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Abstract: Stilbene and its derivatives belong to the group of biologically active compounds. Some
derivatives occur naturally in various plant species, while others are obtained by synthesis. Resvera-
trol is one of the best-known stilbene derivatives. Many stilbene derivatives exhibit antimicrobial,
antifungal or anticancer properties. A thorough understanding of the properties of this group of bio-
logically active compounds, and the development of their analytics from various matrices, will allow
for a wider range of applications. This information is particularly important in the era of increasing
incidence of various diseases hitherto unknown, including COVID-19, which is still present in our
population. The purpose of this study was to summarize information on the qualitative and quantita-
tive analysis of stilbene derivatives, their biological activity, potential applications as preservatives,
antiseptics and disinfectants, and stability analysis in various matrices. Optimal conditions for the
analysis of the stilbene derivatives in question were developed using the isotachophoresis technique.
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1. Introduction

The structure of the stilbene molecule was first described in 1829 by A. Laurent. Since
then, many different stilbene derivatives have been synthesized, with some of them exhibit-
ing pronounced antimicrobial, estrogenic, anticancer and other activities [1-5]. Research
into the properties of stilbene derivatives began with the discovery of antibiotic activity
against bacteria and fungi. These are demonstrated by natural stilbene derivatives from
various plant species: grape, soybean, mulberry, cranberry, blueberry, and rhubarb [3,4].
An example is resveratrol which is naturally occurring in plants, and shows activity, against
both gram-positive and gram-negative bacteria, with the range of antimicrobial activity
being much broader against gram-positive bacteria. This is confirmed by numerous studies
reported in the literature [6-10]. The differences can be explained by the fact that gram-
negative bacteria are more complex in their structure and chemical composition [11]. The
use of some antibiotics can lead to the development of multidrug-resistant organisms. The
current standard in clinical practice is to use a combination of several antibiotics with
different mechanisms of action to prevent the development of resistance and improve the
outcome of therapy [12,13].

The Minimum Inhibitory Concentration (MIC) for gram-positive bacteria studied
by Paulo et al. [11] was in the range of 50-200 pg/mL, while for gram-negative bacteria
it was higher than 400 ug/mL. However, due to the poor solubility of resveratrol in
water, concentrations higher than 400 ug/mL were not obtained. The stilbene derivatives
discussed in this paper show a wide spectrum of biological activity, especially antimicrobial,
fungistatic, fungitoxic and estrogenic action. Furthermore, they are characterized by high
persistence and good solubility in water, which is why it seems very important to subject
them to analytical studies and short- and long-term stability tests in aqueous solutions.
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The purpose of this study was to summarize information on the analytical properties
of stilbene derivatives, their biological activity, their possible applications as antiseptics,
disinfectants and preservatives in various products, and to conduct research using environ-
mental samples. Optimal conditions for the analysis of stilbene derivatives were developed
using high-performance liquid chromatography and isotachophoresis.

2. Biological Activity of Stilbene Derivatives

One of the best-known stilbene derivatives is resveratrol. Resveratrol and its natural
derivatives show only moderate antimicrobial activity. Nevertheless, the structure of
resveratrol serves to further synthesize derivatives with antimicrobial, fungistatic, and
fungicidal activity [14].

The presence of a hydroxyl group in the A ring of stilbene derivatives (2-hydroxy,
3-hydroxy, 4-hydroxy derivatives) is crucial to antimicrobial activity. If there is no hy-
droxyl substituent in the A ring, 2’,5'-dihydroxy substituents in the B ring are required for
antimicrobial activity (Figure 1).

OH

Figure 1. Chemical structure of resveratrol.

The effect of hydroxyl groups on antimicrobial activity does not seem surprising, as
phenol is considered one of the primary antimicrobial agents [14]. Derivatives containing
substituents (F, I, Br) show even greater antimicrobial activity. This fact is explained by
a change in the partition coefficient and increased cell membrane permeability to fluoride
derivatives, rather than as a direct effect of the presence of the substituents themselves [15,16].

Trans-resveratrol is a naturally occurring stilbene derivative showing antifungal ac-
tivity against such fungi as Pyricularia oryzae, Clodosporium cuccumerinum, Botrytis cinerea,
Plasmopara viticola and Sphaeropsis sapinea [17,18]. Examples of stilbene derivatives and their
antimicrobial activity are shown in Table 1. During their antifungal activity, resveratrol and
some of its analogs inhibit the enzyme tyrosinase found in fungi [19,20]. Some derivatives
having methoxy groups in their structure show antifungal activity [14]. As a dimethyl
derivative of resveratrol, pterostilbene has five times stronger antifungal properties in vitro
than resveratrol. This indicates that methylation of hydroxyl groups may be important for
the antifungal activity of phenolic derivatives. Such properties of methylated hydroxystil-
bene derivatives may be related to their greater ability to penetrate the lipophilic fungal
cell membrane compared to the more hydrophilic resveratrol [21,22].

Stilbene derivatives can also enhance the effects of antibiotics [23,24]. The synergistic
properties of stilbenes and antibiotics were first described by Kumar and co-workers in
2012 [5]. They tested two stilbene derivatives in vitro: trans-3,5,4' -trihydroxystilbene and
3,5-dihydroxy-4-isopropyl-trans-stilbene. The results of their study showed that when
combined with ciprofloxacin or cefotaxime, they produced a synergistic pharmacological
effect. In their study, they used the following bacterial strains: gram-positive strains—
Bacillus subtilis MTCC 2756, Staphylococcus aureus MTCC 902, and gram-negative strains—
Escherichia coli MTCC 2622 and Pseudomonas aeruginosa MTCC 2642. The combination of
stilbene with an antibiotic resulted in a greater antibacterial effect than the sum of the actions
of each individually, which offers the possibility of lowering the doses, thereby reducing toxic
effects and delaying the development of bacterial resistance to a given antibiotic [5,24,25].
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Table 1. Chemical structure and antimicrobial activity of selected stilbene derivatives.
Compound Biological Activity References
OH
HO AN P. oryzae, B. cinerea, P. capsici, P. viticola,
C. cucumerinum, S. sapinea, [26-28]
P. colocasiae, C. gloeosporioides
OH
OH

C. albicans, F. Oxysporum, P. [29,30]

NN aphanidermatum, R. solani, E. turcicum !

OH
MeO OMe
\ B. cinerea, A. niger, B. subtilis, [27]
P. syringae, C. herbarum
OMe
OMe
A OMe P. viticola, B. cinerea [31]
HO
OMe
OH
MeO NN

C. albican, C. guilliermondii, [32]

OMe

C. famata, B. cinerea, P. viticola
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Table 1. Cont.
Compound Biological Activity References
AN A. niger, B. cinerea, C. herbarum [27]
OH
/@/Nﬁc A. niger, P. chrysogenum [33]
F
OH
F
HO ~ B. brevis, B. subilis, M. luteus, M. michei [34]
@A& >
HO
HO:‘/\;‘\OH B. brevis, B. subilis, M. luteus [34]
MeO
OH
NO,
E. coli, S. aureus, S. faecalis, B. subtilis,
A A. fumigatus (351
O,N
R. miehei, P. notatum, [34]

C. graminicola, B. Cinerea
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Table 1. Cont.

Compound Biological Activity References
F
X A. niger, P. chrysogenum [36]
F
OH S
AN N/ Br M. indicus [37]

o~
S. aureus, S. fuecglis, [38]
AN

B. subtilis, A. fumigatus
P
e o

B. cinerea [39]

O
C. lagenarium [40]
MeO
N

MeO

Before new drug combinations are administered to humans, they must be tested
in vitro to determine their activity and possible toxicity. In the case of new stilbene deriva-
tives, it is necessary to determine what interactions they are likely to undergo in combi-
nation with commonly used antibiotics before they can be used as antimicrobial agents.
Therefore, further clinical studies in animals and humans are needed to conclusively deter-
mine whether combining these derivatives with other therapeutic substances will be safe.
Although some interactions are predictable, clinical evidence of their existence is lacking.
One of the derivatives is trans-3,5,4' -trihydroxystilbene, which shows antimicrobial activity
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against all bacteria tested, and synergism of action when combined with ciprofloxacin
and cefotaxime. On the other hand, 3,5-dihydroxy-4-isopropyl-trans-stilbene is active
only against gram-positive bacteria. In the case of the latter derivative, the synergism
of action was observed in combination with ciprofloxacin, while the additive action was
observed with cefotaxime [5]. The synergism of action of the aforementioned derivatives,
i.e., trans-3,5,4'-trihydroxystilbene and 3,5-dihydroxy-4-isopropyl-trans-stilbene together
with ciprofloxacin and cefotaxime may support the hypothesis that biologically active
stilbene derivatives on an adjuvant (booster) basis may participate in antimicrobial therapy.

3. Estrogenic Effects

In recent years, much attention has been paid to compounds that, in addition to pro-
ducing specific effects in the body and the ability to bioaccumulate, are capable of binding
to estrogen receptors. Such compounds are called endocrinologically active hormone
modulators or endocrine-disrupting compounds (EDCs) [21]. After entering the cell, sex
hormones act by binding to specific intracellular receptors (ER, estrogen receptors a and
B), which are also transcription factors. Upon binding to a ligand, the activated receptors
reveal effects that enhance or silence the expression of target genes, thereby revealing their
biological effects.

The effects of environmental estrogens primarily involve, but are not limited to,
interaction with the estrogen receptor [41,42]. In trace amounts, phytoestrogens inhibit
the activity of the enzyme (act as anti-estrogens), while in high concentrations, they act as
typical estrogens [43]. One of the stilbenes belonging to the phytoestrogens is resveratrol.
This compound competes with estradiol to bind to the human estrogen receptor [44—46].
Moreover, it activates the expression of estrogen-responsive reporter genes in many human
cell lines. Resveratrol exhibits greater maximal transcriptional activity than estradiol, but
this super agonism was not observed in all cell types. For example, resveratrol caused
2-4 times more activation of reporter plasmids than estradiol in MCF-7 breast cancer cells,
but less in BG-1 ovarian cancer cells. These cell-type-specific effects of resveratrol resemble
the well-known tissue- and species-specific effects exhibited by tamoxifen (a hormonal drug
used to treat breast and endometrial cancer) [26]. They can act as estrogen receptor agonists
in some tissues, such as the uterus, and as estrogen antagonists in the breast [12,43—47].

Neither stilbene nor stilbene oxide have estrogenic properties, and it is only through
metabolism under the influence of liver microsomal enzymes that derivatives exhibiting
potent effects are formed [13]. Sanoh et al. [26] showed that the liver microsomal enzyme
system in the rat and human (CYP 1A1/2) metabolizes trans-stilbene to a 4-hydroxy
derivative (trans-4-hydroxystilbene), which exhibits estrogenic effects. On the other hand,
cis-stilbenes are not metabolically activated by the liver microsomal enzyme system to
active hydroxyl derivatives and do not exhibit proestrogenic effects [13,21].

The hydroxyl group in the A-phenyl ring of stilbene is essential for the estrogenic
effect [21,48]. The 4-nitro- and 4-amino- groups also contribute to this effect. The lipophilic
group attached to the phenyl group is necessary for the maximum effect of stilbene deriva-
tives, while the hydroxyl group at the 4’ position enhances the estrogenic effect of 4-hydroxy
stilbene derivatives. Diethylstilbestrol (DES) and 4,4'-dihydroxy-a-methylstilbene exhibit
a very strong estrogenic effect compared to 4,4’-dihydroxystilbene. This indicates that
lipophilic substituents in the vinyl chain further enhance the estrogenic effects of stilbene
derivatives. DES is the most popular stilbene derivative used in medicine for the treatment
of prostate cancer, breast cancer and in pregnant women at risk of preterm labor. Compared
to the hydroxyl derivatives of stilbene, resveratrol shows weaker estrogenic effects. This is
probably due to the presence of two hydroxyl substituents at the 3’ and 5 positions in the
phenyl B ring [21].

4. Preservatives in Drugs and Problems in Their Selection

Preservative compounds originate from a group of antimicrobial substances and are
used, among other things, in disinfection, antisepsis and in some cases of chemotherapy.
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In chemical terms, they belong to different groups and the range of their effects vary. The
most commonly used compounds are phenols, alcohols, organic acids, biguanides, organic
mercury compounds and quaternary ammonium bases [49]. At the concentrations used for
drug preservation, these compounds perform basic tasks and mainly prevent the growth of
or kill microorganisms [50,51]. The antimicrobial and antifungal effect of preservatives vary
and depend on the concentration of a given preservative, its structure, pH of the solvent
and the type of microorganism [52,53]. To date, no ideal chemical compound has been
found that would fully meet all these requirements, as each of the compounds used has
certain limitations [49,54].

The use of preservatives in drugs is regulated by law [55]. The requirements for
parameters assessing the effectiveness of preservatives according to FP XII 2020 for par-
enteral and ocular preparations are shown in Table 2 [56]. Antimicrobial preservative
properties are adequate if, under the test conditions after a specified time and at a specified
temperature, there is a significant decrease or no increase in the number of viable microbial
cells (cfu—colony-forming units) in the microbially contaminated test preparation after
28 days [56-58].

Table 2. Effective performance criteria for preservatives according to FP XII.

. . Log Reduction
Microorganisms Criteria
6h 24h 7 Days 14 Days 28 Days
B . A 2 3 - - BW
acteria B 1 3 _ BN
Fungi A i ) 2 . BN
& B - - - 1 BN

BW—no growth of viable microorganisms, BN—no increase in the number of microorganisms.

Test microorganism requirements, test conditions and performance criteria depend
on the product category. Test organisms recommended by all pharmacopoeias (Ameri-
can, European, and Japanese) include: gram-positive granules, Staphylococcus aureus,
gram-negative bacilli, Pseudomonas aeruginosa, fungi and molds, Aspergillus niger, yeast,
Candida albicans [56,59,60]. In addition, the US Pharmacopoeia and the European Pharma-
copoeia recommend the use of Escherichia coli strains. Preservatives can affect the natural
bacterial flora found in the gastrointestinal tract [55]. In biological preparations, phenol
still plays a major role as a preservative. However, it is used less and less frequently in
the preservation of oral and topical preparations [58]. Bronopol, on the other hand, is not
recommended in surface and ocular preparations due to concerns about the sensitizing
effects of formaldehyde released under physiological conditions [61]. Preservatives from
the alcohol group are generally considered safe. The exception is benzyl alcohol, which
should not be present in preparations for low-birth-weight infants due to the risk of a fatal
toxic shock syndrome [62,63]. Similarly, carboxylic acids (e.g., benzoic acid) can irritate the
stomach, skin, eyes and mucous membranes [64,65].

The best-known metallic germicidal agents include copper and its alloys, as well
as mercury compounds. Copper alloys have natural properties that kill a wide range of
microorganisms [66,67]. Of the mercury compounds, organic compounds proved to be
strongly bactericidal [68,69]. The list of the most commonly used preservatives for drug
preservation is shown in Table 3.

The parabens listed in Table 3 as preservatives are currently very rarely used for
drug preservation by many manufacturers due to ongoing research and debate over
their harmfulness [70-77].
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Table 3. List of preservatives.

Name of Preservative

Concentration [%] Form of Drug

Thiomersal

0.005-0.01% [78] vaccines,
0.0005-0.01% test solutions, topical preparations (creams),
up to 0.007% [79] ear drops, eye drops

Parabens

0.065-0.15% eye medications
up to 0.5% ointments, oral medications

Benzalkonium chloride

up to 0.02% [80] drugs and eye preparations,

Chlorhexidine

up to 0.05% [81] eye medications

Cl ol

Cl

H
+/— / OH
H2C_N \ / y CI@—

5. Stability and Analytics of Stilbene Derivatives

Given the biological activity of stilbenes and their derivatives and their wide range of
applications, it is crucial to develop rapid and versatile methods for the analysis of these
substances in samples with diverse and complex matrix composition. Each analytical pro-
cedure consists of several steps, and each of them is very important to keep the analytical
errors as small as possible. There are more and less complex analytical procedures depend-
ing on the type of matrix and the nature of the chemicals to be analyzed. Therefore, only
the correct determination of the conditions of analysis will determine their effectiveness.

Aqueous solutions of the following compounds were used to determine the short-
and long-term stability of the analyzed stilbene derivatives and to conduct tests using the
isotachophoresis technique (Figure 2).

(@) o (b)

- H Br_ H
Br H.C—N

\ / 2 N\ / H

d

)
Br - H
:< E@/{L@w
H,C—N
2 \ // ’

(f)

Figure 2. Chemical structures of stilbene derivatives: (a) (E)-1-(3-chlorobenzyl)-4-(4-
hydroxystyryl)pyridin-1-ium chloride (A1); (b) (E)-1-(4-chlorobenzyl)-4-(4-hydroxystyryl)pyridin-1-
ium chloride (A2); (c) (E)-1-(3-chlorobenzyl)-4-(2-hydroxystyryl)pyridin-1-ium chloride (A3); (d) (E)-
1-(4-bromobenzyl)-4-(4-hydroxystyryl)pyridin-1-ium bromide (A4); (e) (E)-1-(2-bromobenzyl)-4-(2-
hydroxystyryl)pyridin-1-ium bromide (A5); (f) (E)-1-(2-bromobenzyl)-4-(4-hydroxystyryl)pyridin-1-
ium bromide (A6).

All the tested derivatives showed biological activity and were highly soluble in wa-
ter [82-85]. Their antimicrobial properties and minimum inhibitory concentrations are
shown in Table 4.
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Table 4. Antimicrobial properties of stilbene derivatives [70].
Minimum Inhibitory Concentration, ug/mL
Compound

2 3 4 5 6 7 8 9
(A1) 100 500 500 100 1000 1000 >500 >500 >500
(A2) 100 100 500 100 500 1000 >500 >500 >500
(A3) 7.5 100 100 100 1000 1000 >500 >500 >500
(A4) 5 500 500 100 1000 1000 >500 >500 >500
(A5) 100 500 500 500 1000 1000 >500 >500 >500
(A6) 7.5 500 100 100 1000 1000 >500 >500 >500

1—Staphylococcus aureus 209P FDA, 2—Streptococcus faecalis ATCC 8040, 3—Bacillus subtilis ATCC 1633,
4—Escherichia coli PZHO 26B6, 5—Klebsiella pneumoniae 231, 6—Pseudomonas aeruginosa 5 R1, 7-Candida
albicanus PCM 1409 PZH, 8—Microsporum gypseum K1, 9—Aspergillus fumigatus C1.

The most important physicochemical data for the stilbene derivatives in question are
presented in Table 5.

Table 5. Basic chemical and physical data of stilbene derivatives.

Compound m.p. °C IR(KBr) (cm~1) §cy—cy  'H NMR & (ppm) DMSO-ds CH,-N

(A1) 227-230 970 581s
(A2) 240-243 985 581s
(A3) 209-212 965 582
(A4) 256-259 995 5.88s
(A5) 218-221 980 590s
(A6) 247-249 955 5.86s

5.1. Solid Phase Extraction

Sample preparation is the first and most important step in any analysis. It is also
the most time-consuming process and takes about 70% of the total time required for any
given analysis. For this reason, it is important to choose the most appropriate and suitable
analytical technique at the very beginning of the analysis. One of the most commonly used
methods to pre-concentrate a sample is solid-phase extraction (SPE, in various variants and
scales). This method requires much less solvents and prevents analyte degradation to a
greater extent than liquid-liquid extraction. In addition, SPE extraction allows better phase
separation and proper recovery [84-88].

Depending on the needs, a wide range of different sorbents can be used in solid-phase
extraction. Currently, the so-called dedicated phases are recommended for the extraction of
a specific group of compounds. The most popular sorbents include reversed phases (C8 or
C18) and the normal phase (aluminum oxide). Polymeric sorbents, graphitized carbon, as
well as molecularly imprinted polymers can also be used. The choice of the right sorbent
depends on its chemical and physical interaction with the selected analyte [89-92].

Three types of extraction columns were used to study the stability of stilbene deriva-
tives: octyl, octadecyl and naphthylpropyl (Figure 3) [93-97]. It was shown that the
naphthylpropyl-filled extraction column had the highest recoveries. Therefore, the process
of extraction of the analyzed derivatives from individual samples was carried out using a
naphthylpropyl phase column. The presence of an aryl group attached to the alkyl chain in
the structure of the naphthylpropyl phase resulted in its greater activity in the isolation
of analytes from various matrices due to additional 7—m interactions. These interactions
occur between isolated stilbene derivatives containing an aromatic ring and the terminal
part of the ligand attached to the silica. In other cases of using octyl and octadecyl phases,
only two types of active centers were present on the surface of the carrier, i.e., hydrophobic
alkyl chains and residual silanols [98,99].



Molecules 2023, 28, 4482

10 of 20

CH, CH,
I ‘ /
(2} @—U—WW\ (k) —W
4 i cH,
GH,

| P
© @—Q-

Figure 3. Structure of the stationary phase: (a) octadecyl, (b) octyl, (c) naphthylpropyl.
5.2. Short- and Long-Term Stability

The study to determine short- and long-term stability was conducted using three
matrices, i.e., wastewater, surface water and distilled water. Due to possible changes over
time, the content of the analyzed derivatives was determined at four time intervals, i.e.,
after 1 h, 7 days, 28 days and 12 months. Five samples of distilled water, surface water
and wastewater were tested in each period. All the distilled water, surface water and
wastewater solutions for extraction were stored in plastic bottles at 20-32 °C, depending on
the season. Each sample was pre-filtered through a membrane strainer with a pore diameter
of 3 um to allow bacteria to pass into the solution. Stilbene derivatives were added to five
samples of each type of water collected in parallel, yielding a concentration of 1000 pg/mL.
SPE extraction was then carried out according to the procedure described [100]. The results
for the short- and long-term stability of stilbene derivatives are shown in Table 6.

Table 6. Mean content values of the analyzed stilbene derivatives in distilled, surface and wastewater
samples after 1 h, 7 days, 28 days and 12 months (SD < 5%) [100].

Average Value, pg/mL

Time Matrix
Al A2 A3 A4 A5 A6

distilled water 3x 893.8 881.9 903.1 886.4 921.9 917.4
1h surface water 888.1 883.4 887.9 882.7 918.0 913.6
wastewater 871.9 876.4 879.1 878.3 9134 909.0
distilled water 3x 884.5 887.1 881.7 882.6 911.9 903.5
7 days surface water 873.1 870.2 863.8 874.5 902.5 875.1
wastewater 860.7 864.8 861.0 860.1 864.9 860.6
distilled water 3x 795.2 788.1 794.1 786.9 790.0 807.6
28 days surface water 789.1 787.5 786.5 791.0 795.8 781.5
wastewater 781.6 780.3 780.2 783.3 777.8 763.5
distilled water 3x 715.3 703.7 705.0 713.4 695.1 721.2
1 year surface water 690.1 687.8 681.1 678.9 679.3 645.5
wastewater 686.2 679.7 696.8 686.7 701.2 680.7

As indicated by the data presented, the highest average content of the analyzed
stilbene derivatives was obtained in triple distilled water, and the lowest in wastewater. In
the initial stage of the study, using the naphthylpropyl phase, the highest average content
after 1 h was recorded for derivatives A5 and A6 from the matrix, which was distilled
water. On the other hand, the lowest average content on this column was obtained for
derivative A1 for the most contaminated matrix, i.e., wastewater. Irrespective of the study
period, the highest average content was recorded for derivative A6 in distilled water, while
the lowest was for derivatives A1 and A2 in wastewater. During the conducted analysis of
stilbene derivatives, slight differences were found in the content decrease regardless of the
type of matrix, both after 1 h, 7 days and after 28 days. A more pronounced decrease in
the content of individual derivatives was found only after one year. The analyzed stilbene
derivatives were hydrolytically stable, and resistant to oxygen and light, indicating that
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Radzymin
lowo

they could be used as preservatives. The preservative properties of the formulation are
considered sufficient if no significant reduction in the preservative content is observed
under the conditions of analysis after 28 days of residence in a microbially contaminated
medium. In the described study, stilbene derivatives showed very good stability in the
analyzed samples.

Another stability study was conducted using six stilbene derivatives and surface water
collected from three different rivers. Twenty surface water samples each were collected in
parallel from the Bug River in Wyszkow, the Liwiec River in Wegréw, and the Muchawka
River in Siedlce (Figure 4).

” Kosow Lacacki

A Jadéw
//
-

o
— \T'I.JSZCI

Sokokotow Podlaski

NadbuZdntki
Park Krajobrazowy

Kaluszyn Mgrd:,'/ tosice

1, >
- oo Ry Mrozy, = ~~=F -

Latowicz

Figure 4. Map of surface water sampling for testing the stability of stilbene derivatives [85]. The
purple line—the Bug River, the orange line—the Liwiec River, the blue line—the Muchawka River.

The Bug River is one of the longest rivers in Poland, flowing through Ukraine, Belarus
and Poland. In recent years, some indicators of pollution of the studied rivers have
improved, due in part to the construction of new wastewater treatment plants and sewage
networks, as well as the modernization of the existing ones. Unfortunately, the waters of the
Bug River still contain elevated levels of phosphorus and nitrogen, causing eutrophication,
as well as sodium and potassium, contributing to the production of algal biomass. This
primarily leads to the accumulation of blue-green algae, followed by the formation of
blooms that reduce water transparency. In the border section, the Bug River is a receiver
of untreated or insufficiently treated municipal wastewater from Ukraine and Belarus.
The Bug River sampling site in Wyszkow is additionally polluted by municipal sewage.
The city of Wyszkow discharges about 3000 m3 of sewage per day there, treated at a
wastewater treatment plant with enhanced nutrient removal. In addition, two other rivers
(Toczna and Cetynia) and the city of Sokolow Podlaski also discharge significant amounts
of pollution into the Bug River. Total suspended solids are the main pollutant of this
river [101-106]. The Liwiec River is the longest (over 142 km) left tributary of the Bug.
The chemical status of its waters is described as moderate. This is due to the fact that
the average and maximum concentrations of polycyclic aromatic hydrocarbons, including
benzo [g/h,i]perylene and indeno [1,2,3-cd]pyrene, are exceeded [105]. The third river, the
Muchawka, is a left tributary of the Liwiec, with a length of 32 km and a moderate water
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status. Thus, the condition of the water in these rivers is moderate and indicates the need
for research to improve their quality.

The discussed stability studies of stilbene derivatives were carried out using a naph-
thylpropyl extraction column (Table 7). The highest results were obtained in samples
collected from the Liwiec River and the Muchawka River, regardless of the time interval,
while the lowest results were obtained for derivatives added to samples from the Bug
River [106]. The obtained results showed good stability of the analyzed stilbene derivatives
over the entire time interval studied, regardless of the type of matrix used for the study.

Table 7. Mean content values for (E)-1-(3-chlorobenzyl)-4-(4-hydroxystyryl)pyridin-1-ium chloride
(A1), (E)-1-(4-chlorobenzyl)-4-(4-hydroxystyryl)pyridin-1-ium chloride (A2), (E)-1-(3-chlorobenzyl)-4-
(2-hydroxystyryl)pyridin-1-ium chloride (A3), (E)-1-(4-bromobenzyl)-4-(4-hydroxystyryl)pyridin-1-
ium bromide (A4), (E)-1-(2-bromobenzyl)-4-(2-hydroxystyryl)pyridin-1-ium bromide (A5), (E)-1-(2-
bromobenzyl)-4-(4-hydroxystyryl)pyridin-1-ium bromide (A6), in the surface water samples after 1 h,
7 days, 28 days and 12 months, obtained in the naphthylpropyl column [106].

Water from

Average Value (ug/mL), SD (%)

Times .
the River (A1) (A2) (A3) (A4) (A5) (A6)
Liwiec 893.1 £4.5 887.2 £3.9 8299 +£4.0 8374 + 3.6 8772 +£4.9 849.1 £ 4.6
1h Muchawka 8673 £4.1 882.7 £ 3.5 858.6 +4.2 823.6 + 4.6 865.7 £ 5.5 864.6 £ 5.3
Bug 779.7 £ 3.4 773.3 £ 35 863.4 +4.1 859.1 +4.8 783.8 £ 3.9 854.4 + 4.6
Liwiec 783.7 £ 3.2 7823 +4.3 780.9 + 3.5 768.5 £ 3.6 7873+ 4.4 786.1 £3.9
7 days Muchawka 7675 + 4.2 764.7 +4.1 7521+ 45 775.1 +£4.0 7742 + 5.2 749.1 £ 3.6
Bug 681.7 £ 3.6 683.4 +4.1 6949 +£ 3.7 700.6 +£3.9 693.6 £4.7 6889 +4.7
Liwiec 591.1+44 5969 +4.1 590.3 £4.3 557.6 £4.4 5879 +£4.3 593.3 £5.1
28 days Muchawka 566.5 + 3.9 591.6 £ 34 5954 + 4.5 5835 +4.1 5815+ 44 590.1 4.0
Bug 570.2 £4.9 5873 £4.2 571.8 £ 44 563.9 £4.0 567.3 £ 5.5 567.8 4.7
Liwiec 2952 £ 3.7 283.1 £3.2 2954 +44 3212 £3.5 293.3 £4.1 3014 +£4.8
12 months Muchawka 281.6 + 3.8 2689 + 3.6 279.7 £ 34 3455 +4.7 2779 £ 5.2 288.7 + 3.9
Bug 276.8 + 3.6 286.8 £4.2 301.3 £4.6 297.7 £ 3.7 276.4 £+ 3.9 2993 £5.1

5.3. Isotachophoretic Separation

The isotachophoresis technique was used to determine the short- and long-term
stability. The traditional technique used in preservative analysis is gas chromatography.
However, it has some limitations. Problems occur in the analysis of polar substances with
low volatility, as well as those with low thermal stability. Increasingly, mass spectrometry
is being used for preservative analysis, which is more expensive and time consuming.
High-performance liquid chromatography, on the other hand, uses various solvents that
are most often organic and not necessarily environmentally friendly. For this reason, the
isotachophoresis technique was used in the described studies. This technique has many
advantages, such as short analysis time, the possibility of simultaneous determination of
micro- and macro-components, uncomplicated sample preparation prior to analysis, and,
above all, the use of non-toxic and biodegradable reagents and solvents. Isotachophoresis is
classified as a “green chemistry” technique, while the precision and accuracy of the results
obtained are better compared to traditional methods [107-109].

In the studies using the isotachophoresis technique, aqueous solutions of
three derivatives of electrostatically stabilized silanates (ES-silanates) were used as
terminatingelectrolytes: 1-(N-morpholiniomethyl)spirobi(1-sila-2,5-dioxacyclopentan-3-
one)at, 4,4’ -bis{1-(perhydroazepiniomethyl)[spirobi(1-sila-2,5-dioxacyclopentan-3-one)]at},
4,4'-bis[(1-morpholiniomethyl)spirobi(1-sila-2,5-dioxacyclopentan-3-one)at] (Figure 5). The
main factors in choosing these electrolytes were their documented non-toxicity to the
environment and their biodegradability. In the previous studies, it was conclusively
demonstrated that the ES-silanate derivatives in question can be counted among universal
terminating electrolytes, as they can be used for both cation and anion analysis due to
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their zwitterionic molecular structure. In addition, these compounds are highly water
soluble and hydrolytically stable and durable. The aforementioned electrolytes have been
successfully used for many isotachophoretic analyses [110-116].

A A4

H ‘ o) O O ‘
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Figure 5. Structures of ES-silanate used as a terminal electrolyte: (a) 1-(N-morpholiniomethyl)spirobi(1-sila-
2 5-dioxacyclopentan-3-on)at, (b) 4,4'-bis{1-(perhydroazepiniomethyl)[spirobi(1-sila-2,5-dioksacyklopentan-
3-on)Jat}, (c) 4,4'-bis[(1-morpholiniomethyl)spirobi(1-sila-2,5-dioxacyclopentan-3-on)at] [110,111].

When using the isotachophoresis technique, the organic or inorganic ions to be ana-
lyzed migrate to the corresponding electrodes after applying an electric voltage. The use of
two buffer systems of a leading electrolyte and a terminating electrolyte is necessary. The
separation of a mixture of ions relies on the difference in their electrophoretic mobilities and
in the mobilities of electrolytes used [117-122]. The ionic substances included in the leading
electrolytes should have the highest possible mobility, while the terminating electrolytes
should have the lowest mobility (uLd > panalyte > pTm). The masses and sizes of ions,
ionic charges and radii, the ability to form complexes or dissociate, changes in pH during
the process or pK values, as well as the viscosities of solvents and their dielectric constant
affect the differences in electrophoretic mobilities of individual ionic substances [123,124].

The terminating electrolytes used had significantly lower electrophoretic mobilities
than the stilbene derivatives analyzed. At the same time, the stilbene derivatives showed
very similar electrophoretic mobilities, which made their separation problematic. Dur-
ing the course of the experiments, the number of steps and analysis time, the value of
current in each step, or the level of high voltage were changed on both the preseparation
column and the analytical column. Separation using only a preseparation column was not
possible due to small differences in the electrophoretic mobilities of the analyzed stilbene
derivatives. The voltage value was changed from 9 kV to 15 kV, because no separation
effect was obtained at a voltage lower than 9 kV. Finally, the optimal conditions for the
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separation and determination of six stilbene derivatives were developed in six steps of
analysis (Table 8) [125].

Table 8. Best conditions for isotachophoretic separation of a mixture of analyzed stilbene derivatives.
High voltage limit of 12 kV, sample rate of 50 smp/s, polarity—cations. Ld-1: 3 x 1073 mol /L Bis-Tris
Propane (BTP), 1.5 x 103 mol/L B-alanine, 0.1% HEC, HCl (final pH = 3.8). Ld-2: 1.5 x 1073 mol/L
B-alanine, 0.1% HEC, HCI (final pH = 3.8). Terminating electrolyte (Tm): 10~3 mol/L 4,4'-bis{1-
(perhydroazepiniomethyl)[spirobi(1-sila-2,5-dioksacyklopentan-3-on)]ate} [125].

Considered Parameters

Stage Time [s] Intensity [uA] Comp [10 mV] Column Conductometric Detector
1 100 100 0 top
2 250 250 0 top X
3 65 10 0 lower
4 10 95 0 lower
5 30 75 50 lower
6 250 40 0 lower X
The zones of the individual components of the mixture were sharp and clearly sepa-
rated from each other (Figure 6). The time of the isotachophoretic analysis of the stilbene
derivatives did not exceed 12 min.
6.145 Volt
6.035
5.926
5.818
5.707
6
5.597
5.487
5.378
5.268

1

5.159 Ldy

5.049

sec

420.00 448.50 477.00 505.50 534.00 562.50 591.00 619.50 648.00 676.50 v05.00

Figure 6. Isotachophoregram separation of the mixture of analyzed stilbene derivatives [125].

The isotachophoregrams obtained during the experiments, using different termi-
nating electrolytes, showed only differences in the heights of the zones of these elec-
trolytes. On the other hand, of the three terminating electrolytes used, the 4,4' -bis{1-
(perhydroazepiniomethyl)[spirobi(1-sila-2,5-dioxacyclopentane-3-one)]at} derivative with
the highest molecular weight was characterized by the lowest mobility. At the same time, it
is worth noting that very good separation of the analyzed stilbene derivatives was obtained
for each of the terminating electrolytes used.
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6. Conclusions

Stability studies expand the potential applications of biologically active stilbene deriva-
tives and advance the understanding of this group of compounds. The derivatives de-
scribed in this work were characterized by good short- and long-term stability in various
environmental matrices. The development of new application possibilities for stilbene
derivatives expands the list of available substances with fungistatic and fungitoxic proper-
ties with the possibility of using them in various industries and in environmental protection.
The advantage of using these derivatives may also be the fact that they do not have negative
effects on human health and the environment. In addition, the antibacterial and antifungal
activity of such compounds, as well as the possibility of using them as preservatives, are
new areas of application for this class of compounds.

The use of the isotachophoresis technique, which is categorized as a green chemistry
technique, enabled the development of optimal conditions for the qualitative and quantita-
tive analysis of stilbene derivatives. Particular attention was paid to the use of non-toxic and
biodegradable terminating electrolytes, belonging to electrostatically stabilized silanates.
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