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Abstract

:

Herbicides are one of the main parts of pesticides used today. Due to the high efficiency and widespread use of glyphosate-based herbicides, the search for substances reducing their genotoxicity is an important interdisciplinary task. One possible approach for solving the problem of herbicide toxicity is to use compounds that can protect DNA from damage by glyphosate derivatives. For the first time, a method for developing DNA-protecting measures against glyphosate isopropylamine salt (GIS) damage was presented and realized, based on low-toxicity water-soluble pillar[5]arene derivatives. Two- and three-component systems based on pillar[5]arene derivatives, GIS, and model DNA from salmon sperm, as well as their cytotoxicity, were studied. The synthesized pillar[5]arene derivatives do not interact with GIS, while GIS is able to bind DNA from salmon sperm with lgKa = 4.92. The pillar[5]arene betaine derivative containing fragments of L-phenylalanine and the ester derivative with diglycine fragments bind DNA with lgKa = 5.24 and lgKa = 4.88, respectively. The study of the associates (pillar[5]arene-DNA) with GIS showed that the interaction of GIS with DNA is inhibited only by the betaine pillar[5]arene containing fragments of L-Phe (lgKa = 3.60). This study has shown a possible application of betaine pillar[5]arene derivatives for nucleic acid protection according to its competitive binding with biomacromolecules.
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1. Introduction


The global population will grow almost by 2 billion by 2050, according to the United Nations report [1]. This increase in population will lead to the growth of total agricultural production by 60% compared to 2005. However, the situation with food security deteriorates every year due to a reduction of plowed field areas and environmental problems (e.g., soil erosion, climate change, water availability) [2,3,4]. Existing modern growth promoters and pesticides can only partially solve the problem of the food crisis due to their use limits (high toxicity and non-directional action).



Most of the pesticides used in agriculture do not reach crops. This is due to a dispersion of pesticides into the environment caused by their degradation, photolysis and volatilization [5,6]. Herbicides are one of the main parts (almost 40%) of pesticides used today [7]. Herbicides quickly enter water sources and soil causing serious environmental damage [8,9]. Glyphosate (N-(phosphonomethyl)glycine) is one of the widely used active ingredients in commercially known available herbicides [10,11,12]. The WHO recognized glyphosate as a low-toxic compound in 1997, while glyphosate-based commercial formulations are one–two orders of magnitude more toxic [13,14]. Over the past 20 years, it has been established that glyphosate and pesticides based on it (for example, roundup) have an apparent genotoxicity. They are capable of interacting with DNA leading to its damage [15,16,17,18,19]. One possible approach for solving the problem of herbicide toxicity is to use compounds that can protect DNA from damage by glyphosate derivatives. It was shown in 2022 by Alvarez-Moya et al. [20], that the addition of various antioxidants (e.g., ascorbic acid and resveratrol) helps to reduce the damage of DNA from Oreochromis niloticus, Ambystoma mexicanum erythrocytes, and human lymphocytes. Due to the high efficiency and widespread use of glyphosate-based herbicides, the search for substances reducing their genotoxicity is an important interdisciplinary task of modern science.



The use of synthetic macrocyclic compounds such as cucurbit[n]urils [21,22] and (thia)calix[n]arenes [23,24] for the binding of various organic pollutants has acquired a strong practical interest due to their properties (low toxicity, ease of preparation, and functionalization, as well as the possibility of scaling up their synthesis). New applications of macrocyclic compounds were demonstrated by pillar[n]arenes discovered by Ogoshi in 2008 [25]. This type of synthetic receptors is characterized by all the qualities mentioned above for (thia)calixarenes and cucurbiturils. Moreover, pillar[n]arenes have a macrocyclic cavity similar to cyclodextrins known for more than 100 years [26,27,28]. Pillar[5]arenes are used as a part of electrochemical sensors [29,30,31,32,33,34,35,36] that promote paraquat and its derivatives detection of the formation of host-guest complexes. However, the number of works dedicated to the use of pillar[n]arenes and their derivatives as antidotes for a series of herbicides is limited [37,38,39], despite the relevance of the research topic. At the same time, the impact of adding macrocyclic compounds to pesticides on their genotoxicity has not been assessed.



In this work, an approach for the creation of DNA protection systems from the damage by glyphosate isopropylamine salt (GIS) based on low-toxicity water-soluble derivatives of pillar[5]arene was proposed and implemented for the first time. Two- and three-component systems based on pillar[5]arene derivatives, GIS, and model DNA from salmon sperm, as well as their cytotoxicity, were studied. The results obtained open up new possibilities for protecting nucleic acids from damaging factors.




2. Results and Discussion


2.1. Synthesis of Decasubstituted Pillar[5]arenes Containing Betaine Fragments


Amino acids and peptides are well-known building blocks for various supramolecular architectures playing a key role in biological systems. These strictly specified architectures, based on peptide derivatives, are important for understanding the processes of biological self-assembly, and still remain one of the urgent topics of supramolecular chemistry [40]. Thus, the spatial structure of protein molecules is of great interest in medicinal chemistry [41], for example, in the treatment of neurodegenerative diseases (Alzheimer’s disease, dementia, etc.). Among synthetic receptors presented to date, the most convenient synthetic “platforms” for the development of biomimetic systems are macrocyclic compounds [42,43,44]. The macrocyclic structure opens up the possibility of optimizing the geometry of binding sites in the receptor to achieve complementary host-guest interaction. Furthermore, a combination of interaction centers of different natures within a macrocyclic system can lead to the creation of unique three-dimensional conformationally mobile structures.



Molecular recognition in water is a basis for various vital processes. A significant number of synthesized macrocyclic compounds (cyclodextrins, cucurbiturils, calixarenes, and their thia-analogues, pillararenes) are capable of binding guest molecules in water [45,46,47,48,49,50]. Furthermore, the introduction of small peptide fragments into the structure of macrocycles has shown the possibility of creating water-soluble receptors, which adopt a well-defined and precisely controlled secondary structure [51,52].



Macrocycles 1 and 2 containing quaternary ammonium, glycylglycine, and L-phenylalanine ester fragments [53] were used for obtaining betaine pillar[5]arene derivatives. The choice of the L-phenylalanine residue has been made due to the presence of a benzyl group in the amino acid structure, which can enhance the interaction with guest molecules due to π-stacking and hydrophobic effects. In addition, the formation of α-helices due to hydrogen bonds and Van der Waals forces has been shown for phenylalanine, which leads to a denser packing of amino acid fragments [54,55]. Diglycine was chosen because of the presence of several amide moieties that are prone to hydrogen bonding, which can affect host coordination upon binding to substrates. Thus, we assumed that the modification of pillar[5]arene by GlyGly and Phe would lead to the creation of a new type of amphiphiles, as well as the emergence of a synergetic effect due to the combination of macrocyclic platform and ten amino acid residues to achieve an effective interaction with the substrate.



The reaction of macrocycles 1 and 2 with lithium hydroxide was studied in a THF-water solvent mixture (v/v = 1:2) for 12 h at room temperature (Scheme 1). Target compounds 3 and 4 were obtained with a yield of 94% and 90%, respectively.



1H and 1H–1H NOESY NMR spectra of compound 4 is shown in Figure S2 and 1a. The amide group’s signals appear as two multiplets at 9.37–9.64 (H10) and 8.42–8.71 (H4) ppm. The proton signals of the phenyl fragments resonate as a multiplet at 7.14–7.30 ppm. The macrocycle aromatic protons (H1) signals also appear as a broadened singlet at 6.85 ppm. The oxymethylene (H3) and methylene (H5) protons signals resonate as a multiplet at 4.31–4.45 ppm. Methylene bridges protons (H2) signals also appear as a multiplet in the 3.75–3.87 ppm region. The proton signals of the methyl (H8) and methylene (H7) groups resonate as a multiplet in the 3.07–3.19 ppm region. The signals of the methylene protons of the benzyl and propylidene fragments appear as multiplets in 2.86–2.91 (H12) and 1.85–2.02 (H6) ppm regions, respectively.



The study of the spatial structure of macrocycle 4 by 2D 1H-1H NOESY NMR spectroscopy (Figure 1a) showed the presence of the cross peaks between H6 protons of propylidene fragment and H12 methylene protons, as well as H13 protons of the benzyl fragment. Additionally, the spectrum contains correlations between H8 methyl protons and H10 amide protons, as well as H11 protons of the methyne group. The cross peaks appear between H9 methylene protons at the quaternary nitrogen atom and H11 methyne protons. The presence of these cross peaks above is probably due to the spatial proximity of the charged parts in the oligopeptide structure of the substituents in such a way that the α-helix fragment is formed (Figure 1b). The comparison of the one-dimensional 1H NMR spectrum of pillar[5]arene 4 with the 1H NMR spectrum of ester derivative 2 (Figure S9a) additionally confirms the reaction completeness. There are no signals of ethoxy groups of the amino acid substituent in the 1H NMR spectrum (Figure S2). The correlations between methyne protons Hk and methylene protons Hg and Hf in the 1H-1H NOESY NMR spectrum of macrocycle 2 are observed (Figure S9b). The cross peaks between methylene He protons and Hj amide protons are additionally observed. It indicates spatial proximity within the amino acid substituent and the formation of an α-helix fragment (Figure S9b).



The IR spectrum of compound 4 also confirms the successful hydrolysis of pillar[5]arene 2, as indicated by the shift and the intensity of the characteristic band of the carbonyl stretching vibrations of the carboxyl fragment from 1735 cm–1 for compound 2 to 1726 cm–1 for macrocycle 4 (Figure 1c). Moreover, the shift of this carbonyl band is probably associated with the spatial proximity of the charged parts in the oligopeptide structure of the substituents in such a way that a six-membered cycle is formed. The amide I band shifted by 15 cm–1 for betaine derivative 4 (1660 cm–1). Furthermore, it broadened and increased in intensity, which indicates the associate’s formation. In addition, there is an overlap of the amide II and the carboxylate anion (1550 cm–1) band for macrocycle 4, while the amide II of ester derivative 2 is located at 1537 cm–1.



A different spatial packing of the molecule is observed for diglycine derivative 3 (Figure S10a). Thus, the cross peaks between H1 protons of the aromatic fragments and H8 methylene protons at the quaternary nitrogen atom, as well as H11 protons (Figure S10a), are observed in the 1H–1H NOESY NMR spectrum of compound 3. It is also worth noting the presence of the correlations between H5 methylene protons and H12 amide protons, as well as between H6 methylene protons of the propyl fragment and H13 protons. The presence of the cross peaks above in the 1H–1H NOESY NMR spectrum of compound 3 suggests that the substituents on both rims of the macrocycle are spatially close to each other (Figure S10b). Such proximity on both rims of the pillar[5]arene is probably due to electrostatic interaction between the positively charged quaternary nitrogen atom and the carboxyl fragment, and the formation of hydrogen bonds between the two substituents.



The study of the IR spectra of compounds 1 and 3 showed a shift of the amide I band from 1656 cm–1 to 1630 cm–1, respectively, as well as its broadening in the case of pillar[5]arene 3, which indicates the formation of intramolecular hydrogen bonds (Figure 2). The amide II band shifted from 1538 cm–1 for ester derivative 1 to 1554 cm–1 for macrocycle 3. Previously, the dependence of the amide I band shift in the IR spectrum of a compound on the secondary structure of a protein (α-helix, β-sheets, or β-turn) was shown in a group of Ivan Usynin [56]. It was exhibited that the amide I band for α-helices is in 1660–1649 cm–1 region, while for β-sheets, the amide I band shifts to 1637–1614 cm–1 region. The amide I band of macrocycles 1, 2, and 4 is in the region characteristic of α-helices (1656, 1675, and 1660 cm–1, respectively). The amide I band appears at 1630 cm–1 for pillar[5]arene 3, which indicates the formation of β-sheets by the oligopeptide substituents of compound 3. The described secondary structure of oligopeptide substituents in macrocycles 1–4 is confirmed by the two-dimensional 1H–1H NOESY NMR spectroscopy data (Figure 1 and Figures S9 and S10).



Thus, the betaine derivatives based on pillar[5]areness were synthesized in good yields. The structure of the synthesized compounds has been fully characterized (Figures S1–S8) by a series of physical methods (1H, 13C NMR and IR spectroscopy, and mass spectrometry). Based on the findings revealed by 2D 1H–1H NOESY NMR and IR spectroscopy, the obtained macrocycles exhibit properties more characteristic of peptides and oligopeptides rather than of the expected dendrimer-like spatial structure. The macrocycle containing diglycine residues is prone to the spatial proximity of positively and negatively charged substituents fragments of both macrocycle rims, as well as their proximity to hydroquinone fragments of the macrocycle, which leads to the formation of a β-sheet fragment, whereas the pillar[5]arene containing L–Phe residues is characterized by a formation of an α-helix fragment inside the substituent due to the spatial convergence of the positively charged nitrogen atom and the carboxyl fragment.




2.2. Aggregation Properties of the Synthesized Macrocycles


The next stage of the work was the study of aggregation properties of both previously synthesized ester derivatives of amino acids 1 and 2, and macrocyclic betaine derivatives 3 and 4 by dynamic light scattering (DLS). The study was carried out in water in the 1 × 10–6–1 × 10–4 M concentration range (Figures S11–S22). The size of associates increases with decreasing macrocycle 1 concentration in solution (Table 1). A different pattern is observed for betaine derivative 3. Thus, the particles become coarser, and the polydispersity index (PDI) of the systems increased with an increase in compound 3 concentration, which is probably due to the formation of β-sheets by oligopeptide substituents. The presence of two oppositely charged fragments in one substituent leads to the fact that compound 3 becomes similar to surfactant molecules in terms of its aggregation properties.



Compound 4 is also characterized by the formation of polydisperse systems, regardless of concentration. The stable associates are formed in the total concentrations range only in the case of macrocycle 2 containing ester fragments of phenylalanine. An insignificant coarsening of particles from 144 nm (1 × 10–6 M) to 179 nm (1 × 10–4 M) is observed with an increase of pillararene 2 concentration. The formation of the stable aggregates of compound 2 is explained by the presence of lipophilic benzyl fragments in the substituents, which stabilizes the formed particles. The hydrolysis of macrocycle 2 leads to the appearance of the charges in the substituent of pillar[5]arene 4, which are spatially close to each other (Figure 1b). In this view, there are no stable associates in the solution.



The nanosized aggregates formed by macrocycle 2 were studied by transmission electron microscopy (TEM). The formation of the spherical nanosized particles with sizes close to those determined by DLS was confirmed. Figure 3 shows the formation of particles with 50 nm average diameter, which stick together and form larger aggregates.




2.3. Complexation of the Pillar[5]arenes Containing Peptide and Betaine Fragments with DNA and Glyphosate Salt


Herbicides are widely used in agriculture to control weeds despite their negative effect on the environment [37]. However, it is known that herbicides can cause acute and chronic poisoning when exposed to organisms. Glyphosate is a non-selective systemic herbicide (Figure 4), ranked first in terms of production [57]. Therefore, roundup (glyphosate-based formulation) has become widespread in agriculture. The main active ingredient of roundup is an isopropylamine salt of glyphosate (Glyphosate isopropylamine salt, GIS) (Figure 4).



The interaction of GIS with a series of synthesized pillar[5]arenes 1–4 and DNA was studied by UV-Vis spectroscopy. UV-Vis spectroscopy is a universal method to study the complex properties of synthetic receptors. The interaction of GIS with DNA from salmon sperm was initially studied (Figure 5). DNA from salmon sperm was chosen as a model substrate due to its relatively low molecular weight and small size. The experiments were carried out in a Tris-HCl buffer system (pH = 7.44).



It was found that the herbicide addition to the DNA solution leads to a hypochromic effect at 260 nm. As a result, the intensity of the DNA absorption band decreased (Figure 5a). The decrease in the absorption intensity (hypochromic effect) of DNA upon interaction with the analyte can be explained by the compaction of the biomacromolecule, according to the data [58].



The association constants were determined by spectrophotometric titration to quantify the interaction of DNA with GIS. The UV-Vis spectra of the DNA–GIS system were recorded in such a way that the DNA concentration remained constant (2.5 × 10–7 M), and the herbicide concentration ratio increased from 1:0.3 to 1:10 (Figure 5b). The obtained experimental data were processed by the BindFit program. The association constant of a 1:1 complex was calculated (Figure S23). The logarithm of the association constant of DNA with GIS was determined as lgKa = 4.92. The stoichiometry of the complex was also confirmed by titration data processed using host:guest ratios of 1:2 and 2:1. However, in this case, the association constant of the complexes was determined with a large error.



The next stage was the study of the complexation of synthesized pillar[5]arenes 1–4 with GIS by UV-Vis spectroscopy. However, no changes in the UV-Vis spectra were shown for all the studied macrocycles (Figure S24). Therefore, synthesized pillar[5]arenes 1–4 did not interact with GIS.



Further, the interaction of macrocycles 1–4 with the DNA from salmon sperm in Tris-HCl was studied by UV-Vis spectroscopy. A hypochromic effect was observed when pillar[5]arenes 1 and 4 solutions were added to the DNA solution (Figure 6a and Figure S25). The association constant of compound 4-DNA complex was determined by spectrophotometric titration. The DNA concentration remained constant (CDNA = 2.5 × 10–7 M), and the macrocycle concentration increased from the ratio of 1:1 to 1:10 (Figure 6b). The linearization of the resulting titration curves by the BindFit program allowed us to calculate the association constants of the 1:1 complex (Figure S26a). The logarithm of the association constant of pillar[5]arene 4 with the DNA was determined as lgKa (4–DNA) = 5.24.



The association constant of compound 1-DNA complex was also determined by spectrophotometric titration (Figure S25b). The logarithm of the association constant of pillar[5]arene 1 with DNA was determined as lgKa(1–DNA) = 4.88 (Figure S27). A small difference in the logarithms of the association constants of DNA with macrocycles 1 and 4 indicates that the nature of the amino acid substituent does not influence the binding of the biomacromolecule and is determined by the charge of the macrocycle.



It is well known that water-soluble derivatives of pillar[5]arene can applicate as antidotes for various drugs [59,60]. The interaction of GIS with DNA with a logarithm of the association constant of 4.92 was shown. It was also found that pillar[5]arenes 1 and 4 are able to bind DNA with lgKa 4.88 and 5.24, respectively. In this regard, a hypothesis about the possibility of using the synthesized macrocycles as a glyphosate antidote for DNA protection was proposed. Therefore, the behavior of the associate (macrocycle-DNA) with GIS was studied by UV-Vis spectroscopy to test the hypothesis above. First, a solution of DNA (2.5 × 10–7 M) was added to the macrocycle (1–4) solution (3 × 10–6 M). Then the herbicide solution (CGIS = 3 × 10–6 M) was added to the resulting associate, and the absorption spectrum of the resulting ternary system was recorded. The absorption spectrum of this three-component system differed from the additive spectrum (Figure 7a,b and Figure S28), and a hyperchromic effect was observed for all three-component systems. This effect is due to the competitive interaction of DNA with the glyphosate salt, as a result of which the biomacromolecule is decompacted.



Further, the interaction of the (pillar[5]arene–DNA) associated with GIS was quantified (Figure 7c,d and Figure S28). The concentration of the (macrocycle–DNA) associate remained constant (CPA = 3 × 10–6 M, CDNA = 2.5 × 10–7 M), while the herbicide concentration increased from the ratio of 1:0.3 to 1:10 relative to the concentration of the associate in the course of spectrophotometric titration for all systems. The obtained experimental data were processed by the BindFit program (Figures S29–S32). The effective association constants of the (macrocycle-DNA)-GIS associates of 1:1 composition were calculated (Table 2).



It was found that the logarithm of the association constant for the (pillar[5]arene-DNA)-GIS associates in the case of compounds 1–3 slightly differ from the logarithm of the association constant of DNA-GIS (4.92), while for the associate formed by macrocycle 4 with DNA, a decrease in lgKa by more than an order of magnitude was shown, which indicates the inhibition of the interaction of GIS with DNA. Apparently, macrocycle 4 competes with GIS for the interaction with DNA (lgKa(4-DNA) = 5.24; lgKa(DNA-GIS) = 4.92).



The obtained (macrocycle-DNA)-GIS associates were also studied by DLS in Tris-HCl buffer solution. The concentration of each component of the mixture was the same as in the experiments performed by UV-Vis spectroscopy (CPA = 3 × 10–6 M, CDNA = 2.5 × 10–7 M, CGIS = 3 × 10–6 M). The formation of the stable aggregates (d = 183 ± 5 nm, PDI = 0.19, and ζ = –22.2 mV) was found only for the system based on macrocycle 2 with phenylalanine ester fragments (Figure S33). It was previously shown that pillar[5]arene 2 forms the most stable aggregates (Table 1) due to the secondary structure of the substituents (α-helix) and the presence of uncharged terminal ester fragments. This, apparently, leads to the formation of stable aggregates in the case of the three-component (macrocycle-DNA)-GIS systems. The associate’s formation for three-component (2–DNA)–GIS system was additionally confirmed by TEM (Figure 8). It was shown that spherical nanosized particles with sizes close to those determined by DLS are formed.




2.4. Cytotoxicity and Apoptosis-Inducing Ability of the Synthesized Macrocycles in the Absence and Presence of GIS


The next stage of this work was the study of pillar[5]arenes 1–4 ability to inhibit the viability and proliferative activity of embryonic lung epithelial (LEC) and human lung adenocarcinoma (A549) cells using the MTT test [61]. It was found that macrocycles 1, 3, and 4 did not show statistically significant cytotoxic activity against LEC and A549 cells (Figure S34) in the studied concentration range (2–100 μg/mL). It was also shown that pillar[5]arene 2 reduced the viability of A549 and LEC cells at the concentration of ≥5 μg/mL (Figure 9a,b).



The average inhibitory concentration (IC50) was calculated for compounds 1–4. The data are presented in Table 3. The cytotoxic activity of the macrocyclic compounds against LEC cells is consistent with those obtained for A549 cells.



The cytotoxic effect of pillar[5]arene 2 containing ester fragments of phenylalanine is probably due to the stable aggregates’ formation (Table 1). Pillar[5]arene 2 was tested as a potential apoptogen, as it showed the ability to reduce the viability of A549 and LEC cells [62]. It has been suggested that the decrease in viability identified in the MTT assay is mediated by the induction of programmed cell death by this macrocyclic compound. The agent concentration of 25 μg/mL was chosen for the experiment. The results of the cytometric analysis are shown in Figure 9f. It was found that pillar[5]arene 2 induced apoptosis in both A549 and LEC cells (Figure 9f). The apoptosis-inducing effect of compound 2 on A549 and LEC cells turned out approximately the same. The proportion of living cells in the population was 74.8% and 72.7%, respectively, while the value of this indicator for the variant without treatment was significantly higher and amounted to 93.1% and 98.3%, respectively. Thus, it was shown that synthesized pillar[5]arenes 1 and 3, 4 did not exhibit statistically significant cytotoxic activity toward LEC and A549 cells in the concentrations range of 2–100 μg/mL. The IC50 of macrocycle 2 containing phenylalanine ester fragments was found at 29.67 and 28.16 µg/mL concentration for A549 and LEC cells, respectively.



Further, the ability of GIS to inhibit the viability and proliferative activity of LEC and A549 cells was studied by the MTT test [61]. It was shown that GIS did not have the ability to reduce the viability of LEC and A549 cells at a concentration of ≤5 mg/mL. The cytotoxic effect of GIS on LEC and A549 cells was recorded only at a concentration of ≥10 mg/mL (Figure 9c,d). The average inhibitory concentration (IC50) was calculated for GIS (Table 3). The IC50 of GIS values were 11.43 mg/mL and 10.18 mg/mL, respectively.



The ability to inhibit the viability and proliferative activity of A549 cells of macrocycles 1–4 in the presence of GIS was studied using the MTT assay. It was found that the combined action of studied pillararenes 1–4 (1 × 10–5 M) with GIS (3.47 × 10–2 M) resulted in a slight decrease in toxicity in the case of compound 1 (Figure 9e), which tends to form complexes with DNA. The developed approach opens up the possibility of creating pillar[5]arene-based herbicide antidotes. At the same time, an increase in toxicity was shown for the macrocycle 2–GIS system, which is due to the toxicity of pillararene itself. No significant differences were found for compounds 3 and 4.





3. Materials and Methods


3.1. General Experimental Information


Detailed information on the equipment, methods, and physical–chemical characterization is presented in the Supplementary Materials.




3.2. General Procedure for the Synthesis of Compounds 3 and 4


In a round-bottom flask equipped with a magnetic stirrer, 0.15 g (0.029 mmol for 1 and 0.031 mmol for 2) of pillar[5]arene 1 (2) was dissolved in 6 mL of THF-H2O mixture (VTHF/VH2O = ½). Then, 2.9 (3.1) mmol of lithium hydroxide was added. The reaction mixture was mixed for 12 h at room temperature (25 °C). The precipitates were filtered. The solvent was removed under reduced pressure. The products were recrystallized from 2–propanone. The precipitates were dried under reduced pressure over P2O5.



3.2.1. 4,8,14,18,23,26,28,31,32,35-Decakis-[(N-[3’-(dimethyl{[(oxidocarbonylmethyl)aminocarbonylmethyl]aminocarbonylmethyl}ammonio)propyl]aminocarbonylmethoxy]-pillar[5]arene (3)


Yield 0.109 g (94%)—yellow viscous oil.



1H NMR (400 MHz, 298 K, DMSO-d6): δ 1.93–2.05 (m, 20H, NHCH2CH2CH2N+), 3.26 (br.s, 60H, N+(CH3)2), 3.68–3.77 (m, 40H, NHCH2C(O) and NHCH2C(O)O−), 3.78–3.87 (m, 40H, NHCH2CH2CH2N+ and N+CH2C(O)), 4.24–4.36 (m, 20H, NHCH2CH2CH2N+), 4.40–4.52 (m, 20H, ArOCH2), 6.83 (br.s, 10H, ArH), 8.44–8.60 (m, 20H, OCH2C(O)NH and C(O)NH), 9.37–9.55 (m, 10H, NHCH2C(O)O−).



13C NMR (100 MHz, 298 K, DMSO-d6): δ 20.6, 20.7, 22.9, 31.3, 35.9, 36.4, 36.5, 41.1, 41.5, 42.2, 50.5, 51.6, 60.3, 60.6, 61.2, 61.4, 62.3, 62.5, 63.4, 64.1, 67.9, 114.9, 128.3, 149.3, 163.0, 163.8, 164.0, 166.4, 168.7, 169.0,169.3, 171.1, 171.4, 171.6.



IR, ν/cm–1: 1554(N-H), 1630 (C=O), 1734 (C=O), 3359 (NH).



HRMS (ESI), m/z: Calculated for: 626.4702 [M+6 H+]6+, 715.5628 [M+5 H+]5+, 939.2016 [M+4 H+]4+; found: 626.4720 [M+6 H+]6+, 715.5618 [M+5 H+]5+, 939.2016 [M+4 H+]4+.




3.2.2. 4,8,14,18,23,26,28,31,32,35-Decakis-[(N-[3’-dimethyl({oxidocarbonyl[S-benzyl]methyl}aminocarbonylmethyl)ammonio]propyl)aminocarbonylmethoxy]-pillar[5]arene (4)


Yield 0.107 g (90%)—yellow viscous oil.



1H NMR (400 MHz, 298 K, DMSO-d6): δ 1.83–2.02 (m, 20H, NHCH2CH2CH2N+), 2.81–2.90 (m, 20H, CH2Ph), 2.98–3.19 (m, 80H, NHCH2CH2CH2N+ and N+(CH3)2), 3.80 (br.s, 10H, ArCH2Ar), 4.01–4.17 (m, 10H, CHCH2Ph), 4.19–4.29 (m, 20H, N+CH2C(O)), 4.29–4.53 (m, 40H, ArOCH2 and NHCH2CH2CH2N+), 6.85 (br.s, 10H, ArH), 7.16–7.30 (m, 50H, ArPhH), 8.40–8.58 (m, 10H, NHCH2CH2CH2N+), 9.37–9.54 (m, 10H, C(O)NHCH).



13C NMR (100 MHz, 298 K, DMSO-d6): δ 22.7, 30.9, 35.7, 36.5, 51.2, 54.7, 62.0, 63.2, 67.6, 114.7, 126.5, 128.3, 129.4, 137.9, 149.1, 162.6, 163.1, 168.7, 172.6.



IR, ν/cm–1: 1550 (N-H), 1660 (C=O), 1726 (C=O), 2963 (OH), 3064 (OH), 3364 (NH).



HRMS (ESI), m/z: Calculated for: 681.6799 [M+6 H+]6+, 817.8144 [M+5 H+]5+, 1022.0162 [M+4 H+]4+; found: 681.6815 [M+6 H+]6+, 817.8153 [M+5 H+]5+, 1022.0159 [M+4 H+]4+.






4. Conclusions


In the course of this study, water-soluble betaine derivatives of pillar[5]arene containing amino acid residues (GlyGly and L-Phe) were synthesized for the first time. It was shown that the obtained macrocycles exhibit properties more characteristic of peptides and oligopeptides instead of the expected dendrimer-like spatial structure. Thus, decasubstituted pillar[5]arene 3 containing diglycine residues is prone to the spatial proximity of positively and negatively charged substituents of both rims, as well as their proximity to hydroquinone fragments of the macrocycle, which leads to the formation of a β-sheets. Macrocycle 4 containing L-Phe residues is characterized by the formation of an α-helix inside the substituent due to the spatial proximity of the positively charged nitrogen atom and the carboxyl fragment. It was found that macrocycles 1, 3, and 4 did not show statistically significant cytotoxic activity to LEC and A549 cells in the concentrations range of 2-100 μg/mL. The IC50 of macrocycle 2 was found at 29.67 and 28.16 μg/mL concentration for A549 and LEC cells, respectively. This occurs due to the formation of stable aggregates by macrocycle 2 because of the presence of the uncharged terminal fragments and the formation of an α-helix by the oligopeptide substituent.



It was shown that the synthesized pillar[5]arene derivatives did not interact with glyphosate salt (GIS), while GIS was able to bind DNA from salmon sperm with lgKa = 4.92. It was also found that betaine derivative of pillar[5]arene 4 containing fragments of L-phenylalanine bound DNA with lgKa = 5.24, and ester derivative 1 with diglycine fragments bound DNA with lgKa = 4.88. It was found that associate (pillar[5]arene 4–DNA) inhibited (lgKa = 3.60) the interaction of GIS with DNA, and that the combined action of the studied pillararenes with glyphosate resulted in a slight decrease in toxicity in the case of compound 1 which tends to form complexes with DNA. The developed approach opens up the possibility of creating pillar[5]arene-based herbicide antidotes. Thus, the competition between the macrocycle and glyphosate for the interaction with DNA will potentially protect DNA molecules from the herbicides’ effects.








Supplementary Materials


The supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/ijms24098357/s1.





Author Contributions


Investigation; Writing—original draft; Funding acquisition; Visualization, A.N.; Methodology; Writing—original draft; Software, P.P.; Investigation and Visualization, A.K. (Artur Khannanov) and A.K. (Aleksandra Khabibrakhmanova); Investigation and Data curation, P.Z.; Conceptualization; Writing—review and editing; Supervision, I.S. All authors have read and agreed to the published version of the manuscript.




Funding


This work was financially supported by the Russian Science Foundation (Grant No. 21-73-00093, https://rscf.ru/project/21-73-00093/, accessed on 30 March 2023).




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


The data presented in this study are available in the Supplementary Material.




Acknowledgments


High-resolution mass-spectrometry (ESI) has been carried out by the Kazan Federal University Strategic Academic Leadership Program (‘PRIORITY-2030’).




Conflicts of Interest


The authors declare no conflict of interest. The funders had no role in the design of this study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or in the decision to publish the results.




References


	



Available online: https://www.un.org/en/global-issues/population (accessed on 29 March 2023).

	



Hossain, A.; Krupnik, T.J.; Timsina, J.; Mahboob, M.G.; Chaki, A.K.; Farooq, M.; Bhatt, R.; Fahad, S.; Hasanuzzaman, M. Agricultural land degradation: Processes and problems undermining future food security. In Environment, Climate, Plant and Vegetation Growth; Springer International Publishing: Cham, Switzerland, 2020; pp. 17–61. [Google Scholar] [CrossRef]

	



Kopittke, P.M.; Menzies, N.W.; Wang, P.; McKenna, B.A.; Lombi, E. Soil and the intensification of agriculture for global food security. Environ. Int. 2019, 132, 105078. [Google Scholar] [CrossRef] [PubMed]

	



Gupta, G.S. Land degradation and challenges of food security. Rev. Eur. Stud. 2019, 11, 63. [Google Scholar] [CrossRef]

	



Tudi, M.; Daniel Ruan, H.; Wang, L.; Lyu, J.; Sadler, R.; Connell, D.; Chu, C.; Phung, D.T. Agriculture development, pesticide application and its impact on the environment. Int. J. Environ. Res. Public Health. 2021, 18, 1112. [Google Scholar] [CrossRef] [PubMed]

	



Galon, L.; Bragagnolo, L.; Korf, E.P.; dos Santos, J.B.; Barroso, G.M.; Ribeiro, V.H.V. Mobility and environmental monitoring of pesticides in the atmosphere—A review. Environ. Sci. Pollut. Res. 2021, 28, 32236–32255. [Google Scholar] [CrossRef] [PubMed]

	



Duke, S.O.; Dayan, F.E. The search for new herbicide mechanisms of action: Is there a ‘holy grail’? Pest Manag. Sci. 2021, 78, 1303–1313. [Google Scholar] [CrossRef] [PubMed]

	



Sharma, A.; Kumar, V.; Shahzad, B.; Tanveer, M.; Sidhu, G.P.S.; Handa, N.; Kohli, S.K.; Yadav, P.; Bali, A.S.; Parihar, R.D.; et al. Worldwide pesticide usage and its impacts on ecosystem. SN Appl. Sci. 2019, 1, 1446. [Google Scholar] [CrossRef]

	



Mehdizadeh, M.; Mushtaq, W.; Anusha Siddiqui, S.; Ayadi, S.; Kaur, P.; Yeboah, S.; Mazraedoost, S.; K.A.AL-Taey, D.; Tampubolon, K. Herbicide residues in agroecosystems: Fate, detection, and effect on non-target plants. RAS 2021, 9, 157–167. [Google Scholar] [CrossRef]

	



Krimsky, S. Can glyphosate-based herbicides contribute to sustainable agriculture? Sustainability 2021, 13, 2337. [Google Scholar] [CrossRef]

	



Kanissery, R.; Gairhe, B.; Kadyampakeni, D.; Batuman, O.; Alferez, F. Glyphosate: Its environmental persistence and impact on crop health and nutrition. Plants 2019, 8, 499. [Google Scholar] [CrossRef]

	



Annett, R.; Habibi, H.R.; Hontela, A. Impact of glyphosate and glyphosate-based herbicides on the freshwater environment. J. Appl. Toxicol. 2014, 34, 458–479. [Google Scholar] [CrossRef]

	



Falfushynska, H.; Khatib, I.; Kasianchuk, N.; Lushchak, O.; Horyn, O.; Sokolova, I.M. Toxic effects and mechanisms of common pesticides (Roundup and chlorpyrifos) and their mixtures in a zebrafish model (Danio rerio). Sci. Total Environ. 2022, 833, 155236. [Google Scholar] [CrossRef] [PubMed]

	



Hao, Y.; Zhang, Y.; Cheng, J.; Xu, W.; Xu, Z.; Gao, J.; Tao, L. Adjuvant contributes Roundup’s unexpected effects on A549 cells. Environ. Res. 2020, 184, 109306. [Google Scholar] [CrossRef] [PubMed]

	



Congur, G. Monitoring of glyphosate-DNA interaction and synergistic genotoxic effect of glyphosate and 2,4-dichlorophenoxyacetic acid using an electrochemical biosensor. Environ. Pollut. 2021, 271, 116360. [Google Scholar] [CrossRef] [PubMed]

	



Carvalho, W.F.; Ruiz de Arcaute, C.; Pérez-Iglesias, J.M.; Laborde, M.R.R.; Soloneski, S.; Larramendy, M.L. DNA Damage exerted by mixtures of commercial formulations of glyphosate and imazethapyr herbicides in Rhinella arenarum (Anura, Bufonidae) tadpoles. Ecotoxicology 2019, 28, 367–377. [Google Scholar] [CrossRef]

	



Hong, Y.; Yang, X.; Yan, G.; Huang, Y.; Zuo, F.; Shen, Y.; Ding, Y.; Cheng, Y. Effects of glyphosate on immune responses and haemocyte DNA damage of Chinese mitten Crab, Eriocheir sinensis. Fish Shellfish Immun. 2017, 71, 19–27. [Google Scholar] [CrossRef]

	



Woźniak, E.; Sicińska, P.; Michałowicz, J.; Woźniak, K.; Reszka, E.; Huras, B.; Zakrzewski, J.; Bukowska, B. The mechanism of DNA damage induced by Roundup 360 PLUS, glyphosate and AMPA in human peripheral blood mononuclear cells-genotoxic risk assessement. Food Chem. Toxicol. 2018, 120, 510–522. [Google Scholar] [CrossRef]

	



Hao, Y.; Chen, H.; Xu, W.; Gao, J.; Yang, Y.; Zhang, Y.; Tao, L. Roundup® confers cytotoxicity through DNA damage and mitochondria-associated apoptosis induction. Environ. Pollut. 2019, 252, 917–923. [Google Scholar] [CrossRef]

	



Alvarez-Moya, C.; Sámano-León, A.G.; Reynoso-Silva, M.; Ramírez-Velasco, R.; Ruiz-López, M.A.; Villalobos-Arámbula, A.R. Antigenotoxic effect of ascorbic acid and resveratrol in erythrocytes of Ambystoma mexicanum, Oreochromis niloticus and human lymphocytes exposed to glyphosate. Curr. Issues Mol. Biol. 2022, 44, 2230–2242. [Google Scholar] [CrossRef]

	



Yang, X.; Li, S.; Wang, Z.; Lee, S.M.Y.; Wang, L.-H.; Wang, R. Constraining the teratogenicity of pesticide pollution by a synthetic nanoreceptor. Chem. Asian J. 2017, 13, 41–45. [Google Scholar] [CrossRef]

	



Kanth, P.C.; Trivedi, M.U.; Patel, K.; Misra, N.M.; Pandey, M.K. Cucurbituril-functionalized nanocomposite as a promising industrial adsorbent for rapid cationic dye removal. ACS Omega 2021, 6, 3024–3036. [Google Scholar] [CrossRef]

	



Guo, D.-S.; Wang, L.-H.; Liu, Y. Highly effective binding of methyl viologen dication and its radical cation by p-sulfonatocalix[4,5]arenes. J. Org. Chem. 2007, 72, 7775–7778. [Google Scholar] [CrossRef] [PubMed]

	



Hassanzadeh-Afruzi, F.; Ranjbar, G.; Salehi, M.M.; Esmailzadeh, F.; Maleki, A. Thiacalix[4]arene-functionalized magnetic xanthan gum (TC4As-XG@Fe3O4) as a hydrogel adsorbent for removal of dye and pesticide from water medium. Sep. Purif. Technol. 2023, 306, 122700. [Google Scholar] [CrossRef]

	



Ogoshi, T.; Kanai, S.; Fujinami, S.; Yamagishi, T.; Nakamoto, Y. Para-Bridged Symmetrical pillar[5]arenes: Their Lewis acid catalyzed synthesis and host–guest property. J. Am. Chem. Soc. 2008, 130, 5022–5023. [Google Scholar] [CrossRef] [PubMed]

	



Chen, J.-F.; Ding, J.-D.; Wei, T.-B. Pillararenes: Fascinating planar chiral macrocyclic arenes. Chem. Commun. 2021, 57, 9029–9039. [Google Scholar] [CrossRef]

	



Zhu, H.; Li, Q.; Khalil-Cruz, L.E.; Khashab, N.M.; Yu, G.; Huang, F. Pillararene-based supramolecular systems for theranostics and bioapplications. Sci. China Chem. 2021, 64, 688–700. [Google Scholar] [CrossRef]

	



Yan, M.; Zhou, J. Pillararene-based supramolecular polymers for cancer therapy. Molecules 2023, 28, 1470. [Google Scholar] [CrossRef]

	



Chi, X.; Yu, G.; Ji, X.; Li, Y.; Tang, G.; Huang, F. Redox-responsive amphiphilic macromolecular [2]pseudorotaxane constructed from a water-soluble pillar[5]arene and a paraquat-containing homopolymer. ACS Macro Lett. 2015, 4, 996–999. [Google Scholar] [CrossRef]

	



Sun, J.; Guo, F.; Shi, Q.; Wu, H.; Sun, Y.; Chen, M.; Diao, G. Electrochemical detection of paraquat based on silver nanoparticles/water-soluble pillar[5]arene functionalized graphene oxide modified glassy carbon electrode. J. Electroanal. Chem. 2019, 847, 113221. [Google Scholar] [CrossRef]

	



Wang, P.; Yao, Y.; Xue, M. A novel fluorescent probe for detecting paraquat and cyanide in water based on pillar[5]arene/10-methylacridinium iodide molecular recognition. Chem. Commun. 2014, 50, 5064–5067. [Google Scholar] [CrossRef]

	



Sun, Y.; Fu, W.; Chen, C.; Wang, J.; Yao, Y. Water-soluble pillar[5]arene induced the morphology transformation of self-assembled nanostructures and had further application in paraquat detection. Chem. Commun. 2017, 53, 3725–3728. [Google Scholar] [CrossRef]

	



Luo, L.; Nie, G.; Tian, D.; Deng, H.; Jiang, L.; Li, H. Dynamic self-assembly adhesion of a paraquat droplet on a pillar[5]arene surface. Angew. Chem. Int. Ed. 2016, 55, 12713–12716. [Google Scholar] [CrossRef] [PubMed]

	



Shamagsumova, R.V.; Shurpik, D.N.; Kuzin, Y.I.; Stoikov, I.I.; Rogov, A.M.; Evtugyn, G.A. Pillar[6]arene: Electrochemistry and application in electrochemical (bio)sensors. J. Electroanal. Chem. 2022, 913, 116281. [Google Scholar] [CrossRef]

	



Tan, X.; Zhang, Z.; Cao, T.; Zeng, W.; Huang, T.; Zhao, G. Control assembly of pillar[6]arene-modified Ag nanoparticles on covalent organic framework surface for enhanced sensing performance toward paraquat. ACS Sustain. Chem. Eng. 2019, 7, 20051–20059. [Google Scholar] [CrossRef]

	



Zhang, H.; Huang, K.-T.; Ding, L.; Yang, J.; Yang, Y.-W.; Liang, F. Electrochemical determination of paraquat using a glassy carbon electrode decorated with pillararene-coated nitrogen-doped carbon dots. Chinese Chem. Lett. 2022, 33, 1537–1540. [Google Scholar] [CrossRef]

	



Shangguan, L.; Shi, B.; Chen, Q.; Li, Y.; Zhu, H.; Liu, Y.; Yao, H.; Huang, F. Water-soluble pillar[5]arenes: A new class of plant growth regulators. Tetrahedron Lett. 2019, 60, 150949. [Google Scholar] [CrossRef]

	



Tang, Z.-D.; Sun, X.-M.; Huang, T.-T.; Liu, J.; Shi, B.; Yao, H.; Zhang, Y.-M.; Wei, T.-B.; Lin, Q. Pillar[n]arenes-based materials for detection and separation of pesticides. Chinese Chem. Lett. 2023, 34, 107698. [Google Scholar] [CrossRef]

	



Tang, M.; Bian, Q.; Zhang, Y.-M.; Arif, M.; Luo, Q.; Men, S.; Liu, Y. Sequestration of pyridinium herbicides in plants by carboxylated pillararenes possessing different alkyl chains. RSC Adv. 2020, 10, 35136–35140. [Google Scholar] [CrossRef]

	



Li, T.; Lu, X.-M.; Zhang, M.-R.; Hu, K.; Li, Z. Peptide-based nanomaterials: Self-assembly, properties and applications. Bioact. Mater. 2022, 11, 268–282. [Google Scholar] [CrossRef]

	



Hamley, I.W. The amyloid beta peptide: A chemist’s perspective. Role in Alzheimer’s and fibrillization. Chem. Rev. 2012, 112, 5147–5192. [Google Scholar] [CrossRef]

	



Shibaeva, K.S.; Nazarova, A.A.; Kuznetsova, D.I.; Stoikov, I.I. Synthesis of aminobismethylenephosphonic acids on a platform of p-tert-butylthiacalix[4]arene in 1,3-alternate configuration. Russ. J. Gen. Chem. 2016, 86, 579–583. [Google Scholar] [CrossRef]

	



Nazarova, A.; Padnya, P.; Cragg, P.J.; Stoikov, I. [1]Rotaxanes based on phosphorylated pillar[5]arenes. New J. Chem. 2022, 46, 2033–2037. [Google Scholar] [CrossRef]

	



Wang, R.; Tian, Y.; Wang, J.; Song, W.; Cong, Y.; Wei, X.; Mei, Y.; Miyatake, H.; Ito, Y.; Chen, Y.M. Biomimetic glucose trigger-insulin release system based on hydrogel loading bidentate β-cyclodextrin. Adv. Funct. Mater. 2021, 31, 2104488. [Google Scholar] [CrossRef]

	



Nazarova, A.; Yakimova, L.; Mostovaya, O.; Kulikova, T.; Mikhailova, O.; Evtugyn, G.; Ganeeva, I.; Bulatov, E.; Stoikov, I. Encapsulation of the quercetin with interpolyelectrolyte complex based on pillar[5]arenes. J. Mol. Liq. 2022, 368, 120807. [Google Scholar] [CrossRef]

	



Shurpik, D.N.; Nazarova, A.A.; Makhmutova, L.I.; Kizhnyaev, V.N.; Stoikov, I.I. Uncharged water-soluble amide derivatives of pillar[5]arene: Synthesis and supramolecular self-assembly with tetrazole-containing polymers. Russ. Chem. Bull. 2020, 69, 97–104. [Google Scholar] [CrossRef]

	



Guo, J.; Lin, L.; Wang, Y.; Zhang, W.; Diao, G.; Piao, Y. Supramolecular design strategy of a water-soluble diphenylguanidine-cyclodextrin polymer inclusion complex. Molecules 2022, 27, 6919. [Google Scholar] [CrossRef] [PubMed]

	



Liu, Z.; Dai, X.; Sun, Y.; Liu, Y. Organic supramolecular aggregates based on water-soluble cyclodextrins and calixarenes. Aggregate 2020, 1, 31–44. [Google Scholar] [CrossRef]

	



Yakimova, L.S.; Padnya, P.L.; Kunafina, A.F.; Nugmanova, A.R.; Stoikov, I.I. Sulfobetaine derivatives of thiacalix[4]arene: Synthesis and supramolecular self-Assembly of submicron aggregates with AgI cations. Mendeleev Commun. 2019, 29, 86–88. [Google Scholar] [CrossRef]

	



Huang, Y.; Yang, Y.; Liang, B.; Lu, S.; Yuan, X.; Jia, Z.; Liu, J.; Liu, Y. Green nanopesticide: pH-responsive eco-friendly pillar[5]arene-modified selenium nanoparticles for smart delivery of carbendazim to suppress sclerotinia diseases. ACS Appl. Mater. Inter. 2023, 15, 16448–16459. [Google Scholar] [CrossRef] [PubMed]

	



Li, Q.; Li, X.; Ning, L.; Tan, C.-H.; Mu, Y.; Wang, R. Hyperfast water transport through biomimetic nanochannels from peptide-attached (pR)-pillar[5]arene. Small 2019, 15, 1804678. [Google Scholar] [CrossRef]

	



Terenteva, O.; Bikmukhametov, A.; Gerasimov, A.; Padnya, P.; Stoikov, I. Macrocyclic ionic liquids with amino acid residues: Synthesis and influence of thiacalix[4]arene conformation on thermal stability. Molecules 2022, 27, 8006. [Google Scholar] [CrossRef]

	



Nazarova, A.; Shurpik, D.; Padnya, P.; Mukhametzyanov, T.; Cragg, P.; Stoikov, I. Self-assembly of supramolecular architectures by the effect of amino acid residues of quaternary ammonium pillar[5]arenes. Int. J. Mol. Sci. 2020, 21, 7206. [Google Scholar] [CrossRef] [PubMed]

	



Butterfield, S.M.; Patel, P.R.; Waters, M.L. Contribution of aromatic interactions to α-helix stability. J. Am. Chem. Soc. 2002, 124, 9751–9755. [Google Scholar] [CrossRef] [PubMed]

	



Solemanifar, A.; Nguyen, T.A.H.; Laycock, B.; Shewan, H.M.; Donose, B.C.; Creasey, R.C.G. Assessing the effect of aromatic residue placement on the α-helical peptide structure and nanofibril formation of 21-mer Peptides. Mol. Syst. Des. Eng. 2020, 5, 521–531. [Google Scholar] [CrossRef]

	



Dudarev, A.N.; Gorodetskay, A.Y.; Tkachenko, T.A.; Usynin, I.F. Effects of cortisol and tetrahydrocortisol on the secondary structure of apolipoprotein A-I as measured by fourier transform infrared spectroscopy. Russ. J. Bioorg. Chem. 2022, 48, 96–104. [Google Scholar] [CrossRef]

	



Duke, S.O. The history and current status of glyphosate. Pest. Manag. Sci. 2017, 74, 1027–1034. [Google Scholar] [CrossRef]

	



Freifelder, D. Physical Blochemistry, Applications to Biochemistry and Molecular Biology, 2nd ed.; W. H. Freeman and Company: San Francisco, CA, USA, 1982. [Google Scholar]

	



Yin, H.; Zhang, X.; Wei, J.; Lu, S.; Bardelang, D.; Wang, R. Recent advances in supramolecular antidotes. Theranostics 2021, 11, 1513–1526. [Google Scholar] [CrossRef]

	



Zhou, S.; Chen, Y.; Xu, J.; Yin, Y.; Yu, J.; Liu, W.; Chen, S.; Wang, L. Supramolecular detoxification of nitrogen mustard via host–guest encapsulation by carboxylatopillar[5]arene. J. Mater. Chem. B 2023, 11, 2706–2713. [Google Scholar] [CrossRef] [PubMed]

	



Mosmann, T. Rapid colorimetric assay for cellular growth and survival: Application to proliferation and cytotoxicity assays. J. Immunol. Methods 1983, 65, 55–63. [Google Scholar] [CrossRef]

	



Pozarowski, P.; Grabarek, J.; Darzynkiewicz, Z. Flow cytometry of apoptosis. Curr. Protoc. Cytom. 2003, 21, 18–28. [Google Scholar] [CrossRef]








[image: Ijms 24 08357 sch001 550] 





Scheme 1. Synthesis of compounds 3 and 4. 
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Figure 1. (a) 1H–1H NOESY NMR spectrum of pillar[5]arene 4 (DMSO–d6, 298 K, 400 MHz); (b) proposed intramolecular interactions for pillar[5]arene 4; and (c) fragment of IR spectra of compounds 2 (solid) and 4 (dashed). 
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Figure 2. Fragment of IR spectra of pillar[5]arenes 1–4. 
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Figure 3. TEM images of aggregates formed by pillararene 2 (1 × 10−4 M) in water. 
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Figure 4. Structure of glyphosate and its isopropylamine salt (GIS). 
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Figure 5. (a) UV-Vis spectra of the DNA–GIS system (CDNA = 2.5 × 10–7 M, CGIS = 3 × 10–5 M); and (b) UV-Vis spectra of DNA (CDNA = 2.5 × 10–7 M) with different concentrations of GIS (from 0.3 to 10-fold excess). The purple arrow means hypochromic effect with concentration increasing. 
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Figure 6. (a) UV-Vis spectra of pillar[5]arene 4/DNA in Tris-HCl buffer (Cmacrocycle = 3 × 10−6 M, CDNA = 2.5 × 10−7 M), the blue arrow means hypochromic effect; and (b) UV-Vis spectra of DNA (2.5 × 10−7 M) with different concentrations of pillar[5]arene 1 (from 1 to 10-fold excess). The purple arrow means hypochromic effect with concentration increasing. 
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Figure 7. (a) UV-Vis spectra of three-component (1–DNA)–GIS system (C1 = 3 × 10–6 M, CDNA = 2.5 × 10–7 M, CGIS = 3 × 10–6 M); and (b) UV-Vis spectra of three-component (4–DNA)–GIS system (C4 = 3 × 10–6 M, CDNA = 2.5 × 10–7 M, CGIS = 3 × 10–6 M); UV-Vis spectra of (1–DNA) (c) and (4–DNA) (d) associates (CPA = 3 × 10–6 M, CDNA = 2.5 × 10–7 M) with different concentrations of GIS (from 0.3 to 10-fold excess). 
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Figure 8. TEM images of aggregates formed by three-component (2–DNA)–GIS system. 






Figure 8. TEM images of aggregates formed by three-component (2–DNA)–GIS system.



[image: Ijms 24 08357 g008]







[image: Ijms 24 08357 g009 550] 





Figure 9. Effect of macrocycle 2 on A549 (a) and LEC (b) cell viability. Effect of GIS on A549 (c) and LEC (d) cell viability. The cytotoxicity of pillar[5]arenes 1–4 (1 × 10–5 M), GIS (3.47 × 10–2 M) and their combined action (e). Apoptosis-inducing activity of compound 2 against A549 and LEC cells (f); C is a variant without treatment. 
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Table 1. Sizes of aggregates (d, nm), corresponding polydispersity indexes (PDI), and zeta potential (ζ, mV) of macrocycles 1–4 at different concentrations (H2O, 298 K).
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C, M

	
d, nm (PDI); ζ, mV




	
1

	
2

	
3

	
4






	
1 × 10–6

	
441 ± 81 (0.39)

	
144 ± 7 (0.28);

ζ = +12.5

	
276 ± 63 (0.39)

	
457 ± 65 (0.42)




	
1 × 10–5

	
286 ± 57 (0.35)

	
157 ± 2 (0.21);

ζ = +31.6

	
290 ± 38 (0.43)

	
218 ± 10 (0.41)




	
1 × 10–4

	
249 ± 17 (0.37)

	
179 ± 8 (0.24);

ζ = +15.9

	
565 ± 12 (0.55)

	
127 ± 16 (0.36)
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Table 2. Values of lgKa of (pillar[5]arene-DNA) are associated with GIS determined by spectrophotometric titration in Tris-HCl buffer system.






Table 2. Values of lgKa of (pillar[5]arene-DNA) are associated with GIS determined by spectrophotometric titration in Tris-HCl buffer system.





	Associate
	(1-DNA)-GIS
	(2-DNA)-GIS
	(3-DNA)-GIS
	(4-DNA)-GIS



	lgKa
	5.31
	5.43
	5.42
	3.55
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Table 3. IC50 values (μg/mL) of the macrocyclic compounds and GIS.






Table 3. IC50 values (μg/mL) of the macrocyclic compounds and GIS.





	Macrocycle
	A549
	LEC





	1
	>100 *
	>100 *



	2
	29.67
	28.16



	3
	>100 *
	>100 *



	4
	>100 *
	>100 *



	GIS
	10,180
	11,430







*-IC50 is not achieved in the studied concentration range.
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