action, LDA score plots were
constructed based on six replicate runs for each analyte (Figure 3c,d) using the RGB data
obtained from the 96-well plate images. The reaction was conducted with 36 analytes and
monitored for 40 min, during which 12 photographs were captured. The results show
that the eight most reactive analytes (tryptophan, phenol, BSA, ascorbate, cysteine, DNA,
methylamine, and SDS) are discriminated from each other and from a large group of less
reactive compounds (Figure 3c). When the most reactive analytes were excluded from
LDA processing, the less reactive compounds could be further subdivided into groups
(Figure 3d). It is remarkable that eight nitrogen species (amines, amides, and amino acids)
form an independent group, the organo-oxygen analytes and inorganic salts are clustered
around the blanks, while the inorganic ammonium ion occupies an intermediate position.
4-Nitrophenol is discriminated mostly due to its intrinsic color.

Therefore, the reaction of dye I with hypochlorite can be used to discriminate between
the compounds of different groups in natural water. The implication of these results is the
feasibility of detecting and revealing the probable nature of a predominant contaminant.
(The influence of one analyte on the signal of another is discussed in the following sections).
Of particular interest are nitrogen-containing compounds as potential precursors of dis-
infection by-products. In this work, most of the further experiments with model analytes
were conducted in the presence of a natural (borehole) water matrix.
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Figure 3. (a,b)—PCA score plots for the reaction mixtures containing dye I, NaOCl, buffer (pH 5.6),
and a model analyte: (a)—in Millipore water, (b)—in borehole water (120 uL in the well); (c,d)—LDA
score plots for the same reaction with six parallel runs for each model analyte in borehole water:
(c)—all data were processed, (d)—only the group of less reactive compounds was processed.

3.5. Near-IR Signal Induced by Model Analytes

Carbocyanine dye I is fluorescent in visible (440 nm) and near-IR (800 nm) spectral
regions. The NIR emission maximum is of greater analytical significance in the studied
system than visible fluorescence, since its change is associated with polymethine chain
destruction. However, the sensitivity of standard spectrofluorimeters to wavelengths
higher than 800 nm is low (the spectra are given in Figure S2), and the dye signal can be
confidently measured only using an NIR photo camera, which is more sensitive in this
spectral region.

No enhancement in the fluorescence of the dyes was observed with any of the model
compounds without added oxidant (a slight enhancement was observed with surfactants
due to the increased quantum yield in premicellar structures). After adding NaOCl to
the dye, the NIR signal instantly disappears in the control run, but some model analytes
can maintain the signal (Figure 2), which may be due to the original dye remaining in
the reaction mixture or the formation of reaction products with an intact polymethine
chain. The trends in Millipore water and natural water are different: in the first medium,
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some model analytes lead to an increase in intensity (Figure 2a), whereas in borehole
water, some other analytes cause a reappearance of the NIR signal (Figure 2b). The set of
analytes contributing to the NIR fluorescence intensity is different from the set of analytes
contributing to the color change (Figure 2). Theoretically, NIR fluorescence could be used
as an analytical signal; however, adding the fluorescence data to the RGB absorbance data
for PCA processing showed but a little effect on the score plots. Further in this work, we
relied only on the absorbance color channels as carrying most of the key information.

3.6. Dependence of the RGB Signal on the Concentration of Analytes

The concentration effects of the model analytes in borehole water were studied using
tryptophan, BSA, and cysteine as more reactive analytes, and ethylamine, urea, and humic
acids as less reactive ones. Reactive analytes at concentrations of >5 x 10 M demonstrate
a distinctly green color in the first minutes of the reaction, which is mostly due to the
presence of the initial dye, while at <5 x 107° M, the violet product I is formed (Figure 4).
Analytes belonging to the less reactive group only show different intensities of violet color
at high concentrations. At longer reaction times, grass-green substitution products (type
II) can be observed for the reactive analytes; otherwise, the reaction mixture decolorizes.
Emerald-green initial dye is only maintained in the presence of high amounts of cysteine
(5 x 10~* mM). Overall, individual analytes can be detected at the following concentrations
in the well of the plate: tryptophan—5 x 1078 M (at 1 min), cysteine—5 x 107° M (at
2 min), diethylamine—1 X 107% M (at 1-5 min), and urea—5 x 107> M (at 1 min), while
humates yield no signal besides an intrinsic yellow color. All the mentioned results refer to
the higher concentration of NaOCI (right column); at a lower concentration (1.4 x 104 M),
humates are detectable at the time of 15 min; otherwise, the detection limits are the same or
higher than those with the higher NaOCl concentration.

NaOCl 1.4x10* M NaOCl 2.5x10% M

1. Control ...... ......
2. Tryptophan ..... ..
3. Diethylamine

1min 4 BSA
5. DNA
6. L-Cysteine
7. Urea .. . . . . . .
8. Humic acids ...... ......
1. Control 000000 000000
2. Tryptophan ....O.
3. Diethylamine 00000

3min 4 BSA )
5. DNA 000000
6. L-Cysteine [ | . O
7. Urea . . .
8. Humic acids . o . .
1. Control 4 0000
2. Tryptophan o0 .
3. Diethylamine

. 4. BSA

gmin . ona O
6. L-Cysteine . . .
7. Urea .
8. Humic acids . ( . .

Figure 4. Effect of concentration of nitrogen compounds (rows 2-8) on the colorimetric signal in the
dye-NaOCl reaction for two concentrations of NaOCI (shown above the left and right columns) in
borehole water. The colors were averaged over the well of the plate. Rows correspond to different
analytes; the concentration of each analyte increases from left to right by an order of magnitude
(I—control): 2—tryptophan, from 0.5 mM to 50 nM; 3—diethylamine, 0.1 mM to 10 nM; 4—BSA,
0.03 g/L to 3 ug/L; 5—L-cysteine, 0.5 mM to 50 nM; 6—urea, 0.5 mM to 50 nM; 7—humic acids,
0.023 g/L to 2.3 ug/L. All concentrations refer to the reaction mixtures in the plate.
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The results described above refer to the borehole water. The natural water matrix
increases the detection limits of analytes, which can be illustrated by the example of amino
acids that have 1-2 orders of magnitude higher LODs in the natural water (Table 1). This
trend is emphasized since selectivity, on the contrary, is more favorable in well water
(compare Figure 3a,b).

Table 1. Limits of detection of amino acids (umol/L) in Millipore and borehole water.

Amino Acid Millipore Borehole
Glutamate 0.05 5
Glycine 0.05 5
Alanine 0.5 5
Serine 0.5 5
Leucine 0.5 5
Cysteine 5 50

Notes. The concentration values refer to the wells of the plate. The LODs were estimated to an order of magnitude
using LDA score plots constructed from reaction kinetics.

3.7. Effects of Analytes in Mixtures

As can be seen from the above, the high concentrations of most reactive analytes can
be visually detected in the first minutes of the reaction by the green color of the solution.
Investigation of whether other nitrogen-containing compounds affected this signal (mutual
influence of analytes) was performed using tryptophan as the analyte in the presence of
added urea and BSA. As these compounds are less reactive than trp, little interference on
the signal of trp was expected. For the mixtures of trp + urea (or trp + BSA), the color
changes were observed (the images of the 96-well plates at different reaction times are
given in Table 54 in ESI). To describe the color effects for all reaction times and convolve the
data, LDA score plots were constructed (Figure 5). It can be seen that the 5 x 10~* M and
5 x 107> M concentrations of trp are well discriminated with and without urea; 5 x 107 M
trp takes an intermediate position without urea but combines with the group of blank
images in the presence of urea, which implies that at this concentration, urea interferes with
the detection of trp. Overall, urea does not demonstrate strong influence on trp detection
(Figure 5a).

a 1 b Trp 50 uM
Trp 0.25 pM + BSA .”.mg;‘L
urea @ oy
. e
Trp 25 M + Trp 500 pM
e Trp 50 uM s
urea @@ s
§ ' . — / E \ , , '
g 100 Nt Trp 0.5 uM .; *) s 100 g 20 0 Trp 50 uM +
* © Trp 500 pMm = oL p. 1l
Urea 50 uM Trp 2 UM S ‘n' BsA
o wy @ - Trp 500 uM
Trp 250 pM + a0 | +3A®
urea @ Control Trp 0.5 pM + Trp 5 pM
Trp 2.5 pMN_\ ¢ ¢ Bsa @ +85A @
. + urea g0 1 N
e e PC1 (82%)

Figure 5. PCA score plots for the reaction dye [-NaOCI with various amounts of tryptophan: (a)—in
the presence of 5 x 107> M urea; (b)—in the presence of 3 mg/L BSA. The photographs of the reaction
mixtures were captured at 1, 2, 3, and 5 min after mixing the reactants (Table S4); each experiment
was run in six replicates (six points in the graphs). Actual color of the wells at 1 min after mixing the
reactants is shown beside the group of the corresponding points as large circles. All concentrations
are final (in the well).
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A more reactive analyte (BSA) was similarly investigated in the mixture with trp
(Figure 5b). In this case, color changes over time in the presence of 5 x 107°-5 x 1077 M
trp and a constant amount of BSA differ from those with urea (Table 5S4 and color circles
in Figure 5b); however, the main trends of the color changes with the concentration of
tryptophan are similar with and without BSA. The minimum detectable concentration of
trp alone and with BSA is the same (5 x 10~7 M). Therefore, introduction of an additional
model compound (urea, protein) into the system does not eliminate the concentration
effect of tryptophan. These results confirm the high discriminative ability of the proposed
reaction with respect to some nitrogen-containing analytes.

3.8. Effect of the Time Interval Between Adding Hypochlorite and the Dye

The aim of this experiment was to evaluate the possibility of detecting chlorination
products after treating water with active halogen-containing disinfectants. To simulate
water chlorination in a wastewater treatment plant and the subsequent visualization of
its products, we prepared the reaction mixtures but without the dye (model analyte +
buffer + NaOCl); dye addition was delayed for 1 to 24 h, after which the reaction was
followed in a regular way. Four model compounds were tested in this way (Tables 2 and
55). Without a delay before adding the dye, DNA, BSA, and lysozyme were detected, but at
long reaction times (from 5 min and on). After a delay of 1 h, BSA showed the same activity,
while DNA became noticeable already in the first minutes of the reaction; lysozyme was
virtually undetectable. Unexpectedly, after a delay time of 24 h, only lysozyme gave the
signal, but starting from the first minutes of the reaction. The reactivity of the mixture
several hours after the addition of NaOCl can be associated mainly with the formation of
chloramines and similar products that themselves serve as oxidants. The behavior of the
model analytes (Tables 2 and S5) reflects the complex chemistry of the chlorination products
and confirms that such products can exist in water for up to 24 h, remaining reactive towards
the carbocyanine dye, and can be visualized using this reaction. In this experiment, the
concentrations were high to reveal the main features of the system; in real water samples,
they will be lower, but it will still be possible to obtain signals of reactive compounds down
to at least 0.5 mg/L, as shown in Section 3.4. Overall, the indicator reaction is promising
for mimicking the chlorination processes with the subsequent visualization of the stable
chlorination products.

Table 2. Model analytes that can be visualized in water at different delay times.

Model Analyte (Time of Developing the Signal After

~ *
Delay Time *, h Reaction Start)
0 DNA (540 min), BSA (15-40 min), lysozyme (30-40 min)
1 DNA (1-40 min), BSA (1540 min)
24 Lysozyme (1-40 min)

* Time between adding the dye to the mixture of NaOCl and analyte.

3.9. Testing of Wastewater and Natural Water Samples

Three sewage and three natural water samples were added to the NaOCl-dye system.
Wastewater samples were completely discriminated by LDA from the natural waters and
controls: samples WW-1 and WW-4 prevented the formation of dark-purple product I (the
reaction mixture remained green), while WW-7 slowed down product I formation (the
colors are shown in the LDA score plot, Figure 6a). The strongest effect was observed for the
two wastewaters with the highest permanganate index, i.e., the total reducing compounds
(characteristics of the samples are given in Table S6).
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Figure 6. LDA score plots for the indicator reaction dye I-NaOCI with added natural water (Spring-6,
Well-4, Borehole-8) and wastewater (WW) samples. The color of the wells on the third min of reaction
is shown as a large circle beside the corresponding group of points. (a)—data for all six samples were
processed; (b)—only three natural water samples and control were processed. Validation observations
are shown as dots with the same color and a black border.

The natural water samples behaved similarly to the controls, but slight differences were
still observed in the rate of disappearance of the violet color and acquisition of grass-green
color at a long reaction time (25 min). In the LDA score plot, the three natural water samples
formed one group (Figure 6a), but when processed without the wastewater samples, the
natural waters were partially discriminated (Figure 6b; accuracy 75%). Thus, the proposed
indicator reaction is capable of discriminating heavily polluted water (such as wastewater)
and natural water and can partly discriminate samples within these water types. In the
future, it will be possible to identify predominant reactive analytes in wastewater, provided
that the study of the main water components has been undertaken by alternative methods.

4. Conclusions

In this study, we propose a reaction of carbocyanine oxidation with hypochlorite that
yields differently colored products for obtaining the signal from the reactive compounds:
amines and amino acids, proteins, DNA, phenols, and some others. The said compounds
have been found to inhibit oxidation, which is accompanied by a color difference from
the control run, allowing the observation of kinetic curves that are typical for groups of
analytes. Detection is selective enough to discriminate the most reactive compounds from
each other and from the less reactive ones, and nitrogen-containing organic compounds
from other model analytes.

The advantages of the proposed system are as follows: contrast color change, which
is different for groups of analytes acting by different mechanisms; possibility to measure
the signal by capturing photographic images of the reaction mixture with a smartphone or
using a visualizer, as well as perform visual detection; and feasibility to carry out detection
in a natural water matrix. The process is rapid and simple and can be used as a foundation
for the development of group assays in real-world samples. The strategy is not about
determining individual components; on the contrary, the idea is to measure a signal from
a large group of substances to obtain maximum information about the sample with a
single test. Such simple methods can be realized outside the laboratory; for this purpose,
ready-to-use dry assay systems in 96-well plates can be developed. All that remains to be
performed is to add the water sample to the plate with all the necessary reagents and buffer
in the wells, after which the detection can be carried out in the usual way.

This study is the first part of multi-stage research aimed at solving a challenging task
of water quality monitoring by fingerprint techniques. The next steps are to compare
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the signals obtained by the proposed and existing methods (e.g., HPLC-MS/MS) before
moving on to real-world applications; this work will classify the sample types and identify
their distinguishing features. As a result, the range of analytes and types of samples will
be expanded.

In addition to the screening of samples, the proposed indicator system may also
allow for the quantitation of nucleophilic analytes, especially amino compounds. Another
potential of the proposed system is the detection of chlorinated products immediately after
water treatment with chlorine or NaOC], the products of which are oxidants capable of
reacting with the chromogenic dye. The work can be successful only if machine learning
methods are adequately used.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/chemosensors12110224 /s1, spectral data for dye I; Table S1: Composition
of natural water samples; Table S2: Inorganic components of natural water samples according to total
reflectance X-ray fluorescence (TXRF)* (mg/L); Table S3: Effect of pH on the color of the reaction
system; Table S4: Images of the wells for selected reaction times. Table S5: Images of the wells with
four model analytes in dye I-NaOCl reaction started at different times after adding NaOCl; Table S6:
Concentration of nitrogen species and chemical oxygen demand in water samples; Figure S1: PCA
score plot for mixtures of dye I with model analytes without NaOC]l; Figure S2: fluorescence spectra
of dye I and its reaction products with NaOCl.
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