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Editorial on the Research Topic
Frontiers in Chemistry-Rising Stars: Asia

Rising Stars: Asia is dedicated to collecting the high-quality work of outstanding researchers in the early stages of their independent careers, working across the Asian continent including the countries like China, India, Saudi Arabia, South Korea, Jordan, and Pakistan in the field of chemistry. This collection aims to showcase research from all fields of chemistry, i.e., nanoscience, inorganic chemistry, green sustainable chemistry, medicinal and pharmaceutical chemistry, analytical chemistry, computational chemistry and more prominently, the chemical biology. This collection also presents advances in theory, and methodology, along with applications to fascinating problems.
Chemical biology mainly deals with the application of chemical techniques/methods, analysis, and chemicals produced through synthetic chemistry, to the study and manipulation of biological processes. Chemicals including natural and unnatural small molecules and drugs are used to address biological problems at a mechanistic level. These studies are encouraging and have inspired outstanding Asian researchers to design new compounds and more advanced analytical techniques to maximize the chemical results of their research. The primary objective of this research topic is to explore the latest developments in the field, focusing on design and synthesis of novel compounds, and/or their computational optimization as well as their biological applications.
Bharti et al. successfully demonstrated the green synthesis of crystalline gold-zinc oxide nanocomposites under organic solvent-free conditions at room temperature. They have achieved stable Au-ZnO/Zn(OH)2 nanocomposites by varying the reaction time and reagent concentrations. The in situ embedded gold nanoparticles enhance the luminescent properties of the nanocomposite materials which have been explored as bioimaging materials in human cells and applied for visible light–induced photodegradation of rhodamine-B dye. The study can be utilized to design and develop luminescent nanocomposite materials for bioimaging and dye degradation applications.
Sharfalddin et al. synthesized five transition metal complexes of sulfaclozine with Cu(II), Co(II), Ni(II), Zn(II), and Fe(II), and characterized their structural properties through various measurements. The conclusions drawn by theoretical calculations are consistent with the experimental results, indicating that copper and nickel in the metal complex have good coordination stability. DNA binding titration and molecular docking simulation have been utilized to evaluate the bio-activities of the characterized complexes. These results were supported by in vitro cytotoxicity assays showing that the Cu(II) and Ni(II) complexes display promising antitumor activity against colon and breast cancer cell lines.
Chen et al. synthesized seventeen kinds of glycosides of 1,3,4-thiadiazole derivatives and studied their antifungal activities. According to the structure-activity relationship analysis, the type and position of the substituents of the benzene ring in the derivatives play an important role in antifungal activity. The in vitro antibacterial activity experiments show that the derivatives have good antibacterial activity when the para-substituent is a fluorine atom or a nitro group.
Tian et al. investigated the chemical, phytochemical, toxicological and pharmacological properties of Vaccaria segetalis in the past 40 years. They summarized a large number of literatures, and mainly introduced the research progress of Vaccaria segetalis in detail from the aspects of its composition, clinical application, and biological activity.
Malik et al. synthesized eight new pyran-linked phthalazinone pyrazole hybrid compounds and evaluated their cytotoxicity in lung cancer and cervical cancer cells, respectively. The results show that the hybrid compound of methyl substitution on pyrazole and two cyano groups on pyran has a good inhibitory response to both types of cells. In addition, molecular modeling studies have shown that the two kinds of hybrid compounds have higher binding affinity to proteins and show excellent drug likelihood.
Zhu et al. introduced the development of isocyanide in biomolecular labeling from three strategies: two-component bio-orthogonal reaction, multi-component reaction, and metal chelate reaction. Among them, isocyanide-tetrazine reaction is a well-studied biomolecular labeling technology which enriches the potency of isocyanide as a bio-orthogonal handle. In addition, the methods of introducing isocyano groups into biomacromolecules are discussed in detail to facilitate the development of biomolecular markers in the future.
Choe et al. have described about the biodegradable plastics and the factors affecting the biodegradation of these plastics. The biodegradation levels reported by various groups or studies in different environments vary to a great extent. This article clarifies the common misconceptions and truths about biodegradation by bridging the three gaps in biodegradable plastics. These enable readers to accurately understand the current status and future development direction of real biodegradable plastics.
Xiao et al. established a high-throughput ICP-MS method for the detection of 62 elemental impurities in high-matrix calcium carbonate. The impurity content in calcium carbonate preparation from 9 manufacturers and two types of raw materials (light calcium carbonate and ground calcium carbonate) was examined, which showed that ground calcium carbonate was more suitable for the pediatric supplements.
Wang et al. discussed the structure and physiological functions of mitochondria and mitochondria dysfunction related diseases. Moreover, the research progress of mitochondria-targeting agents based on small molecules, biomolecules, and nanomaterial and their potential in targeted drug delivery, novel biological applications and therapeutic strategies is comprehensively described. Therefore, this study will greatly promote the design and exploration of mitochondrial targeting molecules and their targeting mechanisms.
Fasfous et al. prepared Fe/Ti-oxide modified carbon nanotube nanocomposites and analyzed its ability to adsorb Co ions in a simulated solution. The presence of CNTs hampers the growth of Fe3O4 and TiO2 particles and forming smaller nano-particles leading to better Co removal from solution. Better Co retention was observed at higher Ti/Fe loads and lower mass of CNTs. The results show that the combination of Fe/Ti oxide and CNTs has a synergistic effect on the retention of cobalt ions.
Yasmeen et al. were inspired by the use of graphics to manipulate chemical structures and nanostructures and studied the largest-edge Mostar invariant of an n-vertex cactus graph with a fixed number of cycles. Some lemmas have been proved by using graph transformations and calculations.
Wu et al. designed and synthesized a series of pyrimidine derivatives containing amide groups. These synthetic pyrimidine derivatives were verified for their biological activity through in vitro antifungal experiments. The results show that 5-Bromo-2-fluoro-N-(3-((2-methyl-6-(trifluoromethyl)Pyrimidin-4-yl)oxy)phenyl)benzamide has excellent antifungal activity, which also shows that the compound has the potential to be developed as a pesticide.
We have presented here some snippets of different research activities in the field of chemical biology. We expect that this will be a handy reference tool for students and researchers working in different areas of chemistry to carry out biological studies of some novel systems having potential applications.
AUTHOR CONTRIBUTIONS
LG and JM wrote the first draft. WL, TY, HS, TM, JS, BM, and QZ provided critical comments and editorial suggestions for revisions. All the authors agreed on the submitted version.
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2021 Guo, Mohanty, Liu, Yonar, Sun, Minami, Soleymani, Moosa and Zhou. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
		ORIGINAL RESEARCH
published: 26 March 2021
doi: 10.3389/fchem.2021.645876


[image: image2]
Synthesis and Bioactivities of Novel 1,3,4-Thiadiazole Derivatives of Glucosides
Meihang Chen1*, Xun Zhang1, Daowang Lu1, Hairong Luo1, Zengyan Zhou1, Xufeng Qin1, Wenneng Wu2* and Guoping Zhang3
1Colleges of Material and Chemistry Engineering, Tongren University, Tongren, China
2Colleges of Food and Pharmaceutical Engineering, Guiyang University, Guiyang, China
3Colleges of Chemistry and Material Science, Huaibei Normal University, Huaibei, China
Edited by:
Hongyan Sun, City University of Hong Kong, Hong Kong
Reviewed by:
Pei Li, Kaili University, China
Youness El Bakri, South Ural State University, Russia
Elyor Berdimurodov, Kaishi State University, Uzbekistan
* Correspondence: Meihang Chen, chenmeihang0123@126.com; Wenneng Wu, wuwenneng123@126.com
Specialty section: This article was submitted to Green and Sustainable Chemistry, a section of the journal Frontiers in Chemistry
Received: 24 December 2020
Accepted: 18 January 2021
Published: 26 March 2021
Citation: Chen M, Zhang X, Lu D, Luo H, Zhou Z, Qin X, Wu W and Zhang G (2021) Synthesis and Bioactivities of Novel 1,3,4-Thiadiazole Derivatives of Glucosides. Front. Chem. 9:645876. doi: 10.3389/fchem.2021.645876

A series of novel 1,3,4-thiadiazole derivatives of glucosides were synthesized by the starting materials d-glucose and 5-amino-1,3,4-thiadiazole-2-thiol in good yields with employing a convergent synthetic route. The results of bioactivities showed that some of the target compounds exhibited good antifungal activities. Especially, compounds 4i showed higher bioactivities against Phytophthora infestans (P. infestans), with the EC50 values of 3.43, than that of Dimethomorph (5.52 μg/ml). In addition, the target compounds exhibited moderate to poor antibacterial activities against Xanthomonas oryzae pv. oryzae (Xoo), Xanthomonas campestris pv. citri (Xcc).
Keywords: thiadiazole, amide, glucoside, synthesis, bioactivity
INTRODUCTION
Crop disease, caused by fungi, bacteria, viruses, and nematodes and parasitic seed plants, can effect on the biological or non-biological factors of plants causing the phenomenon of a series of morphological, physiological and biochemical pathologic changes, further blocking the normal growth and the development process and the human economic benefits (Zhan et al., 2015). Nowadays, some of the traditional fungicides and bactericides, such as Carbendazim, Kresoxim-methyl, Streptomycin sulfate, Bismerthiazol, etc., have been widely used to prevent and control plant fungal and bacterial diseases. However, long-term using these pesticides could lead to drug resistance, serious ecological, and environmental problem (Aktar et al., 2009). Therefore, development of novel and promising fungicides and bactericides is still an urgent task.
1,3,4-Thiadiazole derivatives have shown extensive biological activities, such as anti-inflammatory (Maddila et al., 2016), anticancer (Yang et al., 2012; Sridhar et al., 2020), antifungal (Alwan et al., 2015; Bhinge et al., 2015; Chudzik et al., 2019), antibacterial (Aggarwal et al., 2012; Taflan et al., 2019; Zhang et al., 2019), and plant growth regulator (Knyazyan et al., 2012) activities. Since 1,3,4-thiadiazole compounds with antibacterial activity was synthesized by Masaki in the 1950s, 1,3,4-thiadiazole pesticides, such as Bismerthiazol and Thiodiazole-copper, have been developed and widely used in agriculture. Recent years, a variety of studies found that amide derivatives containing 1,3,4-thiadiazole thioether moiety showed good antifungal activities against Fusarium oxysporum (F. oxysporum), Cytospora mandshurica (C. mandshurica), and Gibberella zeae (G. zeae) at 50 mg/L (Xie et al., 2016) and exhibited exciting antibacterial activities against Xanthomonas oryzae pv. oryzae (Xoo), Xanthomonas campestris pv. citri (Xcc), and Ralstonia solanacearum (Rs) (Chen J. et al., 2019).
Glycosides are secondary metabolites that widely exist in all organs of plants, such as flowers, fruits, leaves, skins, and roots, etc (Gruner et al., 2002), and previous studies found that glycosides had a wide range of pharmacological activities, such as antiviral (Chen W. et al., 2019; Khodair et al., 2019), antibacterial (Mohammed et al., 2019), anticancer (Gurung et al., 2018; Rahim et al., 2020), antioxidant (Jiang et al., 2018; Hawas et al., 2019), and anti-HIV (He et al., 2019) activities. Meanwhile, studies also found that glycoside derivatives showed exceeding inhibitory activities against plant pathogens. For example, Ningnanmycin, an important glycoside biological pesticide, is mainly used in rice seedling blight, soybean root rot, rice stripe disease, apple spot deciduous leaf disease and cucumber powdery mildew (Hu et al., 1997). In addition, it was also found that glycosylation is one of the effective ways to improve the functional activity of active lead compounds and develop new drugs. (Gurung et al., 2018; Wu et al., 2014).
In order to develop new lead compounds with highly bioactivity, in this study, we aimed to introduce a 1,3,4-thiadiazole group into glucosides moiety to design a series of novel 1,3,4-thiadiazole derivatives of glucosides and then evaluate for their antifungal and antibacterial activities. Results indicated that some of the target compounds exhibited good antifungal activities. Especially, the compounds 4i showed higher bioactivities against Phytophthora infestans (P. infestans), with the EC50 values of 3.43 μg/ml, respectively, than that of Dimethomorph (5.52 μg/ml). In addition, the target compounds showed moderate to poor antibacterial activities against Xoo and Xcc. As far as we know, this is the first report on the antifungal and antibacterial activities of 1,3,4-thiadiazole derivatives of glucosides.
MATERIALS AND METHODS
Materials and Instruments
Melting points were determined on an XT-4 melting apparatus (Beijing Tech Instrument Co., China). 1H NMR and 13C NMR spectra were measured on a Bruker AVANCE III TM 400 and HD 600 MHz Digital NMR Spectrometer (Bruker Company, Billerica, MA, US.) in CDCl3 as solvent and recorded in relative to internal standard tetramethylsilane. High-resolution mass spectrometry (HRMS) was carried out on an Agilent Technologies 6540 UHD Accurate-Mass Q-TOF LC/MS (Agilent Technologies, Palo Alto, CA, United States). The course of the reactions was monitored by thin-layer chromatography (TLC) analysis on silica gel GF254. All reagents and solvents meet the standards of analytical reagent before use.
Chemistry
Preparation of 2,3,4,6-tetra-O-acetyl-α-d-glucopyranosyl bromide (1). As shown in Figure 1, acetic anhydride (88 ml, 0.9 mol) was added to a solution of d-glucose (29.75 g, 0.15 mol) in glacial acetic acid (300 ml) and stirred at room temperature for 20 min. Then, perchloric acid (0.3 ml) was added to the above reaction mixture at room temperature. After TLC analysis showed complete disappearance of d-glucose, a solution of acetyl bromide (34 ml, 0.45 mol) in 50 ml CH2Cl2 was added to the resultant reaction mixture and stirred at room temperature. After the completion of the reaction, the reaction mixture was poured into water and extracted with CH2Cl2. The organic layer was dried, filtered, and evaporated in vacuo to remove CH2Cl2. The crude product was recrystallized by a mixture of petroleum ether and diethyl ether (volume ratio 1:2) to afford intermediate 1. (Scattolin et al., 2020). 1H NMR spectral data for intermediate 1 are listed in the Supplementary Material.
[image: Figure 1]FIGURE 1 | Synthetic route of the target compounds 4a–4q.
Preparation of (2R,3R,4S,5R,6R)-2-(acetoxymethyl)-6-((5-amino-1,3,4-thiadiazol-2-yl)thio)tetra hydro-2H-pyran-3,4,5-triyltriacetate (2). A mixture of 2-amino-5-mercapto-1,3,4-thiadiazole (1.33 g, 10.0 mmol), acetone (50 ml), NaOH (0.4 g, 10.0 mmol), and water (10 ml) was stirred for 30 min at room temperature. Then, a solution of intermediate 1 (0.98 g, 10.0 mmol) in 5 ml acetone was added dropwise and continuously stirred at room temperature. After the reaction completed (monitored by TLC), acetone was evaporated in vacuo, the residues were diluted with water, extracted with CH2Cl2. The combined CH2Cl2 extract was dried over anhydrous sodium sulfate, evaporated in vacuo and separated by silica gel column chromatography to afford intermediate 2 (Kamat et al., 2007). 1H NMR spectral data for intermediate 2 are listed in the Supplementary Material.
General procedure for preparation of the target compounds 4a–4q. Substituted benzoic acid (1.2 mmol) was added in 2 ml SOCl2 and refluxed for about 2 h SOCl2 was distilled off in vacuo to obtain intermediates 3. And then, a solution of intermediate 3 in 2 ml CH2Cl2 was added dropwise to a mixture of the intermediate 2 (1.0 mmol) and triethylamine (TEA, 1.2 mmol) in 10 ml CH2Cl2. After the reaction was completed (monitored by TLC), the mixture was diluted with water, the organic layer was dried over anhydrous sodium sulfate, filtered and distilled off in vacuo, and the crude products were recrystallized with isopropanol to afford title compounds 4a–4q.
(2R,3R,4S,5R,6R)-2-(acetoxymethyl)-6-((5-(2-methylbenzamido)-1,3,4-thiadiazol-2-yl)thio)tetrahy dro-2H-pyran-3,4,5-triyltriacetate (4a). White solid; yield 67.1%; m. p. 160–162°C; Rf = 0.67 (ethyl acetate: petroleum ether, 1:2); IR (KBr, cm−1) ν: 3,433 (NH), 1747 (COO), 1,678 (CON); 1H NMR (400 MHz, CDCl3, ppm) δ: 7.66 (d, J = 8.3 Hz, 1H, Ar-H), 7.49 (d, J = 7.6 Hz, 1H, Ar-H), 7.42–7.30 (m, 2H, Ar-H), 5.29 (t, J = 10.0 Hz, 1H, H-3´), 5.21–5.06 (m, 3H, H-1´, H-2´, H-4´), 4.34–4.16 (m, 2H, H-5´, H-6´), 3.84–3.80 (m, 1H, H-6´´), 2.55 (s, 3H, CH3), 2.15 (s, 3H, CH3), 2.10 (s, 3H, CH3), 2.04 (s, 3H, CH3), 2.02 (s, 3H, CH3); 13C NMR (150 MHz, CDCl3, ppm) δ: 170.66 (COCH3), 170.17 (COCH3), 169.45 (COCH3), 169.34 (CONH), 169.28 (thiadiazole-C), 158.58 (thiadiazole-C), 157.90 (Ar-C), 137.27 (Ar-C), 132.05 (Ar-C), 131.56 (Ar-C), 130.75 (Ar-C), 129.18 (Ar-C), 82.52 (C-1´), 75.97 (C-5´), 73.89 (C-3´), 69.28 (C-2´), 67.87 (C-4´), 61.62 (C-6´), 20.74 (CH3), 20.61 (CH3), 20.59 (CH3), 20.02 (CH3); HRMS [M + H]+ calculated for C24H27N3O10S2: m/z 582.1230, found 582.1209.
(2R,3R,4S,5R,6R)-2-(acetoxymethyl)-6-((5-(3-methylbenzamido)-1,3,4-thiadiazol-2-yl)thio)tetra hydro-2H-pyran-3,4,5-triyltriacetate (4b). White solid; yield 65.3%; m. p. 163–165°C; Rf = 0.45 (ethyl acetate: petroleum ether, 1:2); IR (KBr, cm−1) ν: 3,468 (NH), 1749 (COO), 1,666 (CON); 1H NMR (400 MHz, CDCl3, ppm) δ: 7.99 (s, 1H, Ar-H), 7.94 (d, J = 7.5 Hz, 1H, Ar-H), 7.51–7.43 (m, 2H, Ar-H), 5.28 (t, J = 9.0 Hz, 1H, H-3´), 5.21–4.98 (m, 3H, H-1´, H-2´, H-3´), 4.40–4.05 (m, 2H, H-5´, H-6´), 3.74–3.70 (m, 1H, H-6´´), 2.48 (s, 3H, CH3), 2.14 (s, 3H, CH3), 2.09 (s, 3H, CH3), 2.05 (s, 3H, CH3), 2.02 (s, 3H, CH3); 13C NMR (150 MHz, CDCl3, ppm) δ: 171.01 (COCH3), 170.16 (COCH3), 169.41 (COCH3), 165.24 (CONH), 162.64 (thiadiazole-C), 155.20 (thiadiazole-C), 139.01 (Ar-C), 134.34 (Ar-C), 130.86 (Ar-C), 128.75 (Ar-C), 125.40 (Ar-C), 84.07 (C-1´), 76.31 (C-5´), 73.58 (C-3´), 69.67 (C-2´), 67.79 (C-4´), 61.77 (C-6´), 21.35 (CH3), 20.72 (CH3), 20.64 (CH3), 20.58 (CH3); HRMS [M + H]+ calculated for C24H27N3O10S2: m/z 582.1230, found 582.1208.
(2R,3R,4S,5R,6R)-2-(acetoxymethyl)-6-((5-(4-methylbenzamido)-1,3,4-thiadiazol-2-yl)thio)tetra hydro-2H-pyran-3,4,5-triyltriacetate (4c). White solid; yield 75.1%; m. p. 159–161°C; Rf = 0.63 (ethyl acetate: petroleum ether, 1:2); IR (KBr, cm−1) ν: 3,433 (NH), 1747 (COO), 1,666 (CON); 1H NMR (400 MHz, CDCl3, ppm) δ: 11.76 (s, 1 H, NH), 8.05 (d, J = 8.1 Hz, 2 H, Ar-H), 7.36 (d, J = 8.0 Hz, 2H, Ar-H), 5.49 (d, J = 3.2 Hz, 1H, H-1´), 5.38 (t, J = 10.0 Hz, 1H, H-3´), 5.11 (dd, J = 9.9, 3.3 Hz, 1H, H-2´), 5.05 (d, J = 10.1 Hz, 1H, H-4´), 4.21 (d, J = 6.1 Hz, 2H, H-5´, H-6´´), 4.05–4.01 (m, 1H, H-6´), 2.47 (s, 3H, CH3), 2.19 (s, 3H, CH3), 2.12 (s, 3H, CH3), 2.09 (s, 3H, CH3), 2.00 (s, 3H, CH3); 13C NMR (150 MHz, CDCl3, ppm) δ: 170.93 (COCH3), 170.10 (COCH3), 169.35 (COCH3), 164.84 (CONH), 162.72 (thiadiazole-C), 155.32 (thiadiazole-C), 144.59 (Ar-C), 129.77 (Ar-C), 128.41 (Ar-C), 84.08 (C-1´), 76.36 (C-5´), 73.60 (C-3´), 69.71 (C-2´), 67.79 (C-4´), 61.76 (C-6´), 21.77 (CH3), 20.72 (CH3), 20.68 (CH3), 20.60 (CH3); HRMS [M + H]+ calculated for C24H27N3O10S2: m/z 582.1230, found 582.1209.
(2R,3R,4S,5R,6R)-2-(acetoxymethyl)-6-((5-(2-methoxybenzamido)-1,3,4-thiadiazol-2yL)thio)tetra hydro-2H-pyran-3,4,5-triyltriacetate (4d). White solid; yield 68.7%; m. p. 168–170°C; Rf = 0.33 (ethyl acetate: petroleum ether, 1:2); IR (KBr, cm−1) ν: 3,433 (NH), 1749 (COO), 1,687 (CON); 1H NMR (400 MHz, CDCl3, ppm) δ: 12.13 (s, 1H, NH), 8.25 (d, J = 9.6 Hz, 1H, Ar-H), 7.61 (t, J = 8.8 Hz, 1H, Ar-H), 7.19 (t, J = 7.6 Hz, 1H, Ar-H), 7.10 (d, J = 8.4 Hz, 1H, Ar-H), 5.30 (t, J = 9.2 Hz, 1H, H-3´), 5.18–5.08 (m, 3H, H-1´, H-2´, H-4´), 4.32–4.22 (m, 2H, H-5´, H-6´), 4.12 (s, 3H, OCH3), 3.86–3.82 (m, 1H, H-6´´), 2.16 (s, 3H, CH3), 2.10 (s, 3H, CH3), 2.04 (s, 3H, CH3), 2.01 (s, 3H, CH3); 13C NMR (150 MHz, CDCl3, ppm) δ: 171.01 (COCH3), 170.13 (COCH3), 169.40 (COCH3), 169.38 (COCH3), 162.61 (CONH), 161.06 (thiadiazole-C), 158.08 (thiadiazole-C), 155.19 (Ar-C), 135.32 (Ar-C), 132.83 (Ar-C), 121.94 (Ar-C), 118.07 (Ar-C), 111.82 (Ar-C), 84.17 (C-1´), 76.32 (C-5´), 73.63 (C-3´), 69.67 (C-2´), 67.85 (C-4´), 61.83 (C-6´), 56.48 (OCH3), 21.77 (CH3), 20.72 (CH3), 20.68(CH3), 20.60 (CH3); HRMS [M + H]+ calculated for C24H27N3O11S2: m/z 598.1142, found 598.1161.
(2R,3R,4S,5R,6R)-2-(acetoxymethyl)-6-((5-(3-methoxybenzamido)-1,3,4-thiadiazol-2-yl)thio)tetra hydro-2H-pyran-3,4,5-triyltriacetate (4e). White solid; yield 73.2%; m. p. 169–171°C; Rf = 0.41 (ethyl acetate: petroleum ether, 1:2); IR (KBr, cm−1) ν: 3,450 (NH), 1749 (COO), 1,666 (CON); 1H NMR (400 MHz, CDCl3, ppm) δ: 11.40 (s, 1H, NH), 7.67 (d, J = 7.7 Hz, 1H, Ar-H), 7.58 (s, 1H, Ar-H), 7.48 (t, J = 8.0 Hz, 1H, Ar-H), 7.23 (d, J = 10.7 Hz, 1H, Ar-H), 5.29 (t, J = 9.2 Hz, 1H, H-3´), 5.21–5.04 (m, 3H, H-1´, H-2´, H-4´), 4.34–4.11 (m, 2H, H-5´, H-6´), 3.90 (s, 3H, OCH3), 3.75–3.71 (m, 1H, H-6´´), 2.13 (s, 3H, CH3), 2.10 (s, 3H, CH3), 2.05 (s, 3H, CH3), 2.02 (s, 3H, CH3); 13C NMR (150 MHz, CDCl3, ppm) δ: 170.54 (COCH3), 170.23 (COCH3), 169.95 (COCH3), 169.50 (CONH), 165.04 (thiadiazole-C), 160.01(thiadiazole-C), 132.19 (Ar-C), 130.08 (Ar-C), 120.61 (Ar-C), 120.05 (Ar-C), 113.18 (Ar-C), 84.44 (C-1´), 75.17 (C-5´), 71.62 (C-3´), 67.16 (C-2´), 66.98 (C-4´), 61.56 (C-6´), 55.60 (OCH3), 20.74 (CH3), 20.66 (CH3), 20.65 (CH3), 20.56 (CH3); HRMS [M + H]+ calculated for C24H27N3O11S2: m/z 598.1142, found 598.1162.
(2R,3R,4S,5R,6R)-2-(acetoxymethyl)-6-((5-(4-methoxybenzamido)-1,3,4-thiadiazol-2-yl)thio)tetra hydro-2H-pyran-3,4,5-triyltriacetate (4f). White solid; yield 75.0%; m. p. 166–168°C; Rf = 0.52 (ethyl acetate: petroleum ether, 1:2); IR (KBr, cm−1) ν: 3,462 (NH), 1747 (COO), 1,664 (CON); 1H NMR (400 MHz, CDCl3, ppm) δ: 8.04 (d, J = 8.9 Hz, 2H, Ar-H), 7.04 (d, J = 8.9 Hz, 2H, Ar-H), 5.28 (t, J = 9.2 Hz, 1H, H-3´), 5.20–5.04 (m, 3H, H-1´, H-2´, H-4´), 4.32–4.17 (m, 2H, H-5´, H-6´), 3.92 (s, 3H, OCH3), 3.83–3.77 (m, 1H, H-6´´), 2.15 (s, 3H, CH3), 2.10 (s, 3H, CH3), 2.04 (s, 3H, CH3), 2.01 (s, 3H, CH3); 13C NMR (150 MHz, CDCl3, ppm) δ: 170.58 (COCH3), 170.44 (COCH3), 169.87(CONH), 169.79(thiadiazole-C), 163.63 (thiadiazole-C), 155.45 (Ar-C), 131.02 (Ar-C), 123.57 (Ar-C), 114.53 (Ar-C), 83.14 (C-1´), 74.69 (C-5´), 71.15 (C-3´), 68.07 (C-2´), 67.31 (C-4´), 62.42 (C-6´), 56.07 (OCH3), 20.91 (CH3), 20.88 (CH3), 20.79 (CH3), 20.76 (CH3); HRMS [M + H]+ calculated for C24H27N3O11S2: m/z 598.1142, found 598.1162.
(2R,3R,4S,5R,6R)-2-(acetoxymethyl)-6-((5-(2-fluorobenzamido)-1,3,4-thiadiazol-2-yl)thio)tetrahy dro-2H-pyran-3,4,5-triyltriacetate (4g). White solid; yield 55.4%; m. p. 173–175°C; Rf = 0.61 (ethyl acetate: petroleum ether, 1:2); IR (KBr, cm−1) ν: 3,421 (NH), 1749 (COO), 1,676 (CON); 1H NMR (400 MHz, CDCl3, ppm) δ: 10.29 (s, 1H, NH), 8.17 (t, J = 7.8 Hz, 1H, Ar-H), 7.66 (d, J = 7.4 Hz, 1H, Ar-H), 7.38 (t, J = 8.0 Hz, 1H, Ar-H), 7.31–7.23 (m, 1H, Ar-H), 5.35–5.23 (m, 1H, H-3´), 5.19–5.08 (m, 3H, H-1´, H-2´, H-4´), 4.31 (dd, J = 12.5, 5.0 Hz, 1H, H-5´), 4.21 (dd, J = 12.5, 2.0 Hz, 1H, H-6´), 3.85–3.83 (m, 1H, H-6´´), 2.16 (s, 3H, CH3), 2.10 (s, 3H, CH3), 2.04 (s, 3H, CH3), 2.01 (s, 3H, CH3); 13C NMR (150 MHz, CDCl3, ppm) δ: 170.93 (COCH3), 170.07 (COCH3), 169.34 (COCH3), 169.29 (COCH3), 164.45 (CONH), 163.34 (thiadiazole-C), 155.18 (thiadiazole-C), 132.36 (Ar-C), 130.21 (Ar-C), 129.51 (Ar-C), 128.78 (Ar-C), 83.81 (C-1´), 76.48 (C-5´), 73.57 (C-3´), 69.68 (C-2´), 67.69 (C-4´), 61.69 (C-6´), 20.73 (CH3), 20.60 (CH3); HRMS [M + H]+ calculated for C23H24FN3O10S2: m/z 586.0932, found 586.0964.
(2R,3R,4S,5R, 6R)-2-(acetoxymethyl)-6-((5-(3-fluorobenzamido)-1,3,4-thiadiazol-2-yl)thio)tetra hydro-2H-pyran-3,4,5-triyltriacetate (4h). White solid; yield 70.2%; m. p. 174–176°C; Rf = 0.63 (ethyl acetate: petroleum ether, 1:2); IR (KBr, cm−1) ν: 3,435 (NH), 1749 (COO), 1,670 (CON); 1H NMR (400 MHz, CDCl3, ppm) δ: 12.30 (s, 1H, NH), 8.29 (s, 1H, Ar-H), 17–8.02 (M, 1H, Ar-H), 7.81 (d, J = 8.7 Hz, 1H, Ar-H), 7.46 (t, J = 7.9 Hz, 1H, Ar-H), 5.32–5.28 (m, 1H, H-3´), 5.20–5.05 (m, 3H, H-1´, H-2´, H-4´), 4.28 (dd, J = 12.5, 5.0 Hz, 1H, H-5´), 4.24–4.11 (m, 1H, H-6´), 3.78–3.73 (m, 1H, H-6´´), 2.14 (s, 3H, CH3), 2.09 (s, 3H, CH3), 2.05 (s, 3H, CH3), 2.02 (s, 3H, CH3); 13C NMR (150 MHz, CDCl3, ppm) δ: 170.93 (COCH3), 170.07 (COCH3), 169.34 (COCH3), 169.29 (COCH3), 164.45 (CONH), 163.34 (thiadiazole-C), 155.18 (thiadiazole-C), 132.36 (Ar-C), 130.21 (Ar-C), 129.51 (Ar-C), 128.78 (Ar-C), 83.81(C-1´), 76.48 (C-5´), 73.57 (C-3´), 69.68 (C-2´), 67.69 (C-4´), 61.69 (C-6´), 20.73 (CH3), 20.60 (CH3); HRMS [M + H]+ calculated for C23H24FN3O10S2: m/z 586.0932, found 586.0963.
(2R,3R,4S,5R,6R)-2-(acetoxymethyl)-6-((5-(4-fluorobenzamido)-1,3,4-thiadiazol-2-yl)thio)tetra hydro-2H-pyran-3,4,5-triyltriacetate (4i). White solid; yield 65.8%; m. p. 170–172°C; Rf = 0.64 (ethyl acetate: petroleum ether, 1:2); IR (KBr, cm−1) ν: 3,475 (NH), 1751 (COO), 1,676 (CON); 1H NMR (400 MHz, CDCl3, ppm) δ: 12.54 (s, 1H, NH), 8.36 (d, J = 8.2 Hz, 2H, Ar-H), 7.85 (d, J = 8.3 Hz, 2H, Ar-H), 5.28 (t, J = 9.3 Hz, 1H, H-3´), 5.18–5.09 (m, 2H H-1´, H-2´), 5.00 (d, J = 10.0 Hz, 1H, H-4´), 4.33 (dd, J = 12.5, 4.8 Hz, 1H, H-5´), 4.23 (dd, J = 12.5, 2.0 Hz, 1H, H-6´), 3.86–3.82 (m, 1H, H-6´´), 2.17 (s, 3H, CH3), 2.09 (s, 3H, CH3), 2.04 (s, 3H, CH3), 2.01 (s, 3H, CH3); 13C NMR (150 MHz, CDCl3, ppm) δ: 170.31 (COCH3), 170.21 (COCH3), 170.00 (COCH3), 169.58 (COCH3), 166.22 (CONH), 159.08 (thiadiazole-C), 158.51 (thiadiazole-C), 134.35 (Ar-C), 134.29 (Ar-C), 115.52 (Ar-C), 115.38 (Ar-C), 83.14 (C-1´), 74.72(C-5´), 71.83(C-3´), 67.12(C-2´), 66.83(C-4´), 61.34 (C-6´), 20.73 (CH3), 20.67 (CH3), 20.65 (CH3), 20.59 (CH3); HRMS [M + H]+ calculated for C23H24FN3O10S2: m/z 586.0932, found 586.0962.
(2R,3R,4S,5R,6R)-2-(acetoxymethyl)-6-((5-(2-chlorobenzamido)-1,3,4-thiadiazol-2-yl)thio)tetra hydro-2H-pyran-3,4,5-triyltriacetate (4j). White solid; yield 70.1%; m. p. 178–180°C; Rf = 0.55 (ethyl acetate: petroleum ether, 1:2); IR (KBr, cm−1) ν: 3,441 (NH), 1747 (COO), 1,668 (CON); 1H NMR (400 MHz, CDCl3, ppm) δ: 10.48 (s, 1H, NH), 7.90 (d, J = 8.4 Hz, 1H, Ar-H), 7.57–7.41 (m, 3H, Ar-H), 5.31–5.11 (m, 4H, H-3´, H-1´, H-2´, H-4´), 4.32–4.19 (m, 2H, H-5´, H-6´), 3.86–3.81 (m, 1H, H-6´´), 2.15 (s, 3H, CH3), 2.10 (s, 3H, CH3), 2.04 (s, 3H, CH3), 2.01 (s, 3H, CH3); 13C NMR (150 MHz, CDCl3, ppm) δ: 170.93 (COCH3), 170.12 (COCH3), 169.37 (COCH3), 169.33 (COCH3), 163.64 (CONH), 160.98 (thiadiazole-C), 155.66 (thiadiazole-C), 133.34 (Ar-C), 131.70 (Ar-C), 131.24 (Ar-C), 131.19 (Ar-C), 131.02 (Ar-C), 127.60 (Ar-C), 84.00 (C-1´), 76.39 (C-5´), 73.57 (C-3´), 69.65 (C-2´), 67.80 (C-4´), 61.75 (C-6´), 20.78 (CH3), 20.68 (CH3), 20.60 (CH3); HRMS [M + H]+ calculated for C23H24ClN3O10S2: m/z 602.0641, found 602.0663.
(2R,3R,4S,5R,6R)-2-(acetoxymethyl)-6-((5-(3-chlorobenzamido)-1,3,4-thiadiazol-2-yl)thio)tetra hydro-2H-pyran-3,4,5-triyltriacetate (4k). White solid; yield 65.3%; m. p. 179–180°C; Rf = 0.66 (ethyl acetate: petroleum ether, 1:2); IR (KBr, cm−1) ν: 3,442 (NH), 1749 (COO), 1,674 (CON); 1H NMR (400 MHz, CDCl3, ppm) δ: 12.34 (s, 1H, NH), 8.16 (s, 1H, Ar-H), 8.08 (d, J = 7.8 Hz, 1H, Ar-H), 7.66 (d, J = 8.0 Hz, 1H, Ar-H), 7.52 (t, J = 7.9 Hz, 1H, Ar-H), 5.29 (t, J = 9.2 Hz, 1H, H-3´), 5.22–5.06 (m, 3H, H-1´, H-2´, H-4´), 4.37–4.10 (m, 2H, H-5´, H-6´), 3.84–3.81 (m, 1H, H-6´´), 2.14 (s, 3H, CH3), 2.09 (s, 3H, CH3), 2.05 (s, 3H, CH3), 2.02 (s, 3H, CH3); 13C NMR (150 MHz, CDCl3, ppm) δ: 170.89 (COCH3), 170.12 (COCH3), 169.35 (COCH3), 169.33 (COCH3), 164.26 (CONH), 163.15 (thiadiazole-C), 155.75 (thiadiazole-C), 135.22 (Ar-C), 133.60 (Ar-C), 132.57 (Ar-C), 130.32 (Ar-C), 128.74 (Ar-C), 126.94 (Ar-C), 83.98 (C-1´), 76.37 (C-5´), 73.52 (C-3´), 69.64 (C-2´), 67.79 (C-4´), 61.75 (C-6´), 20.74 (CH3), 20.66 (CH3), 20.60 (CH3); HRMS [M + H]+ calculated for C23H24ClN3O10S2: m/z 602.0641, found 602.0661.
(2R,3R,4S,5R,6R)-2-(acetoxymethyl)-6-((5-(4-chlorobenzamido)-1,3,4-thiadiazol-2-yl)thio)tetra hydro-2H-pyran-3,4,5-triyltriacetate (4l). White solid; yield 78.5%; m. p. 178–180°C; Rf = 0.48 (ethyl acetate: petroleum ether, 1:2); IR (KBr, cm−1) ν: 3,450 (NH), 1751 (COO), 1,672 (CON); 1H NMR (400 MHz, CDCl3, ppm) δ: 11.88 (s, 1H, NH), 8.13 (d, J = 8.6 Hz, 2H, Ar-H), 7.55 (d, J = 8.6 Hz, 2H, Ar-H), 5.29 (t, J = 9.2 Hz, 1H, H-3´), 5.21–5.00 (m, 3H, H-1´, H-2´, H-4´), 4.36–4.25 (m, 1H, H-5´), 4.20 (dd, J = 12.5, 2.0 Hz, 1H, H-6´), 3.84–3.81 (m, 1H, H-6´´), 2.15 (s, 3H, CH3), 2.11 (s, 3H, CH3), 2.04 (s, 3H, CH3), 2.01 (s, 3H, CH3); 13C NMR (150 MHz, CDCl3, ppm) δ: 170.59 (COCH3), 170.26 (COCH3), 169.92 (COCH3), 169.48 (COCH3), 164.45 (CONH), 163.56 (thiadiazole-C), 155.49 (thiadiazole-C), 139.98 (Ar-C), 130.24 (Ar-C), 129.32 (Ar-C), 129.06 (Ar-C), 84.26 (C-1´), 75.32 (C-5´), 71.62 (C-3´), 67.09 (C-2´), 66.90 (C-4´), 61.66 (C-6´), 20.79 (CH3), 20.70 (CH3), 20.68 (CH3), 20.58 (CH3); HRMS [M + H]+ calculated for C23H24ClN3O10S2: m/z 602.0641, found 602.0664.
(2R,3R,4S,5R,6R)-2-(acetoxymethyl)-6-((5-(2-bromobenzamido)-1,3,4-thiadiazol-2-yl)thio)tetra hydro-2H-pyran-3,4,5-triyltriacetate (4m). White solid; yield 69.4%; m. p. 190–192°C; Rf = 0.65 (ethyl acetate: petroleum ether, 1:2); IR (KBr, cm−1) ν: 3,473 (NH), 1745 (COO), 1,689 (CON); 1H NMR (400 MHz, CDCl3, ppm) δ: 11.35 (s, 1H, NH), 7.76 (d, J = 7.2 Hz, 1H, Ar-H), 7.72 (d, J = 7.4 Hz, 1H, Ar-H), 7.51–7.44 (m, 2H, Ar-H), 5.29 (t, J = 9.2, 1H, H-3´), 5.16–5.08 (m, 3H, H-1´, H-2´, H-4´), 4.29 (dd, J = 12.5, 5.0 Hz, 1H, H-5´), 4.18 (dd, J = 12.5, 2.0 Hz, 1H, H-6´), 3.82–3.78 (m, 1H, H-6´´), 2.14 (s, 3H, CH3), 2.10 (s, 3H, CH3), 2.05 (s, 3H, CH3), 2.02 (s, 3H, CH3); 13C NMR (150 MHz, CDCl3, ppm) δ: 170.62 (COCH3), 170.25 (COCH3), 169.99 (COCH3), 169.49 (COCH3), 164.27 (CONH), 163.20 (thiadiazole-C), 155.98 (thiadiazole-C), 135.18 (Ar-C), 133.49 (Ar-C), 132.58 (Ar-C), 130.28 (Ar-C), 128.69 (Ar-C), 126.99 (Ar-C), 84.45 (C-1´), 75.22 (C-5´), 71.60 (C-3´), 67.17 (C-2´), 66.96 (C-4´), 61.64 (C-6´), 20.73 (CH3), 20.67 (CH3), 20.57 (CH3); HRMS [M + H]+ calculated for C23H24BrN3O10S2: m/z 646.0171, found 646.0161.
(2R,3R,4S,5R,6R)-2-(acetoxymethyl)-6-((5-(3-bromobenzamido)-1,3,4-thiadiazol-2-yl)thio)tetrahy dro-2H-pyran-3,4,5-triyltriacetate (4n). White solid; yield 60.2%; m. p. 191–193°C; Rf = 0.70 (ethyl acetate: petroleum ether, 1:2); IR (KBr, cm−1) ν: 3,475 (NH), 1753 (COO), 1,676 (CON); 1H NMR (400 MHz, CDCl3, ppm) δ: 12.30 (s, 1H, NH), 8.29 (s, 1H, Ar-H), 8.11 (d, J = 9.2 Hz, Ar-H), 7.81 (d, J = 8.7 Hz, 1H, Ar-H), 7.46 (t, J = 7.9 Hz, 1H, Ar-H), 5.29 (t, J = 9.3 Hz, 1H, H-3´), 5.17–5.12 (m, 3H, H-1´, H-2´, H-4´), 4.28 (dd, J = 12.5, 5.0 Hz, 1H, H-5´), 4.19–4.16 (m, 1H, H-6´), 3.78–3.73 (m, 1H, H-6´´), 2.14 (s, 3H, CH3), 2.09 (s, 3H, CH3), 2.05 (s, 3H, CH3), 2.02 (s, 3H, CH3); 13C NMR (150 MHz, CDCl3, ppm) δ: 170.87 (COCH3), 170.11 (COCH3), 169.34 (COCH3), 169.32 (COCH3), 164.09 (CONH), 163.06 (thiadiazole-C), 155.82 (thiadiazole-C), 136.53 (Ar-C), 132.78 (Ar-C), 131.53 (Ar-C), 130.56 (Ar-C), 127.36 (Ar-C), 123.19 (Ar-C), 84.00 (C-1´), 76.39 (C-5´), 73.52 (C-3´), 69.67 (C-2´), 67.80 (C-4´), 61.76 (C-6´), 20.74 (CH3), 20.68 (CH3), 20.60(CH3); HRMS [M + H]+ calculated for C23H24BrN3O10S2: m/z 646.0171, found 646.0162.
(2R,3R,4S,5R,6R)-2-(acetoxymethyl)-6-((5-(4-bromobenzamido)-1,3,4-thiadiazol-2-yl)thio)tetrahy dro-2H-pyran-3,4,5-triyltriacetate (4o). White solid; yield 70.3%; m. p. 188–190°C; Rf = 0.75 (ethyl acetate: petroleum ether, 1:2); IR (KBr, cm−1) ν: 3,435 (NH), 1751 (COO), 1,674 (CON); 1H NMR (400 MHz, CDCl3, ppm) δ: 12.45 (s, 1H, NH), 8.11 (d, J = 8.5 Hz, 2H, Ar-H), 7.72 (d, J = 8.5 Hz, 2H, Ar-H), 5.30 (t, J = 9.2 Hz, 1H, H-3´), 5.18–5.02 (m, 3H, H-1´, H-2´, H-4´), 4.32 (dd, J = 12.6, 4.8 Hz, 1H, H-5´), 4.20 (d, J = 12.3 Hz, 1H, H-6´), 3.82–3.79 (m, 1H, H-6´´), 2.16 (s, 3H, CH3), 2.13 (s, 3H, CH3), 2.04 (s, 3H, CH3), 2.01 (s, 3H, CH3); 13C NMR (150 MHz, CDCl3, ppm) δ: 170.93 (COCH3), 170.07 (COCH3), 169.34 (COCH3), 169.29 (COCH3), 164.45 (CONH), 163.34 (thiadiazole-C), 155.18 (thiadiazole-C), 132.36 (Ar-C), 130.21 (Ar-C), 129.51 (Ar-C), 128.78 (Ar-C), 83.81 (C-1´), 76.48(C-5´), 73.57 (C-3´), 69.68 (C-2´), 67.69 (C-4´), 61.69 (C-6´), 20.73 (CH3), 20.60 (CH3); HRMS [M + H]+ calculated for C23H24BrN3O10S2: m/z 646.0171, found 646.0161.
(2R,3R,4S,5R,6R)-2-(acetoxymethyl)-6-((5-(2-nitrobenzamido)-1,3,4-thiadiazol-2-yl)thio)tetrahy dro-2H-pyran-3,4,5-triyltriacetate (4p). Yellow solid; yield 53.4%; m. p. 188–190°C; Rf = 0.42 (ethyl acetate: petroleum ether, 1:2); IR (KBr, cm−1) ν: 3,458 (NH), 1751 (COO), 1,689 (CON); 1H NMR (400 MHz, CDCl3, ppm) δ: 13.02 (s, 1H, NH), 8.22 (d, J = 7.9 Hz, 1H, Ar-H), 7.85–7.75 (m, 3H, Ar-H), 5.32 (t, J = 9.0 Hz, 1H, H-3´), 5.15–5.03 (m, 3H, H-1´, H-2´, H-4´), 4.28 (dd, J = 12.5, 5.1 Hz, 1H, H-5´), 4.18 (dd, J = 12.5, 2.0 Hz, 1H, H-6´), 3.86–3.81 (m, 1H, H-6´´), 2.29 (s, 3H, CH3), 2.12 (s, 3H, CH3), 2.05 (s, 3H, CH3), 2.04 (s, 3H, CH3); 13C NMR (150 MHz, CDCl, ppm) δ: 170.97 (COCH3), 170.14 (COCH3), 169.38 (COCH3), 169.27 (COCH3), 164.63 (CONH), 162.12 (thiadiazole-C), 134.30 (thiadiazole-C), 131.80 (Ar-C), 129.81 (Ar-C), 129.50 (Ar-C), 124.88 (Ar-C), 84.14 (C-1´), 76.38 (C-5´), 73.47 (C-3´), 69.76 (C-2´), 67.73 (C-4´), 61.71 (C-6´), 20.72 (CH3), 20.67 (CH3), 20.60 (CH3); HRMS [M + H]+ calculated for C23H24N4O12S2: m/z 613.0915, found 613.0908.
(2R,3R,4S,5R,6R)-2-(acetoxymethyl)-6-((5-(4-nitrobenzamido)-1,3,4-thiadiazol-2-yl)thio)tetrahy dro-2H-pyran-3,4,5-triyltriacetate (4q). Yellow solid; yield 55.8%; m. p. 189–191°C; Rf = 0.67 (ethyl acetate: petroleum ether, 1:2); IR (KBr, cm−1) ν: 3,437 (NH), 1751 (COO), 1,678 (CON); 1H NMR (400 MHz, CDCl3, ppm) δ: 13.02 (s, 1H, NH), 8.48–8.42 (m, 4H, Ar-H), 5.29 (t, J = 9.3 Hz, 1H, H-3´), 5.19–5.12 (m, 2H, H-1´, H-2´), 4.97 (d, J = 10.0 Hz, 1H, H-4´), 4.35 (dd, J = 12.6, 4.6 Hz, 1H, H-5´), 4.26–4.22 (m, 1H, H-6´), 3.88–3.84 (m, 1H, H-6´´), 2.19 (s, 3H, CH3), 2.15 (s, 3H, CH3), 2.05 (s, 3H, CH3), 2.01 (s, 3H, CH3); 13C NMR (150 MHz, CDCl3, ppm) δ: 170.93 (COCH3), 170.03 (COCH3), 169.34 (COCH3), 169.31 (COCH3), 163.85 (CONH), 163.78 (thiadiazole-C), 155.13 (thiadiazole-C), 150.75 (Ar-C), 135.98 (Ar-C), 130.16 (Ar-C), 124.19 (Ar-C), 83.33 (C-1´), 76.66 (C-5´), 73.49 (C-3´),69.98 (C-2´), 67.59 (C-4´), 61.62 (C-6´), 20.72 (CH3), 20.69 (CH3), 20.60 (CH3), 20.58 (CH3), 20.57 (CH3); HRMS [M + H]+ calculated for C23H24N4O12S2: m/z 613.0915, found 613.0906.
Antifungal Activity In Vitro
The in vitro antifungal activities of the target compounds against G. zeae, Botryosphaeria dothidea (B. dothidea), Phomopsis sp., P. infestans, and Thanatephorus cucumeris (T. cucumeris) are evaluated by using the poison plate technique. All of the target compounds 4a–4q were dissolved in 1 ml DMSO before mixing with 90 ml potato dextrose agar (PDA) to prepare concentration of 50 μg/ml. Then, mycelia dishes of approximately 4 mm diameter were cut from the culture medium. A mycelium is obtained using a germ-free inoculation needle and inoculated in the middle of the PDA plate aseptically. The inoculated plates are incubated at 27 ± 1°C for 5 days. DMSO in sterile distilled water served as the negative control and Dimethomorph served as the positive control. Each treatment condition consisted of three replicates (Maddila et al., 2016). The relative inhibition rates I (%) were calculated as follows equation, where C was the diameter of fungal growth on untreated PDA, T was the diameter of fungi on treated PDA.
[image: image]
Antibacterial Activity In Vitro
The in vitro antibacterial activities of the target compounds 4a–4q against Xoo and Xcc were evaluated by using the turbidimeter test, the commercial agricultural antibacterial Thiodiazole-copper used as control. The test compounds were dissolved in 150 μL of dimethylformamide (DMF) and diluted with 0.1% (v/v) Tween-20 to prepare two concentrations of 200 and 100 μg/ml. One milliliter of the liquid sample was added to the 40 ml non-toxic nutrient broth medium (NB: 1.5 g of beef extract, 2.5 g of peptone, 0.5 g of yeast powder, 5.0 g of glucose, and 500 ml of distilled water, pH 7.0–7.2). Then, 40 μL of NB medium containing Xoo or Xcc was added to 5 ml of solvent NB containing the test compounds or Thiodiazole–copper. The inoculated test tubes were incubated at 30 ± 1°C under continuous shaking at 180 rpm for 48 h. The culture growth was monitored spectrophotometrically by measuring the optical density at 600 nm (OD600) and expressed as corrected turbidity (Dalgaard et al., 1994). The relative inhibition rates I (%) were calculated as follows equation, where Ctur was the corrected turbidity value of bacterial growth on untreated NB, Ttur was the corrected turbidity value of bacterial growth on treated NB.
[image: image]
RESULTS AND DISCUSSION
In this study, the target compounds 4a−4q were synthesized in five steps, including acetylation, bromination, thioetherification, chlorination, and condensation. Among of them, it was found that 2,3,4,6-tetra-O-acetyl-α-D-gluco-pyranosyl bromide 1) reacted with 2-amino-5-mercapto-1,3,4-thiadiazole to obtain (2R,3R,4S,5R,6R)-2-(acetoxymethyl)-6-((5-amino-1,3,4-thiadiazol-2-yl)thio)-tetrahydro-2H-pyran-3,4,5-triyltriacetate 2) of β-configuration with high stereo selectivity in acetone solution of NaOH at room temperature, which indicated that the reaction process was SN2 and configuration transformation occurred in the reaction process.
All the synthesized compounds were characterized by 1H NMR, 13C NMR, and HRMS. In the 1H NMR spectra of the obtained amide, pyran and acetyl proton signals should be distinguished. For example, for compound 4i, the proton signals of NH group was observed as a singlet at 12.54 ppm, signals of benzene ring protons were registered at 8.36 and 7.85 ppm, respectively, and the proton signal of pyran was registered in the range of 5.18–3.82 ppm. Moreover, four singlets at 2.17, 2.09, 2.04, and 2.01 ppm indicated to CH3 protons of acetyl.
The in vitro antifungal activities of the target compounds were evaluated against five different fungus including P. infestans,G. zeae,B. dothidea, Phomopsis sp., and T. cucumeris. Bioassay results, as shown in Table 1, revealed that the target compounds exhibited moderate to good antifungal activities against P. infestans,G. zeae,B. dothidea, Phomopsis sp., and T. cucumeris, with the inhibitory rates range of 19.8–83.5%, 35.6–73.1%, 22.1–62.0%, 21.0–64.0%, and 17.1–65.1%, respectively. Meanwhile, it was found that the inhibitory rates of the target compounds against G. zeae in the range of 35.6–73.1% at the 50 μg/ml, which was higher than the previously reported inhibitory activity of N-(2-chloro-4-phenyl-5-(trifluoromethyl)cyclopenta-1,4-dien-1-yl)-5-((4-nitrobenzyl)thio)-1,3,4-thiadiazol-2-amine against G. zeae (23.9%) at the 50 μg/ml (Xie et al., 2016). Especially, compound 4i and 4q showed higher antifungal activity against P. infestans, with the inhibition rates of 83.5%, 81.1%, respectively, than that of Dimethomorph (78.2%). Based on the preliminary antifungal bioassays, the EC50 values of partial compounds against P. infestans were also tested and presented in Table 2. Table 2 showed that compounds 4i exhibited good bioactivities against P. infestans, with EC50 values of 3.43 μg/ml, which were higher than that of Dimethomorph (5.52 μg/ml). While, the target compounds showed lower antibacterial activities (Table 3) against Xoo and Xcc at 200 and 100 μg/ml than those of Thiodiazole-copper as well as the amide derivatives containing 1,3,4-thiadiazole of the previously reported by Chen (Chen J. et al., 2019).
TABLE 1 | The in vitro antifungal activities of the target compounds 4a–4q at 50 μg/ml.
[image: Table 1]TABLE 2 | The EC50 values of compounds 4i, 4p, and 4q against P. infestans.
[image: Table 2]TABLE 3 | The in vitro antibacterial activities of the target compounds 4a–4q.
[image: Table 3]From the structure-activity relationships (SAR) analysis, it was found that there was clear SAR against P. infestans. Inspection of the chemical structures of the target compounds suggests that the group R in the target compounds significantly influence the antifungal activity against P. infestans. With a fluorinated or nitrificated substituent (4-F and 4-NO2) on the phenyl ring, the compounds exhibited enhanced bioactivity against P. infestans (4i and 4q). Further, the position of substituent groups in the phenyl ring also plays an important role in the antifungal activity against P. infestans, with a four substituent (4-F or 4-NO2) in the phenyl ring exhibited higher antifungal activity than other positions.
CONCLUSION
A series of novel 1,3,4-thiadiazole derivatives of glucosides were prepared via acetylation, bromination, thioetherification, chlorination, and condensation. Bioassay results showed that some of the target compounds revealed better inhibitory activity against P. infestans. In addition, SAR analysis found that the type and position of substituent groups in the phenyl ring of the target compounds plays an important role in increasing the antifungal activity against P. infestans.
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Green synthesis of gold-zinc oxide (Au-ZnO) nanocomposite was successfully attempted under organic solvent–free conditions at room temperature. Prolonged stirring of the reaction mixture introduced crystallinity in the ZnO phase of Au-ZnO nanocomposites. Luminescence properties were observed in these crystalline Au-ZnO nanocomposites due to in situ embedding of gold nanoparticles (AuNP) of 5–6 nm diameter on the surface. This efficient strategy involved the reduction of Au(III) by Zn(0) powder in aqueous medium, where sodium citrate (NaCt) was the stabilizing agent. Reaction time and variation of reagent concentrations were investigated to control the Au:Zn ratio within the nanocomposites. The reaction with the least amount of NaCt for a long duration resulted in Au-ZnO/Zn(OH)2 nanocomposite. X-ray photoelectron spectroscopy (XPS) confirmed the formation of Zn(OH)2 and ZnO in the same nanocomposite. These nanocomposites were reconnoitered as bioimaging materials in human cells and applied for visible light–induced photodegradation of rhodamine-B dye.
Keywords: nanocomposites, green synthesis, luminescence, photodegradation, redox chemistry
INTRODUCTION
The development of luminescent AuNP has been an active area of material research over the past decade due to its potential applications from bench to clinical settings (Liu et al., 2013; Yu et al., 2019). Luminescent AuNP with 3 nm diameter showed a pH-dependent membrane adsorption property (Yu et al., 2011). Gold nanoclusters with small diameters and aggregated AuNP have also found to be luminescent in nature (Gan et al., 2016; Goswami et al., 2016; Saini et al., 2017; J. Wang et al., 2018a; Y. Wang et al., 2018b; Wu et al., 2019). In addition to imaging applications, deposition of gold nanoclusters or nanoparticles was successfully attempted on Ag@SiO2 or covalent organic framework for important functional activities such as circulating miRNA in human serum (Zhang Q. et al., 2019) or surface-enhanced Raman scattering (He et al., 2017), respectively. Building upon this past research, the present study developed a method to deposit luminescent AuNP with 5–6 nm diameter on the surface of Au-ZnO nanocomposites.
Au-metal oxide nanocomposites are known not only for their high surface-area-to-volume ratio but also for enhanced stability during their catalytic activity (Li et al., 2011; Ray and Pal, 2017; Wei et al., 2017; Cyganowski et al., 2019; Kauffman et al., 2019; Mageed et al., 2019). These hybrid nanomaterials possess unique optical, electronic, and magnetic properties, which are governed by their structural features, size, and compositional heterogeneities (Zu et al., 2015; Chamorro et al., 2016; Dutta Chowdhury et al., 2017; Lee et al., 2017; Song et al., 2017; Hu et al., 2018; Liu F. et al., 2019). A handful of synthetic methods of Au-metal oxide nanocomposites such as chemical vapor deposition, physical vapor deposition, hydrothermal method, spray pyrolysis, electrophoretic deposition, microwave-assisted thermal decomposition, magnetron sputtering, and spin coating are described in the literature (He et al., 2010; Shingange et al., 2016; Klug et al., 2017; Y. Wang et al., 2017a).
Considering the growing demand for Au-metal oxide–based nanocomposites for industrial and biomedical applications (Chen D. et al., 2015; Chen et al., 2017; Liu et al., 2018; Zhou et al., 2018; Gao et al., 2019; Jia et al., 2019; Zhang M. et al., 2019), there is a critical need to design a more facile and well-regulated synthetic route. Synthesis of metal-based nanocomposites by organic solvent–free conditions has drawn a lot of attention in the current decade (Li et al., 2013; Yao et al., 2013; Zhang et al., 2016; Qi et al., 2019; Ritchie et al., 2019). Au-ZnO nanocomposites, which are well known for a variety of applications, have been synthesized at high temperature in the presence of organic solvent (Yao et al., 2011; Tahir et al., 2013; Hang et al., 2016; Chang et al., 2017; Lupan et al., 2019). There are two reports, where AuNP was decorated on the crystalline ZnO nanorod surface at high temperature (Unlu et al., 2015; Ning et al., 2019). However, there is a lacuna of AuNP on the surface of Au-ZnO nanocomposites due to the synthetic challenges involving the two gold nanostructures simultaneously on the same material. In our synthetic methodology, the occlusion of AuNP of 5–6 nm diameter was successful for the first time on the surface of Au-ZnO nanocomposites in aqueous medium and at room temperature by the reduction of Au(III) salt with Zn(0) powder in the presence of AuNP as seed and NaCt as the stabilizing agent.
Au-ZnO nanocomposites with different Au:Zn compositions were prepared by varying the amount of AuNP seed, NaCt, and Zn metal powder. The reaction mixture in solution or the isolated nanocomposite materials in solid state were characterized by electronic absorption, XPS, FE-SEM (field emission scanning electron microscopy), energy dispersive X-ray (EDX), TEM (transmission electron microscopy), PXRD (powder X-ray diffraction), and surface charge analysis. All these characterizations of nanocomposites confirmed the key roles of AuNP seed, NaCt, and Zn metal in controlling Au:Zn ratio.
The redox reaction between Au(III) and Zn(0) was initially performed for 75 min, and this led to development of Au-ZnO nanocomposites (Au-aZnO, aZn1-aZn8) with ZnO in the amorphous phase (Scheme 1). However, when the same reaction was continued for 150 min, both Au and ZnO were found to be in crystalline phase without much variation in Au:Zn ratio. Interestingly, AuNP of 5–6 nm diameter was occluded on the surface of crystalline Au-ZnO nanocomposites (AuNP-Au-cZnO, cZn1-cZn4) during 150 min stirring of the reaction mixture (Scheme 1). Introduction of AuNP in AuNP-Au-cZnO showed a luminescent property with maximum emission at 496 nm after excitation of the samples at 436 nm. In comparison, Au-aZnO did not show any luminescence properties. This method opens up new avenues for fabricating Au-ZnO nanocomposites with different compositions under mild conditions. The excitation wavelength of the luminescent AuNP-Au-cZnO nanocomposites helped in the photodegradation of rhodamine-B in the presence of 455 nm light.
[image: Scheme 1]SCHEME 1 | Synthetic route of Au-aZnO (aZn1-aZn8) and AuNP-Au-cZnO (cZn1-cZn4) nanocomposites in aqueous medium.
MATERIALS AND METHODS
Materials. The chemicals gold (III) chloride trihydrate and rhodamine-B were purchased from Sigma-Aldrich, and trisodium citrate dihydrate was purchased from Merck chemicals. Zinc powder was purchased from SISCO Research Laboratory. All glassware and stirrer bars were washed with freshly prepared aqua regia (mixture of 1:3 volume ratio of nitric acid:hydrochloric acid) and then with Millipore water and dried in an oven before use.
Synthesis of gold nanoparticle seed. AuNP seed (average size 19 ± 3 nm) solution with surface plasmon resonance (SPR) peak at 524 nm was prepared by the NaCt-based reduction method (Wuithschick et al., 2015). The concentration in terms of nanoparticle per ml was calculated as per methods given in the literature (Johonston, 2002; Lewis et al., 2006).
Preparation of seed stock. Seed solution was prepared by taking 200 µL as-synthesized gold nanoparticle and adding to it 19.8 ml of 1% (w/v) trisodium citrate dihydrate solution to make final volume to 20 ml.
Synthetic schemes and brief characteristics of all nanocomposites have been summarized in Supplementary Schemes S1, S2.
Syntheses of the nanocomposites aZn1 to aZn5. For zinc-gold nanocomposites, five different solutions were prepared. Each solution contained 20 mg (0.05 mmol) HAuCl4 in 200 ml of Millipore water. To these solutions, five different nanoparticles per mL (22.4 × 104, 45 × 104, 90 × 104, 180 × 104, and 900 × 104) as seed were added, respectively, to produce aZn1 to aZn5. In each of these five solutions, additional 2 ml 1% (w/v) solution of trisodium citrate dihydrate (0.07 mmol) and 20 mg zinc powder (0.3 mmol) were added. All these reaction mixtures were stirred for 75 min at room temperature followed by filtration.
Syntheses of nanocomposites aZn6 and aZn7. Two solutions contained 20 mg (0.05 mmol) HAuCl4 in 200 ml of Millipore water. In both the solutions, 2 ml 1% (w/v) solution of trisodium citrate dihydrate (0.07 mmol) and 200 mg (3 mmol) of zinc were added. Two different seeds, 900 × 104/ml and 22.4 × 104/ml (nanoparticle/ml), were added to produce aZn6 and aZn7, respectively. The reaction mixtures were stirred at room temperature for 75 min and filtered.
Syntheses of gold-zinc nanocomposites using variable citrate concentration. Five different solutions were prepared. Each solution contained 20 mg (0.05 mmol) HAuCl4 in 200 ml of Millipore water. The addition of seed (nanoparticle/ml) was restricted to 22.4 × 104/ml in each solution, and the reaction was stirred for 75 min. Five different amounts (0.2, 0.4, 0.6, 0.8, and 1.0 ml) of 1% (w/v) solution of trisodium citrate dihydrate were added followed by addition of 20 mg zinc powder (0.3 mmol). The reaction mixtures were stirred for 75 min and filtered. The filtered solutions were characterized by UV-visible spectroscopy.
Synthesis of nanocomposite aZn8. One solution contained 20 mg (0.05 mmol) HAuCl4 in 200 ml of Millipore water. To this were added seed (nanoparticle/ml) of 900 × 104/ml and 0.021 mmol of trisodium citrate dihydrate followed by addition of zinc (3.0 mmol) powder to obtain aZn8. The reaction mixture was stirred at room temperature for 75 min and filtered.
Synthesis of cZn1. 20 mg (0.05 mmol) HAuCl4 was added to 200 ml of Millipore water. To the solution, seed of 900 × 104/ml (nanoparticle/ml) was added during stirring followed by 2 ml 1% (w/v) solution of trisodium citrate dihydrate (0.07 mmol) and 20 mg zinc powder (0.3 mmol) to obtain cZn1. Reaction mixture was stirred for 150 min at room temperature followed by filtration.
Synthesis of cZn2. 20 mg (0.05 mmol) HAuCl4 was added to 200 ml of Millipore water. Then, during stirring, seed of 900 × 104/ml (nanoparticle/ml) was added followed by 2 ml 1% (w/v) solution of trisodium citrate dihydrate (0.07 mmol) and 200 mg (3 mmol) of zinc metal powder to obtain cZn2. The reaction mixtures were stirred at room temperature for 150 min and filtered.
Synthesis of cZn3. 20 mg (0.05 mmol) HAuCl4 was added to 200 ml of Millipore water. Then, during stirring, seed of 22.4 × 104/ml (nanoparticle/ml) was added followed by 2 ml 1% (w/v) solution of trisodium citrate dihydrate (0.07 mmol) and 200 mg (3 mmol) of zinc metal powder to obtain cZn3. The reaction mixtures were stirred at room temperature for 150 min and filtered.
Synthesis of cZn4. 20 mg (0.05 mmol) HAuCl4 was added to 200 ml of Millipore water. Then, during stirring, seed of 900 × 104/ml (nanoparticle/ml) was added followed by 600 μL 1% (w/v) solution of trisodium citrate dihydrate (0.021 mmol) and 200 mg (3 mmol) of zinc metal powder to obtain cZn4. The reaction mixtures were stirred at room temperature for 150 min and filtered.
Yield of cZn1 to cZn4. The bulk scale reactions were carried out with 100 mg (0.25 mmol) HAuCl4 in one batch. The other reagents were taken in the same ratio mentioned in the syntheses. After the filtration process, the filtrate was centrifuged and finally dried under vacuum to isolate the solid cZn1 to cZn4. The yields of cZn1, cZn2, cZn3, and cZn4 were 45, 57, 54, and 43 mg, respectively. These solids were stored at room temperature in dark for further application and characterization.
Synthesis of ZnO. ZnO was prepared by the reported method of (Pourrahimi et al., 2014). 250 ml of 0.1 M zinc sulfate salt was stirred for 15 min at 60°C. After 15 min, 250 ml 0.25 M NaOH solution was heated separately at 60°C and added to the zinc sulfate solution during stirring. The reaction was continued with stirring for 60 min. The white precipitate obtained was kept for calcination at 400°C for 3 h in a muffle furnace.
METHODS
Absorption spectroscopy. Nanocomposite solutions were characterized using a UV-Vis spectrometer (UV-1601, Shimadzu). Absorbance measurement was taken over 400–800 nm wavelength range.
Transmission electron microscopy (TEM). The TEM images of nanocomposites and SAED patterns were obtained using FEI, Technai G2 20 S-TWIN. Image J software was used to analyze the average diameter of GNPs.
Field emission scanning electron microscopy (FE-SEM). The FE-SEM (Carl ZEISS Ultra plus Gemini, Germany) images were employed to analyze the morphological features. Energy-dispersive X-ray (EDX) and EDX-mapping of the nanocomposites were performed to find the composition.
X-ray photoelectron spectroscopy (XPS). XPS experiments were performed with PHI 5000 Versa Prob II, FEI Inc., and a C60 sputter gun has been used for characterization. The chemical states of the gold nanoparticles were characterized by XPS with monochromatized Al K(α) excitation (h = 1486.6 eV). The C 1s (284.8 eV) was used as a reference to calibrate the peak X-ray photoelectron spectroscopy (XPS) with Auger electron spectroscopy (AES) module positions of the elements.
Powder X-ray diffraction (PXRD). PXRD was performed using Bruker-D8 advance with an X-ray source, a 2.2 kW Cu anode, and an accelerating voltage of 40 kV.
Luminescence measurement. Luminescence of nanocomposites cZn1, cZn2, cZn3, and cZn4 was measured using a Synergy microplate reader (Biotek United States) instrument, within the range of 470–700 nm with λex = 436 nm. The relative quantum yield was calculated with respect to fluorescein in 0.1 M NaOH (Q.Y. = 0.95) as reference (Brouwer, 2011) for comparison. The excitation spectra were measured using the same instrument within the range of 380–460 nm with λem = 496 nm.
Surface charge measurement. Surface charge measurements were obtained using a Zetasizer Nano ZS90 (Malvern Instruments). DTS applications 7.03 software was used to analyze the data.
Time-resolved fluorescence measurement. Fluorescence decay of fluorescein was estimated using the TCSPC system from Horiba Jobin Yvon FluoroHub Instrument, with λex = 435 nm and λem = 496 nm. Data analysis was performed with DAS6 software. The decay time data were analyzed using exponential sum, employing a nonlinear least squares reconvolution analysis. Average fluorescence lifetimes were calculated as Σαiτi2/Σαiτi with normalized αI (Lakowicz, 2006).
Photocatalytic degradation of rhodamine-B using 455 nm LED or 254 nm UV light. Nanocomposites cZn1, cZn2, cZn3, and cZn4 (10 mg) were dispersed in 18 ml deionized water, separately sonicating them for 10 min. To these, 2.0 ml of 1.0 × 10−4 M rhodamine-B stock solution was added and stirred in dark for 30 min before irradiation in 455 nm LED light or 254 nm UV light. The samples were then kept under light; absorption spectra were recorded at regular intervals of time. The photocatalysis experiments were carried out at pH 7 and at room temperature. A decrease in absorption maximum at 556 nm was observed with photocatalytic degradation of the rhodamine-B dye.
Cell viability assay. To determine the cytotoxic effect of the test materials, MTT (3-(4,5-dimethylthiazol-2-yl)-2,S- diphenyltetrazolium bromide) assay was carried out according to the protocol reported elsewhere. In brief, the cells (5000 cells/200 µL/well) were seeded in a 96-well plate. Nanocomposite suspension at 50 μg/ml concentrations was added to the monolayer in triplicate and incubated for 2, 4, 8, 12, and 24 h. Then, after the addition of 20 μL of 5 mg/ml MTT (Sigma-Aldrich, MO, United States) reagent, the cells were allowed to incubate for another 4 h at 37°C. The formazan crystals formed inside the cells were then solubilized by adding 200 μL of DMSO (HiMedia, Mumbai, India) to each well. The viable cells that showed the formation of violet crystals were quantified at 570 nm using a microplate reader (Omega fluostar, BMG Labtech Ltd., Germany). The cell cytotoxicity was expressed as percentage cell viability in comparison to the control group.
Fluorescence microscopy. The internalization of nanocomposites was monitored at 2 h, and the images were captured using a fluorescence microscope (Evos Floid cell imaging station, Invitrogen, United States) under ×200 magnification. In brief, HEK293 cells (5000 cells/200 µL/well) were seeded in a 96-well plate and allowed to adhere for 24 h. Then, nanocomposites (50 μg/ml) were incubated with the cells for 2 h, and the images were captured after washing with PBS.
RESULTS AND DISCUSSION
Synthesis of optimized materials of amorphous and crystalline Au-ZnO nanocomposites (Au-aZnO, aZn5-aZn8, and AuNP-Au-cZnO, cZn1-cZn4). Two different types of nanocomposites on the basis of Zn powder as reducing agent were synthesized from aqueous solution of HAuCl4 by variation of AuNP seed, Zn powder, and NaCt as stabilizing agents as mentioned in Table 1. In order to develop the crystalline nature in the ZnO part of the newly synthesized nanocomposites (cZn1-cZn4) by maintaining green synthetic methodology (Ning et al., 2019), we focused on the reaction time duration instead of introducing organic solvent or high temperature. The crystallinity in the nanocomposites was obtained by increasing the reaction time twice to that of the initial reactions. During all the syntheses, a reducing agent was added at last. The pH of the solution before the addition of Zn powder varied within the range of 6.8–7.0, while the pH of the solution increased within the range of 7.3–7.8 after stirring for either 75 min or 150 min. This pH range helped in the stabilization of the basic Au-ZnO nanocomposite in the aqueous medium. The procedure was adapted on the basis of redox reaction between Au(III) and Zn(0), which does not require a basic or acidic medium. As ZnO is amphoteric in nature, there is a chance that zinc salt will form at a pH that is too low and that zinc hydroxide will form at a high pH (Degen and Kosec, 2000).
TABLE 1 | Summary of Au-ZnO nanocomposites based on EDX analysis from FE-SEM.
[image: Table 1]The concentration of seed was varied within the range of 22.4 × 104 per ml to 900 × 104 per ml. There is a blueshift in the absorbance (marked with an arrow in Supplementary Figure S1) from aZn1 to aZn5. However, all these redshifted absorbance peaks with respect to seed are either due to the growth of seed aZn1 or due to the incorporation of ZnO layer in the Au-ZnO composite aZn5 (Viter et al., 2015). We performed a series of experiments (Supplementary Figure S1) to generate the SPR peaks for gold nanomaterials by varying the zinc amount. We have noticed that a minimum of 6 equivalents of zinc is required to produce stable SPR peak and the peak intensity gets saturated in presence of 60 equivalents. The presence of 60 equivalents of reducing agent with respect to HAuCl4 did not show much difference in Zn amount among the synthesized nanocomposites (aZn6, aZn7, cZn2, and cZn3). Lowering down the concentration of reducing agent from 60 equivalents to 6 equivalents drastically decreased the incorporated Zn amount (vide infra) within the nanocomposites aZn5 or cZn1. The treatment of 30% stabilizing agent with respect to the synthesis of aZn6 or cZn2 showed a 50% decrease in the incorporated Zn amount in the nanocomposites aZn8 or cZn4.
Synthesis of remaining Au-ZnO nanocomposites (Au-aZnO, aZn1-aZn4) and characterization of aZn1-aZn8. Room temperature reaction in aqueous medium with variable AuNP seed concentration in the presence of NaCt (0.07 mmol) as stabilizing agent and Zn (0.3 mmol) as reducing agent for HAuCl4 (0.05 mmol) produced a violet color in different solutions (Supplementary Figure S1) within 75 min. The redshift observed in the SPR band of aZn1 (λmax = 575 nm) formed using 22.5 × 104 particles/ml in comparison to seed is due to formation of ZnO. This type of shift due to the formation of the ZnO layer on Au-film was reported in the literature (Viter et al., 2015). Reaction with 900 × 104/ml seed concentration showed aZn5 with enhanced coloration with blueshift (λmax = 555 nm) compared to aZn1. However, this absorption exhibited clear redshift with respect to seed particle (Yu et al., 2005). In absence of AuNP seed, there was no SPR absorbance in the reaction mixture even after 3 h of reactions between HAuCl4 and Zn powder in the presence of NaCt.
The formations of Au-ZnO nanocomposites were confirmed with TEM, FE-SEM images, and EDX analysis of aZn1 to aZn5 (Supplementary Figures S2, S3). In the synthesis process, the metal powder was engaged in redox reaction between Au(III)/Au(0) and Zn(II)/Zn(0) couple, in addition to playing the role of simple metal source, thereby leading to the formation of Au-ZnO nanocomposites. Although the incorporation of Zn in the respective nanocomposite aZn1 was sparse, we were successful in increasing the Au:Zn ratio up to 1:0.1 (weight percentage) in aZn5.
An increase in the concentration of Zn (3 mmol) led to rapid (∼1 min) appearance of violet color in the reaction mixture for aZn6 (Supplementary Figure S4). In PXRD (Supplementary Figure S5), only the characteristic peaks of Au(0) were observed for aZn6, suggesting the amorphous (X. Wang et al., 2017b) nature of ZnO in Au-aZnO nanocomposites. An enhancement of approximately 10 times the Zn content in aZn6 (Au:Zn = 1:1) was confirmed by FE-SEM and EDX analysis (Supplementary Figure S6). No visible color generation in the absence of Zn powder (Supplementary Figure S4) affirmed the role of the metal powder in the redox process. The variation of seed concentration involving higher amount of Zn powder did not show any appreciable shift in the plasmonic bands (Supplementary Figure S4). Nanocomposite aZn7 synthesized using 3 mmol Zn powder with 22.4 × 104/ml seed concentration resulted in Au:Zn = 1:0.9 (Supplementary Figure S7).
In order to rule out the competitive reduction of Au(III) by NaCt, the amount of the same was decreased from 0.035 to 0.007 mmol for Au-aZnO nanocomposites preparation at a constant seed concentration of 22.4 × 104/ml and Zn powder of 0.3 mmol (Supplementary Figure S8). We performed the synthesis of nanocomposites with different concentrations of sodium citrate. We observed that a stable SPR peak was generated in the presence of 0.021 mmol of sodium citrate. This result suggested that a threshold amount of NaCt (0.021 mmol) was essential as the stabilizing agent in the reduction process to synthesize the Au-aZnO nanocomposites. Lowering the NaCt concentration from 0.07 to 0.021 mmol with 900 × 104/ml led to the lowering of Zn incorporation in Au-ZnO nanocomposites, Au:Zn = 1:0.5 in aZn8 (Supplementary Figures S9, S10). The chemical compositions of the Au-aZnO nanocomposites obtained from EDX analysis were further confirmed by XPS analysis. This also reveals the oxidation states of different elemental species present in Au-aZnO nanocomposites (Supplementary Figure S11). Binding energy studies confirmed the peaks of Au 4f7/2 (Fuggle et al., 1977), Zn 2p3/2 (Strohmeier and Hercules, 1984), and O 1s (Tan et al., 1990) at 83.0, 1021.4, and 530 eV, respectively, in these nanocomposites. These Au-aZnO nanocomposites were found to be nonluminescent in nature unlike the previously reported emissive ZnO nanoparticles (Tang et al., 2010; Jangir et al., 2017; Raji and Gopchandran, 2017).
Characterization of crystalline Au-ZnO nanocomposites (AuNP-Au-cZnO, cZn1-cZn4). EDX analyses of the samples after the reaction with a longer duration resulted in a similar amount of ZnO incorporation in the nanocomposites (Supplementary Figures S12–S15). However, crystallinity was introduced (Figure 1A; Supplementary Figure S16) in both the Au and ZnO components of the cZn2, cZn3, and cZn4 nanocomposites. In the case of cZn1, the amount of ZnO was very less, which restricted visualization of the crystallinity of ZnO in this sample by PXRD. The distinct difference in the PXRD data for the samples cZn2 to cZn4 confirmed the additional peaks due to crystalline ZnO in these nanocomposites. XRD peak positions (in degrees) and their corresponding FWHM values (in degrees) are shown in Supplementary Table S1. In XRD patterns (Figure 1; Supplementary Figure S16), there is a small redshift as compared to ZnO (JCPDS no. 00-021-1486 and Caglar et al., 2009) due to the inclusion of gold in nanocomposites. This interaction of gold and zinc oxide in our nanocomposites has been further supported with more FWHM values compared to bare ZnO.
[image: Figure 1]FIGURE 1 | (A) XRD of aZn7 and cZn3 compared with the AuNP (JCPDS no. 00–004–0784) and ZnO (JCPDS no. 00–021–1486); FE-SEM images of AuNP-Au-cZnO nanocomposites: (B) cZn2, (C) cZn3, and (D) cZn4. The scale bar for B–D: 1 µM and the scale bar for inset images: 200 nm.
In the case of absorption studies, the nanocomposites cZn1 to cZn4 showed redshift in SPR peak (λmax at ∼565 nm, Supplementary Figure S17) with respect to AuNP seed solution. The absorption peak at 565 nm was observed in the case of cZn1. However, in the case of cZn4, a broad flat peak was observed around a wide range of 500–700 nm. The changes in absorbance spectra with respect to cZn2 are due to variation of seed nanoparticle/ml (cZn3), reducing agent (cZn1), and stabilizing agent (cZn4). These variations in the experimental conditions result in the different compositions of zinc to gold ratio in cZn1 to cZn4 (Table 1). There is strong interface damping of the surface plasmon due to the interaction with ZnO. The broadening and decrease of the peak intensity of the plasmonic band from cZn1 to cZn2 are due to an increase in ZnO layers as compared to gold seed. It indicates a strong charge carrier interaction at the interface between Au and ZnO (Gogurla et al., 2020). The slight variation in the absorbance in cZn2 and cZn3 is due to difference in the seed nanoparticle/ml for these syntheses. The broad and low intense SPR peak in cZn4 is due to the less amount of stabilizing agent, which is essential to stabilize the AuNP and its SPR absorbance. The FE-SEM image of cZn1 exhibited octahedral shape nanostructure (Supplementary Figure S18). The other FE-SEM images (Figures 1B–D) demonstrated that structure and shape morphologies were tuned in all four cases cZn1 to cZn4 with respect to aZn5, aZn6, aZn7, and aZn8. Interesting surface morphologies with clear appearances of dots were observed in FE-SEM images for the nanocomposites cZn2 to cZn4. These dots were further clarified in the focused surfaces (Figures 1B–D insets) of the nanocomposites. The overall particle size of the AuNP-cZnO composite was increased up to 200 nm (Figure 1B) and to 400 nm (Figure 1D) due to the growth reaction between HAuCl4 and Zn powder at the edge of the AuNP seed as support and NaCt as a stabilizing agent.
In order to clarify the crystalline nature of both Au and ZnO in the nanocomposites, selected area electron diffraction (SAED) pattern was recorded. In the case of cZn4, the SAED patterns confirmed the presence of crystalline Au and ZnO in the same sample (Figure 2A). The diffraction patterns for Au planes were similar in cZn1 to cZn4. The difference in the diffraction pattern is due to ZnO. The calculated distances between ZnO planes from diffraction SAED pattern are 0.29, 0.34, 0.30, and 0.28 nm for cZn1, cZn2, cZn3, and cZn4, respectively. This change in the ZnO plane from cZn2 to cZn4 is due to the additional incorporation of gold nanoparticles in these nanocomposites. Furthermore, the TEM image of cZn4 (Figure 2B) corroborated the formation of small size AuNPs on the surface of AuNP-Au-cZnO nanocomposites. The aforementioned result confirmed the generation of AuNP on the nanocomposite surface via the reduction of Au(III) by Zn(0) powder. The high-resolution TEM (HR-TEM) image of the surface confirmed the occlusion of AuNP of 5–6 nm diameter (Figure 2C) on the cZn4 nanocomposite surface. This type of Au-ZnO nanocomposite surfaces (Supplementary Figure S19) was also observed for cZn1-cZn3. From Williamson Hall plot (Supplementary Figure S20) analysis, lattice strains are calculated, and values are 0.00253, 0.00224, 0.00418, and 0.00808 for cZn1, cZn2, cZn3, and cZn4, respectively. This trend in lattice strain is due to the change in crystal packing (confirmed from HR-TEM and SAED patterns) associated with the degree of disorders (Gogurla et al., 2018).
[image: Figure 2]FIGURE 2 | (A) SAED image of cZn4; (B) TEM image and (C) HR-TEM showing 5–6 nm AuNPs on nanocomposite cZn4, (D) HR-TEM image showing fringe lines corresponding to both Au and ZnO in cZn4.
During the synthesis of nanocomposites, 19 nm AuNP seeds did not convert to 5–6 nm AuNP, which was occluded in situ on the Au-ZnO surface. These 5–6 nm Au nanoparticles were obtained directly during the reduction of HAuCl4 by Zn powder in the synthetic process. This generation of 5–6 nm AuNP was not even due to Ostwald ripening as this type of ripening process was involved in the postsynthetic step (Jang et al., 2012). Moreover, Ostwald ripening showed very less enhancement with higher particle size such as 15 nm AuNP (Pattadar and Zamborini, 2019).
Another HR-TEM image of the cZn4 surface, on which AuNP occlusion was observed, confirmed lattice fringes corresponding to both Au and ZnO. The d-spacing of 0.23 and 0.20 nm (Figure 2D; Supplementary Figure S21) revealed the presence of Au (111) and Au (200) planes (Guo et al., 2017). The interplanar spacings of 0.288 and 0.30 nm were found consistent with ZnO, which is in agreement with the XRD spectral peaks according to Joint Committee on Powder Diffraction and Standards (JCPDS no. 00-021-1486; Pradhan and Leung, 2008). Lattice mismatches between Au and ZnO were also observed in this HR-TEM image.
In order to find the detailed composition of cZn1-cZn4, the XPS survey scans for all the samples were performed (Figure 3A; Supplementary Figures S22–S24). These survey scans indicated the presence of Au, C, O, and Zn in the nanocomposites. For nanocomposite cZn1 (Supplementary Figure S22), carbon 1s spectra showed two peaks at 284.8 and 288.7 eV due to aliphatic carbon of –COO group (Di Mauro et al., 2017). The high-resolution scan XPS spectra of Zn illustrated Zn 2p3/2 and Zn 2p1/2 peak at 1021 and 1044.8 eV, which were reported for the ZnO system. The O 1s spectrum shows a peak at 531.68 eV due to O2- species present in oxygen deficient regions of ZnO and 531.68 eV for C=O bond. Deconvulating high-resolution XPS spectra of Au showed a peak at 83.2, 86.9, 88.8, and 91.67 eV, which corresponded to Au 4f7/2, Au 4f5/2, Zn 3p3/2, and Zn 3p1/2, respectively. The binding energies for Au 4f7/2 and Au 4f5/2 were shifted slightly in comparison to Au(0) at 84 and 88 eV due to electron transfer from ZnO to Au (Gogurla et al., 2014). The XPS analyses for cZn2 and cZn3 (Supplementary Figures S23, S24) showed similar characteristics.
[image: Figure 3]FIGURE 3 | (A) Survey XPS spectrum and (B–D) high-resolution XPS spectra for Au 4f, Zn 3p, Zn 2p, and O 1s of nanocomposite cZn4.
For nanocomposite cZn4 (Supplementary Figure S25), carbon 1s spectra showed a similar trend to that of cZn1. The high-resolution XPS spectrum of Au (Figure 3B) was resolved into six peaks and out of these two corresponded to Au 4f7/2 (83.19 eV) and Au 4f5/2 (86.98 eV). The other four peaks at 88.35, 89.40, 90.80, and 92.18 eV were due to Zn 3p3/2 and 3p1/2 from ZnO and Zn(OH)2. High-resolution XPS spectrum for Zn (Figure 3C) was resolved into four peaks at Zn 2p3/2 (1022.9 eV) and Zn 2p1/2 (1045.12 eV) which correspond to ZnO and XPS peak at Zn 2p3/2 (1023.9 eV) and Zn 2p1/2 (1047.44 eV) contributing to Zn(OH)2 (Klug et al., 2017). The O 1s spectrum (Figure 3D) showed four peaks at 531.2, 532.0, 533.0, and 534.14 eV due to oxygen vacancies in ZnO and Zn(OH)2 and the oxygen atom of C-O, C=O bonds (Geng et al., 2018). The band gap due to zinc hydroxide compares to the band gap of ZnO (Karakawa et al., 2018). The ratio of two XPS peak areas of bare ZnO (Supplementary Figure S26) with nanocomposites suggests the maximum interaction between Au and ZnO in cZn2 and cZn4 (Supplementary Table S2).
FE-SEM, HR-TEM, and XPS together confirmed the occlusion of AuNP on the surface of Au-ZnO nanocomposites in the cases of cZn2 and cZn3. In the case of cZn4, synthesized with the threshold amount of NaCt, AuNP occlusion took place on the surface of Au-ZnO/Zn(OH)2. The surface charges of cZn1 and cZn2 were found to be –3.78 and –0.33 mV (SupplementaryTable S3). These differences were due to the variation of electron transfer from ZnO to Au (Gogurla et al., 2014). In the case of cZn3, highly negative charge surface (-24.4 mV) was obtained due to the presence of less amount of seeds (nanoparticle/ml) in comparison to cZn2. For cZn4, the electron transfer from ZnO to Au was less due to the presence of Zn(OH)2 in the nanocomposite. This reflected in the slightly positive surface of cZn4 (0.36 mV) nanocomposites.
Luminescent properties of crystalline Au-ZnO nanocomposites (cZn1-cZn4) and their applications. The absorbance spectra of these nanocomposites showed peaks at 358 nm (Supplementary Figure S17). The excitation of sample cZn2 at 350 nm produced dual emission peaks at 398 and 448 nm (Supplementary Figure S27A) with a broad tail up to 700 nm. The excitation spectra for 398 and 448 nm showed a peak at 358 nm (Supplementary Figure S27B), which was similar to the absorption peak. In order to find out the origin of the broadening, the deconvolution of the emission spectra was performed. This resulted in the emission of three additional peaks at 496, 547, and 590 nm. The emission around 398 nm was due to band-to-band transition of ZnO nanomaterial (Kuiri and Pramanik 2018). The excitation spectrum (Supplementary Figure S27B) for the emission at 448 nm showed a peak at 358 nm, which was due to the presence of ZnO in the nanocomposite (Liu et al., 2019). The last two emissions at 547 and 590 nm were due to oxygen vacancies in the ZnO nanocomposites. Reported ZnO nanostructures exhibited visible emissions within 420–569 nm by exciting at 370 nm (Khokhra et al., 2017) due to the zinc defects such as interstitials, natural and singly and doubly ionized interstitials. The emission peaks at 448, 547, and 590 nm by exciting the sample at 358 nm in our case are due to the point defect of ZnO. The remaining emission at 496 nm by excitation at 436 nm is due to the formation of 5–6 nm AuNP. The time-resolved fluorescence study (Supplementary Figure S28) in our case showed the similar trend of three decay components, which were similar to the previously reported emission from gold nanoclusters (Chattoraj and Bhattacharyya 2014). The quantum yields at 398, 448, 496, 547, and 590 nm wavelengths for cZn2 were found to be 4.23, 3.48, 2.00, 0.81, and 0.56%, respectively. The excitation spectra for the other three emission peaks showed a peak at 436 nm (Figure 4A). The origin of this excitation peak at 436 nm was probably due to the energy transfer from the initial dual emission for in situ stabilized AuNP on Au-ZnO nanocomposites. The maximum emission from cZn2 was observed at 496 nm by exciting the aqueous suspension at 436 nm (Figure 4B). In order to avoid excitation in the UV region at 358 nm, we chose 436 nm as excitation wavelength for our further studies. We checked the luminescence property of cZn1 to cZn4 by measuring the emission and excitation spectra (Figures 4A,B) in aqueous suspension. The quantum yields of these broad emissions for cZn1, cZn3, and cZn4 were found to be 0.27, 0.67, and 0.95%, respectively. The poor quantum yield was due to the mixing of emission from ZnO nanocomponent with the excitation peak due to 5–6 nm AuNP on the AuNP-cZnO surface. The difference in emission behavior is mostly due to the formation of small size AuNP and this type of emission is highly dependent on the size and shape of gold nanoparticles (Chen et al., 2015). The emission maxima vary with Zn powder, AuNP seed, and NaCt concentration as reflected by cZn1, cZn3, and cZn4, respectively for cZn2.
[image: Figure 4]FIGURE 4 | (A) Excitation, (B) emission spectra of nanocomposites cZn1-cZn4, (C–E) imaging of cZn2 in HEK293 cells, where cells were excited at 390/40 nm and emissions were monitored with 446/33 blue filter for luminescence image, scale bar: 100 μm, (F) photodegradation of rhodamine-B in presence of nanocomposites cZn1-cZn4.
We tested the fluorescence imaging of cZn1-cZn4 nanocomposites in HEK293 cells. The cells were treated with cZn1-cZn4 (50 μg/ml) for 2 h (at a cell viability of almost 85%) and fixed on a glass slide with paraformaldehyde reagent. The HEK293 cell nuclei and cytoplasm showed bright emission (Figures 4C–E; Supplementary Figures S29, S30, blue color for visualization) for cZn2-cZn4. cZn1 did not show any prominent luminescent image due to poor quantum yield. The MTT assays were performed with cZn1-cZn4 on the test cell line after incubation for up to 24 h and found to be nontoxic up to 2 h at a concentration of 50 μg/ml (p < 0.5, Supplementary Figure S31).
These excitation spectra in the visible region for the nanocomposites triggered the photodegradation of rhodamine-B in presence of visible light (Figure 4F; Supplementary Figure S32) unlike the recent report with 254 nm light for Au-ZnO nanocomposites. We carried out the photodegradation of rhodamine-B in presence of 455 nm LED. This wavelength was close to the excitation spectrum (Supplementary Figure S27B) from 5–6 nm AuNP in the AuNP-cZnO nanocomposites. This emission at 496 nm was stable even after 455 nm LED light illumination for 1 h. cZn4 showed the best degradation performance with the rate constant 0.25 h−1 (Table 2). The nonradiative decay rate constants (Supplementary Figure S28) were in a similar range for all the four samples. However, the radiative decay rate constant for cZn4 was maximum and at least two times compared to the nearest radiative decay rate constant for cZn3. The photodegradation studies with visible 455 nm light were dependent on the emission properties originating from 5–6 nm AuNP. The control experiments with aZn5-aZn8 nanocomposites without 5–6 nm AuNP showed no photodegradation of the dye in the presence of 455 nm light. The dye degradation rate constants (Table 2) in the presence of 254 nm light were much less in comparison to 455 nm LED probably due to the inherent excitation maxima at 436 nm in these nanocomposites. ZnO-based rate constants (Supplementary Figure S32; Table 2) for rhodamine dye degradation are 0.02 h−1 and 0.04 h−1 by irradiation at 455 and 254 nm light, respectively. These rate constants were less in comparison to the rate constants with Au-ZnO nanocomposites.
TABLE 2 | Rate constants for photodegradation of rhodamine-B.
[image: Table 2]CONCLUSION
In conclusion, we demonstrated facile room temperature synthesis of crystalline Au-ZnO nanocomposites by metal mediated redox reaction using water as a solvent. The synthetic modification successfully helped in the development of luminescent properties via the occlusion of AuNP on the crystalline Au-ZnO/Zn(OH)2 nanocomposite surface. These luminescent nanocomposites were successfully applied in the visible light–induced photodegradation of rhodamine-B dye. Currently, we are working on the occlusion of other luminescent materials on the nanocomposite surface.
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Isocyanides have drawn increasing attention in biological applications due to their attractive properties and unique reactivities, which can undergo various reactions, such as multicomponent reactions, α-addition reactions, [4 + 1] cycloaddition reactions, and the reaction scope keeps expanding. In addition to acting as reactants for the preparation of structurally interesting and diverse N-heterocycles or peptidomimetics, this type of functionality may be a good choice in the labeling and modulation of biomolecules due to the high biocompatibility and small size to minimize modifications on the parent molecule. It has been demonstrated that isocyanides can participate in biomolecule labeling through three strategies, including the two-component bioorthogonal reaction, multicomponent reaction, and metal chelation. Among them, the isocyanide-tetrazine reaction has been better studied recently, augmenting the potency of isocyanide as a bioorthogonal handle. This review will focus on the recent progress in isocyanide chemistry for labeling of biomolecules. Meanwhile, methods to introduce isocyano groups into biomacromolecules are also described to facilitate wider applications of this unique functionality.
Keywords: bioorthogonal chemistry, biomolecule labeling, isocyanide, ligation, cleavage
INTRODUCTION
Isocyanides are a class of highly versatile and irreplaceable reagents as the isocyano group may serve as both nucleophile and electrophile in chemical reactions (Nenajdenko, 2012). Over the past several decades, isocyanide chemistry has drawn much attention and found wide applications in synthetic organic and medicinal chemistry for the construction of structurally interesting and diverse N-heterocycles or peptidomimetics. The classical reactions involving isocyanides include but not limited to multicomponent reactions (MCRs), such as the well-known Passerini and Ugi reaction, α-addition reactions with electrophilic substrates, as well as [4 + 1] cycloaddition reactions. Since many of the above reactions could take place smoothly in aqueous media, and isocyanides are stable at biologically relevant pH [stable at pH 4–9 (Goldstein and Niv, 1993)] without obvious biotoxicity (Deb and Franzini, 2020), isocyanide chemistry has been successfully employed to realize the labeling of biomacromolecules, including proteins and polysaccharides. More intriguing, the isocyano group with a bond length of only 1.17 Å is known to date as the smallest bioorthogonal functionality suitable for living systems (Figure 1; though terminal alkyne is a bit smaller in size, it cannot be readily used in living systems through Cu-catalyzed azide-alkyne cycloaddition), allowing to modify the target biomolecule with minimum interference in the structure and function, thus may be suitable for cellular, subcellular, and even in vivo imaging. Other than bioimaging, it is also expected to achieve the activation of specific proteases and targeted drug release when used in combination with other strategies (Zhang et al., 2020). To facilitate wider applications of isocyanides in biological labeling, three strategies developed recently will be systematically described here.
[image: Figure 1]FIGURE 1 | Comparison of the size of isocyano group with other commonly used bioorthogonal functionalities. Molecules are shown with the corresponding methyl derivatives.
STRATEGY 1: ISOCYANIDE AS A BIOORTHOGONAL HANDLE
Bioorthogonal reactions are chemical reactions that neither interact nor interfere with a biological system. They have the following properties: 1) rapid reaction rate at low concentrations; 2) chemical selectivity, free from the influence of electrophilic and nucleophilic residues in biomolecules; 3) both reactants and products are stable under physiological conditions; 4) the products are small and chemically inert to avoid interfering with the activity of the target biomolecule (Kenry and Liu, 2019). Traditionally, bioorthogonal chemistry has largely been viewed as two-component “ligation” reactions since Bertozzi et al. proposed the term of bioorthogonal reaction in 2003 (Lemieux et al., 2003; Prescher and Bertozzi, 2005) to describe the biocompatible Staudinger ligation between an azido-containing unnatural sugar displayed on the living cell surface and a modified triphenylphosphine-fluorophore conjugate. To date, there are many bioorthogonal reactions available, such as Cu-catalyzed azide-alkyne cycloaddition (CuAAC), strain-promoted (Cu-free) azide-alkyne cycloaddition (SPAAC), inverse electron demand Diels-Alder (IEDDA) reactions including the tetrazine ligation and the isocyanide-based click reaction (Patterson et al., 2014; Smeenk et al., 2021). These reactions have been widely used in the labeling of biomolecules. In 2013, Robillard et al. reported the “click to release” reaction between tetrazine and trans-cyclooctene (TCO, with a carbamate group next to the double bond), initiating the release of drugs from the TCO (Versteegen et al., 2013). Such bioorthogonal bond cleavage reactions were thoroughly reviewed by Chen’s group in 2016, highlighting their applications in regulating cellular proteins or manipulating biological functions (Li and Chen, 2016; Zhang et al., 2016). Both the bioorthogonal ligation and cleavage reactions have expanded the chemical toolkit for biological discovery, and functionalities such as isocyanides that can undergo either ligation or cleavage controlled by their substituents will be particularly useful.
Isocyanide-Tetrazine Chemistry
As early as 1982, Seitz et al. reported the first example of [4 + 1] cycloaddition reaction of benzyl isocyanides with tetrazines to prepare pharmacologically interesting amino-pyrazoles (Imming et al., 1982). The first step of this transformation is the formation of tetraazanorbornadienimine derivatives 1 through [4 + 1] cycloaddition. This type of intermediate was unstable and would spontaneously undergo [4 + 2] cycloreversion with the release of N2 to result in imine derivatives 2, which would further tautomerize to the aromatic pyrazoles 3 and then hydrolyze to amino-pyrazoles 4 and carbonyls 5 (Figure 2). Because of the stability issue of 2, this [4 + 1] cycloaddition reaction could not be used directly for chemical ligation reactions in aqueous media. In 2011, Leeper et al. investigated this chemistry systematically with different types of isocyanides (Stöckmann et al., 2011). They found that for primary and secondary isocyanides, the imines 2 could not be isolated and the corresponding amino-pyrazoles and aldehydes/ketones were obtained as the final products in the same manner with Seitz’s report. In contrast, the imine products 2 from the reaction of tertiary isocyanides was found to be stable as the tautomerization process (from 2 to 3) was prohibited. Besides, imines 3 formed from propanoate-derived isocyanides did not hydrolyze either, but instead tautomerized again to give the vinylogous urethane derivatives 6 (Figure 2).
[image: Figure 2]FIGURE 2 | Mechanism of the reaction between isocyanides and tetrazines.
It is noteworthy that the isocyanide-tetrazine [4 + 1] cycloaddition is much slower than the conventional counterpart of tetrazine such as TCO, and this may limit its application in biomolecule labeling (Stairs et al., 2013). To compensate for the low reaction rate, Leeper et al. employed a high concentration of Tz-biotin (non-fluorogenic) for conjugation to primary 3-isocyanopropanamide-derived glycans (Ac4GlcN-n-Iso) on the cell surface (Figure 3A). However, this method did not essentially solve the kinetic problem between isocyanides and tetrazines. Later, Xiao et al. (Chen et al., 2019) designed a tert-butyl isocyano group conjugated lysine (NCibK) for protein labeling via [4 + 1] cycloaddition reaction with tetrazine probes (Figure 3B). The unnatural amino acid NCibK was introduced into proteins via genetic code expansion technology. This was the first example to use isocyanide-tetrazine ligation to achieve protein labeling, though the reaction rate is not high.
[image: Figure 3]FIGURE 3 | Application of isocyanide-tetrazine chemistry for bioorthogonal ligation with (A) glycans or (B) proteins.
On the contrary, Franzini et al. took advantage of the spontaneous hydrolysis of the cycloaddition product from primary isocyanide and tetrazine for “click to release” (Tu et al., 2018). In this case, they used 3-isocyanopropyl (ICPr) substituents as masking groups which can be effectively removed upon reacting with tetrazines to liberate phenol-containing active molecules under physiological conditions (Figure 4A). This concept could be extended to the release of proteins (Figure 4B; Chen et al., 2019). Furthermore, by the use of both primary isocyanide and tetrazine as “protecting groups,” the caged fluorophores would undergo bioorthogonal bond cleavage to liberate dual fluorophores through a single reaction (Figure 4C; Tu et al., 2020).
[image: Figure 4]FIGURE 4 | Application of isocyanide-tetrazine chemistry for bioorthogonal cleavage in (A) single release of small molecules, (B) single release of proteins, or (C) dual release of fluorophores.
Meanwhile, Franzini’s group thoroughly explored the structure-activity relationship of the reaction between isocyanides and tetrazines (Table 1), and found that tetrazines with bulky substituents could form stable adducts with primary isocyanides, thus obviating the need for engineering the isocyanide moiety (e.g., tertiary isocyanides) (Tu et al., 2019; Xu et al., 2019). What’s more interesting is that stable asymmetric tetrazines with bulky and electron-withdrawing substituents (Tz-4) can react with isocyanides rapidly under high-water conditions (Table 1, Entries 12–13). Computational analysis showed that dispersion forces between the isocyano group and the bulky tetrazine substituents in the transition state contribute to the acceleration. The use of sterically hindered tetrazine allows the rapid conjugation with primary/secondary isocyanides, thus promoting isocyanides to be among the most promising bioorthogonal reporters.
TABLE 1 | Second-order rate constants of reactions between tetrazines and different counterparts (structures of these compounds are shown in Supplementary Material).
[image: Table 1]Isocyanide-Chlorooxime Chemistry
Other than tetrazines, Helma et al. successfully applied the classical reaction of isocyanides with chlorooximes (Figure 5A) for bioorthogonal ligation (Figure 5B; Schäfer et al., 2019). It showed a modest reaction rate (k2 ≈ 1 M−1 s−1) with conversion greater than 95%. Moreover, this reaction is highly selective, thus compatible with other bioorthogonal reactions when used in combination. In this study, isocyanide-modified N-acetylmannosamine derivatives (carbohydrate metabolism precursor) was incubated with live cells, and then a biotin probe containing a chlorooxime group was added. There was a significantly enhanced fluorescence signal after incubation, highlighting the capability of isocyanide-chlorooxime ligation for live-cell labeling.
[image: Figure 5]FIGURE 5 | (A) Mechanism of the reaction between isocyanides and chlorooximes. (B) Isocyanide-chlorooxime ligation for the labeling of biomolecules in live cells. Re-printed with permission from American Chemistry Society Publications 2019 (Schäfer et al., 2019).
STRATEGY 2: ISOCYANIDE-BASED MCR
In 1983, Vodrážka et al. applied Ugi reaction to immobilize glucose oxidase on a polymer carrier which was the earliest report of protein bioconjugation based on MCR (Marek et al., 1983). In 2000, Lang et al. reported that the Ugi reaction was used to achieve the binding of bovine serum albumin (BSA) with isocyano-modified β-D-glucosyl groups (Ziegler et al., 2000). This is the first proof that isocyanide can undergo a Ugi reaction under physiological conditions. Recently, Rivera et al. gave a detailed description of the multicomponent coupling of various biomacromolecules, including those employing isocyanides (Figure 6; Reguera et al., 2018).
[image: Figure 6]FIGURE 6 | Isocyanide-based MCRs applied to bioconjugation include (A) Passerini reaction, (B) Ugi reaction and (C) Ugi-azide reaction. All the substituents (R1−R5) can be biomolecular fragments.
More examples using isocyanide as one of the MCR components for protein labeling were presented afterwards (Figure 7A). Very recently, the side-chain amine and carboxylic groups of two neighboring lysines and aspartate/glutamate on trastuzumab were conjugated in the presence of isocyanide and aldehyde through Ugi reaction by Chaubet et al. to achieve site-selective modification (Figure 7B; Sornay et al., 2020). This method can be used to obtain antibody conjugates with different payloads as well as to label native proteins in a site-specific manner. But due to the requirement of multicomponent coordination, it is not practical for living systems yet.
[image: Figure 7]FIGURE 7 | (A) Ugi reaction for the conjugation of single residue of native proteins. (B) Ugi reaction for the conjugation of two neighboring residues of native proteins.
STRATEGY 3: ISOCYANIDE AS A COORDINATION LIGAND FOR TRANSITION METALS
Akin to carbon monoxide as a strong σ-donor and a good π-acceptor, isocyanides could coordinate with transition metals. Therefore, it is possible to design transition metal-based fluorescent probes to recognize biological macromolecules tagged with isocyanides through their coordination. Although there is no report on such applications yet, there are many related researches to detect carbon monoxides with transition metal-derived fluorescent probes (Alcarazo et al., 2009; Yuan et al., 2013; Kos and Plenio, 2015; Alday et al., 2020). As isoelectronic with carbon monoxide (Figure 8A), isocyanide may also be used as a ligand which can be recognized by such fluorescent probes to achieve the non-covalent fluorescent labeling of biomacromolecules (Figure 8B).
[image: Figure 8]FIGURE 8 | (A) 10 valence-electron CO and [NC]− that function as terminal ligands to transition metals. (B) Isocyano-containing biomolecules can be labelled via metal chelation. M = transition metal.
METHODS TO INTRODUCE THE ISOCYANO GROUP INTO BIOMACROMOLECULES
There are many methods for introducing the isocyano group into small molecules, among which five of them are classic (Figure 9): A) by the reaction of silver cyanide with alkyl iodide; B) Hoffman carbylamine reaction with phase transfer catalysis; C) ring-opening reaction of oxazole to prepare unsaturated isocyanides; D) one-pot reaction using trimethylsilyl cyanide (TMSCN) and benzylic or tertiary alcohol; E) dehydration of formamide (Bode et al., 2016). Among these methods, the dehydration of formamide is the most popular one. In contrast, how to introduce the isocyano group into biomacromolecules like proteins and carbohydrates for subsequent bioorthogonal modification (i.e., labeling or modulation through bond cleavage) has been less addressed.
[image: Figure 9]FIGURE 9 | Preparation of isocyanides by (A) the reaction of silver cyanide with alkyl iodide, (B) Hoffman carbylamine reaction with phase transfer catalysis, (C) ring-opening reaction of oxazole, (D) one-pot reaction using trimethylsilyl cyanide (TMSCN) and benzylic/tertiary alcohol, or (E) dehydration of formamide.
Introducing the Isocyano Group Into Proteins
With Bifunctional Linkers
In 2011, Leeper et al. labeled the cysteine residues on the protein with the isocyano group via an isocyano-maleimide bifunctional linker (Figure 10; Stöckmann et al., 2011). However, a problem with this strategy is that the C-S bond is not stable under physiological conditions, and reverse Michael addition may cause cleavage of the isocyanide side chain. With efforts made in recent years to improve the stability of the Michael addition adduct, this problem can be properly addressed (Huang et al., 2019).
[image: Figure 10]FIGURE 10 | An isocyano-containing linker tagged to the protein through cysteine ligation.
By Site-Directed Insertion of Unnatural Amino Acids
This strategy is among the mainstream for protein modification. The unnatural amino acid containing an isocyano group can be inserted into the protein by two methods, namely the selective pressure incorporation (SPI) and the stop codon suppression (SCS) (Drienovská and Roelfes, 2020). The SPI method is based on that some tRNAs can recognize and bind those unnatural amino acids with structures similar to natural amino acids. When there are not enough natural amino acids in the biological system (auxotrophic), the insertion of unnatural amino acids can be realized. However, this method highly relies on the structure of unnatural amino acids and may randomly insert unnatural amino acids into different sites of the protein, which may affect its structure and function. The SCS method is more widely used, which introduces an exogenous translation system (including tRNA and aminoacyl tRNA synthetase) that does not recognize endogenous amino acids but can specifically recognize unnatural amino acids (Fu et al., 2018). At present, more than 200 unnatural amino acids can be inserted into protein in this way, including the isocyanide derivatives.
Introducing the Isocyano Group Into Carbohydrates
Traditional glycan analysis methods include chemical derivatization (e.g., film method, dinitrosalicylic acid method), pre-column derivatization (e.g., sugar chains with fluorescent groups to be analyzed by HPLC, etc., ), and biological macromolecule recognition (such as antibodies and clusterins) (Ghazarian et al., 2011). However, the chemical derivatization is not selective; the pre-column derivatization is destructive to sugars and not practical for in vivo applications; the biological macromolecule recognition is faced with the problem of low affinity for sugar. To this end, methods suitable for analyzing polysaccharides in living systems are in high demand. To insert the bioorthogonal handle into the sugar for subsequent fluorescent modification, there are mainly two strategies (Figure 11), metabolic oligosaccharide engineering (Dube and Bertozzi, 2003) and chemoenzymatic glycan labeling (Lopez Aguilar et al., 2017).
[image: Figure 11]FIGURE 11 | (A) Metabolic oligosaccharide engineering. (B) Chemoenzymatic glycan labeling.
Metabolic Oligosaccharide Engineering
This strategy was first proposed by Reutter’s group (Kayser et al., 1992). They found that unnatural analogues of mannosamine carrying a functional reporter can be used as metabolic precursors to participate in the biosynthetic pathway of sialic acid in vivo, after which the mannosamine can be visualized following conjugation with the fluorophore. In addition, isocyanide-based bioorthogonal reactions can be carried out smoothly even with the endogenous glycans in low abundance. However, the reporter must be small enough to be tolerated by the sugar biosynthetic system. In 2013, Leeper et al. tried to label glycans through sugar metabolism of N-acetyl-glucosamine and mannosamine derivatives containing isocyano groups, and then to use fluorophores with tetrazine for conjugation (Stairs et al., 2013). In 2019, Wennemers et al. also used this idea to incubate isocyano-modified N-acetylmannosamines with cells followed by the addition of biotin probes containing chlorooxime (Schäfer et al., 2019). Both studies demonstrate the potential of isocyanide as a bioorthogonal reporter for glycan labeling. However, it still has limitations: the sugar precursor may participate in multiple metabolic pathways after entering the cell to form various tagged sugars, thus not applicable for specific labeling.
Chemoenzymatic Method
As mentioned above, metabolic engineering through monosaccharide cannot meet the requirement to label more complex sugar chains. The chemoenzymatic method transfers monosaccharide analogues in the form of nucleotide sugar donors to specific glycan acceptors through glycosyltransferase, so that the glycan acceptors are equipped with the functional tag from the donor. This method was first reported by Hill et al. (Paulson et al., 1979) and the bioorthogonal reaction involving isocyanides is expected to be compatible with more complicated sugars in addition to monosaccharides. To be noted, this chemoenzymatic method highly relies on the development of glycosyltransferases that are tolerable to unnatural sugar donors and specific to the glycan acceptor.
Introducing the Isocyano Group Into DNA
Other than the important biological roles, DNA can also work as versatile tags for organic compounds. As early as 1992, Brenner and Lerner proposed the concept of adding a DNA barcode to chemically synthesized molecules to form DNA-encoded libraries (Brenner and Lerner, 1992). MCRs proved to be compatible with solid-phase synthesis and can be effective for creating scaffold diversity with a low synthetic cost (Rivera et al., 2021). In 2019, Brunschweiger’s team reported isocyanide-involved MCRs for DNA-encoded combinatorial synthesis (Kunig et al., 2019). This concept has great potential to be applied for fluorescence labeling or other derivatizations of DNA with isocyanides as well as to introduce an isocyano group into DNA.
PERSPECTIVES
The isocyano functionality has many advantages such as small size, unique reactivity, as well as good biocompatibility, thus are considered as promising bioorthogonal handles. To undergo a bioorthogonal reaction, there should be a suitable counterpart allowing good reaction kinetics and ideal products. Therefore, the application of isocyanides in biological systems increased rapidly after the finding that large sterically hindered tetrazines can form stable products rapidly after conjugation with primary isocyanides. Very recently, chlorooxime is found to be another complementary counterpart for bioorthogonal ligation with isocyanides, further expanding the bioorthogonal chemistry repertoire involving isocyanides.
Previously, Shasqi et al. employed the tetrazine-TCO reaction to achieve the enrichment of TCO-doxorubicin at the tumor site after injection with tetrazine-modified sodium hyaluronate biopolymer, thereby exerting anti-cancer effects with low side effects. This is the first bioorthogonal reaction applied to patients (Wu et al., 2021). If the TCO is replaced with an isocyano group, the water solubility of the drug can be improved and the impact on the structure of the drug could be minimized due to its small size. More interestingly, such a functional pair is attractive in the labeling of proteins and carbohydrates. Certain strategies such as genetic incorporation and metabolic engineering have been developed to insert the isocyano group into these biomolecules, allowing direct imaging or modulation of these “recombinant” targets. While multicomponent reactions involving isocyanides and side chains of the target protein have been proposed to modify native proteins, it is not practical for living systems due to the requirement of multicomponent coordination. In addition to explore the reactivity of isocyanides in bioorthogonal chemistry, we are also looking forward to methods that can tag the endogenous targets in living systems with isocyano groups, to promote their wide applications.
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Vaccaria segetalis is a dry mature seed of Vaccaria hispanica (Mill.) Rauschert, which belongs to the genus V. segetalis (Neck.) Garcke. There are multiple medicinal parts of V. segetalis, according to the records, including roots, stems, leaves, flowers, and seeds, which should be used together. Currently, V. segetalis is most frequently used in the treatment of menstruation, dysmenorrhea, breast milk stoppages, and chylorrhea. Numerous studies present historical evidence of the use of V. segetalis to treat several diseases and describe its beneficial effects including prolactin- (PRL-) like, estrogen-like, antitumor, antiangiogenesis, and antioxidant activity. We summarized the period from January 1980 to December 2019 regarding V. segetalis. This review paper indicates that V. segetalis has promising clinical applications. The main active ingredients of the plant have been elucidated in recent years. We summarized the previously and newly discovered pharmacological effects of V. segetalis in addition to its active ingredients, ethnopharmacological uses, and toxicological properties, and provided a focus for future research.

Keywords: Vaccaria segetalis, prolactin activity, estrogen-like activity, anti-tumor activity, anti-oxidant activation


INTRODUCTION

Vaccaria segetalis (Neck.) Garcke is an annual herb and is widely distributed worldwide throughout the cold temperature zone. The seeds of V. segetalis, which are known as Wang Bu Liu Xing, have been used in traditional Chinese medicine (TCM) to treat amenorrhea, dysmenorrhea, lactation failures, and carbuncles (Sang et al., 2003). V. segetalis has been used in China for 2000 years as documented in the oldest materia medica Shen Nong Ben Cao Jing. In recent years, being its clinical application more extensive, and many new clinical applications, such as the treatment of shingles (Min-ying, 2005), gallstones (Zhi-hong and Cai-ying, 1989), hypertension (Liu, 2018), and rhinitis (Liang and Xiu-jun, 2013), have been identified. V. segetalis is composed of several chemical components. Saponins (Ma et al., 2008), flavonoids (Wang et al., 2011), polysaccharides (Qing et al., 2014), and cyclic peptides (Sang et al., 2002) are believed to be the principal active constituents of V. segetalis. The seeds also contain components such as coumarins, lipids, fatty acids, and metallic elements (Jin-Ling et al., 2014). Recently, an increasing number of studies have suggested that V. segetalis extract has various bioactivities, such as prolactin- (PRL-) like, estrogen-like, antitumor, antiangiogenesis, and antioxidant activity, and it is also shown to dilate blood vessels and relieve osteoporosis (Li-Fan and Liang, 2007). This article also summarizes toxicological research regarding V. segetalis.

Complementary/alternative medicine has developed rapidly in recent years, and its use has gradually expanded globally. The use of Chinese herbal medicine as a part of complementary/alternative medicine has been the focus of many scholars. Although a few literature studies have described V. segetalis to date, no article has systematically summarized and evaluated the research results. We conducted this review to summarize the existing literature studies and to focus on analyses of the chemical constituents and pharmacological activities of V. segetalis. Our goal is to permit other researchers to more easily review existing research and provide new directions for future research.



ETHNOPHARMACOLOGICAL USES


Preparation of V. segetalis

Dry mature seeds from V. segetalis were prepared by using a multistep process. V. segetalis has different traits in different preparation stages (Tian-Yi, 2011). A specific preparation method is described below. In the first stage, after the fruits mature in summer, the plants are cut and dried. Then, the seeds are beat and dried. During this time, the seed is a black sphere with a diameter of approximately 2 mm. In the second stage, the seeds are fried until most seeds burst into white flowers. In the final stage, the seeds that burst into white flowers are ground into powder.



Methods of Administration

There are three administration methods for different preparation stages of V. segetalis because of its different traits. In the first type, seeds can be applied directly by pressing acupoints. In the second type, the seeds are fried until the white flowers burst, and the seeds are decocted in water. In the third type, the ground powder is applied directly to the affected area.



Indication

The seeds of V. segetalis are often used as black spheres in acupressure methods. Based on the TCM theory, acupoints are the specifically chosen sites for physical stimulation (Rong et al., 2011). A few studies have revealed that stimulating different acupoints on the body surface could provide various therapeutic benefits (Li et al., 2015). Previous research illustrated that pressing acupoints with seeds can improve hypertension. In one study, Liu (2018) selected the auricular points that were related to blood pressure, pressed one seed at each acupoint, and kneaded each acupoint for 3–5 min. This treatment was performed thrice a day, and the contralateral acupoints were alternatively pressed every 3 days. After 2 weeks of treatment, the hypertension symptoms of a patient had resolved (Liu, 2018). Gallstones can also be treated in this manner. In another study, the researchers used the seeds of V. segetalis to press the gallbladder, liver, duodenum, and sympathetic points on both sides of the ears of patients dozens of times and found that the gallbladder contracted significantly. Consequently, small stones and silt-like stones in the gallbladder were discharged into the intestinal lumen with bile, and then excreted from the body (Zhi-hong and Cai-ying, 1989). In addition, this method was used to treat rhinitis. A research team also used the seeds to press the ear points that were related to the nose 3–5 times a day, for 1–3 min each time. Ear points were changed every 3 days, switching between the two ears, and the course of treatment was 10 days (Liang and Xiu-jun, 2013). V. segetalis as a white flower after frying is often used in water decoctions. V. segetalis has also been used in combination with other Chinese herbal medicine to treat gonorrhea and promote the milk production. According to The Precious Mirror of Hygiene (AD 1343), ancient Chinese herbalists used V. segetalis to boost the milk production and milk lactation. The traditional Chinese herbal medicine prescription consists of equal amount of the spike of Dianthus superbus L., Ophiopogon japonicas (L.f.) Ker-Gawl (inner column removal), V. segetalis, fossil fragments (ancient mammals such as elephants, rhinos, three-toed horses, cattle, and deer), and the scale of Manis pentadactyla Linnaeus to the total of 50 g. The components are mixed and ground into a powder. In total, 5 g of the mixture are consumed with hot wine thrice a day. Then, 5 g of the mixture are added to a soup consisting of pork knuckle and Akebia quinata (Houtt.) Decne. and consumed thrice a day. Finally, the remaining mixture is rubbed on the left and right breasts 30 times with a wooden comb after consuming the aforementioned soup thrice a day (Tian-Yi, 2011). In recent years, a new application method has been to grind the white flower into a powder for an external application on the affected area. This was proven to be effective for treating shingles (Min-ying, 2005).

In summary, the applications of V. segetalis have been gradually expanded and improved with the accumulated research data. V. segetalis can be used externally or internally. It has been used for a long time based on the physical properties of the seeds to stimulate acupuncture points to treat diseases and their mixing in water decoctions with the other Chinese herbs. The newest application method is a direct application of the powder to the wound surface to treat shingles. We speculate that these activities are related to the active ingredients in seeds. We believe that the in-depth studies of V. segetalis will increase its clinical applications.




PRIMARY ACTIVE INGREDIENTS IN V. SEGETALIS

Vaccaria segetalis is mainly composed of saponins, cyclic peptides, flavonoids, and polysaccharides, and the other components include volatile oils, coumarins, lipids, and fatty acids. Several studies have investigated these active substance constituents.


Saponins

Several types of saponins are present in the seeds of V. segetalis. These saponins primarily include quillaic acid compounds, which account for ~65% of the total (Table 1). The other saponins include gypsogenin bisdesmosides (~15%), gypsogenic acid monodesmosides (~10%), and vaccaric acid bisdesmosides (~10%). The structures of the known saponins are summarized in Table 1. Triterpenoid saponins are the main components of V. segetalis. They are oleanol-type pentacyclic triterpenoids, which are also known as β-aromatic alkanes. These compounds are widely distributed in the plant kingdom. Triterpenoid saponins mostly have antioxidant (Guan et al., 2013), antitumor (Bozak et al., 1990; Haralampidis et al., 2002; Choi et al., 2005), and anti-inflammatory effects (Bernard et al., 2001; Banno et al., 2005; Guan et al., 2013). They also protect the cardiovascular system through their antihypertensive, anti-atherosclerotic, and vasodilatory effects (Rosalía et al., 2004). The main pharmacological activities of Panax ginseng C. A. Meyer, Glycyrrhiza uralensis Fisch., and Bupleurum L, which are widely used in daily life, are derived from their saponin components.


Table 1. Saponins present in the seeds of Vaccaria segetalis.
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Cyclic Peptides

Cyclic peptides have been found in several medicinal species such as Pseudostellaria heterophylla Miq., Lycium chinense Mill., and Psammosilene tunicoides, and exhibit a wide range of structure-dependent bioactivities (Tan and Zhou, 2006). Cyclic peptides are important components of V. segetalis (Dahiya and Dahiya, 2021). With the development and integration of modern medicine and traditional complementary medicine, the roles of cyclic peptides have been further confirmed. To date, eight cyclic peptides have been isolated from the seeds of V. segetalis (Table 2). Cyclic peptide molecules have antitumor activity (Feng et al., 2012), and they regulate uterine contraction, which implies estrogen-like activity for segetalins A, B, G, and H (Itokawa et al., 1995; Yun et al., 1997). In addition, a few studies illustrated that segetalins A, D, F, and G have vasodilatory activity against norepinephrine-induced aortic contraction in rats (Morita et al., 1997a). The pharmacological effects of cyclic peptides provide new options for the treatment of diseases.


Table 2. Cyclic peptides present in the seeds of V. segetalis.
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Flavonoids

Flavonoids comprise a broad class of ketone containing compounds that exist widely in nature. Flavonoids are widely distributed in plants in the form of glycosides, which are called flavonoid glycosides. In particular, Sophora japonica, Scutellaria baicalensis, Pueraria lobata, and Ginkgo biloba are rich in flavonoids. The structure of vaccarin, a flavone isolated from the seeds of V. segetalis, is presented in Figure 1 (Sang et al., 2000c). Flavonoids have many effects, such as protective effects on endothelial cells (Kozlowska and Szostak-Wegierek, 2014), hypoglycemic effects (Chen et al., 2017), antiviral effects (Zakaryan et al., 2017), and the ability to enhance lactation capacity (Tong et al., 2013).


[image: Figure 1]
FIGURE 1. Structure of vaccarin.




Polysaccharides

Polysaccharides are formed by the polymerization of more than 10 monosaccharide molecules via glycosidic bonds. They have high molecular weights, and they usually consist of several hundreds to thousands of monosaccharide molecules. Polysaccharides and their derivatives, such as lentinan, Astragalus polysaccharide, Polyporus polysaccharide, Lycium barbarum polysaccharide, and Ganoderma lucidum polysaccharide, are bioactive substances in TCM. They have antitumor (Mao et al., 2016; Tang et al., 2016), antioxidant (Hui et al., 2019), and anti-inflammatory effects (Wang et al., 2019), and promote cell proliferation (Zheng et al., 2014). Polysaccharides have been isolated from the seeds of V. segetalis in recent years (Zhou et al., 2015). Various active ingredients in V. segetalis provide a theoretical and realistic basis for the study of its pharmacological effects.



Other Components of V. segetalis

V. segetalis also contains coumarins, lipids, fatty acids, and other ingredients, along with adenosine and adenine. The main components of V. segetalis volatile oils are oleic acid amide, n-octadecane, myristylamide, and n-pentadecane (Yun et al., 1998). In addition to the currently known major active ingredients, several unknown ingredients of the plant require further investigation to be identified.




PHARMACOLOGICAL ACTIVITY OF V. SEGETALIS

Recently, V. segetalis has mainly been used in folk medicine based on its anti-inflammatory, antioxidant, anti-angiogenic, and antitumor effects, in addition to its ability to promote vasodilation, muscle contraction, and lactation. The active ingredients responsible for these effects are polysaccharides, saponins, flavonoids, and cyclic peptides (Peng et al., 2014). We will now specifically introduce its pharmacological activities.


Anti-inflammatory Activity

According to Shen Nong Ben Cao Jing, V. segetalis has been used to treat urinary symptoms such as blood strangury for 2000 years. Gonorrhea in Chinese medicine refers to diseases such as urinary tract infection, prostatitis, and seminal vesicle inflammation. The traditional Chinese herbal medicine prescription is as follows: 30 g of the seeds of V. segetalis and 6 g each of the roots of Angelica sinensis Diels, Chinese teasel, Paeonia lactiflora Pall., and Salvia miltiorrhiza are orally administered as two doses via decoction (Zhu-mo, 2005). Based on an extensive application of V. segetalis in the treatment of inflammatory diseases, we searched and collated the articles published in the past 30 years to explore the intrinsic mechanism of V. segetalis in the treatment of inflammatory diseases.

Hypaphorine from the different sources exhibits anti-inflammatory properties (Silva et al., 2012). V. segetalis extract, along with its hypaphorine, displayed anti-inflammatory activity both in vitro and in vivo (Aswad et al., 2018). In this study, mice were intraperitoneally injected with 200 mg/kg of the 6.019% of Vaccaria hydroalcoholic extract, and the results suggested that it could significantly inhibit xylene-induced ear edema and reduce peritoneal capillary permeability and leukocyte infiltration induced by an intraperitoneal injection of acetic acid (Wang et al., 2015). Similar results were obtained in cells. For example, Sun et al. (2017) found that the Vaccaria hypaphorine concentration dependently downregulated the expression of inflammatory cytokine and inflammatory enzyme, and then counteracted the increased phosphorylation of nucleus transfer-related proteins that were induced by inflammation, thereby inhibiting a nuclear factor- (NF-) κB signaling pathway to exert its anti-inflammatory effect in lipopolysaccharide- (LPS-) stimulated Raw 264.7 cells. Osteoclasts are the only cells in the human body that undergo the bone resorption. Inhibiting the differentiation and formation of osteoclasts can effectively inhibit bone loss and osteolysis (Wei et al., 2018). A previous study suggested that Vaccaria hypaphorine inhibits the formation, differentiation, and resorption of osteoclast to attenuate inflammatory bone loss in LPS-treated mice by inhibiting an extracellular signal-regulated kinase (ERK), p38, a c-Jun N-terminal kinase (JNK), and an NF-κB p65 phosphorylation (Chen et al., 2018). However, Liu et al. (2019) demonstrated that Vaccaria inhibits formation and function of osteoclast in vivo and in vitro, as well as Ti particle-induced osteolysis. Chronic pelvic inflammatory disease (CPID) refers to chronic inflammation of the female internal organs, surrounding connective tissue, and pelvic peritoneum (Chen, 2012; Bu et al., 2015). Man Pen Fang (MPF), a Chinese herbal compound consisting of the whole plants of Thlaspi arvense L. (Cruciferae), Gleditsia sinensis Lam. (Fabaceae), Smilax china L. (Liliaceae), Euonymus alatus (Thunb.) Sieb. (Celastraceae), and the seeds of V. segetalis (Neck; Caryophyllaceae), was proven to be effective for treating CPID in the previous studies (Kim et al., 2015; Li et al., 2016). In this formulation, V. segetalis (Neck) plays an important role because it has analgesic and anti-inflammatory properties, and activates blood circulation by dissipating blood stasis. In previous studies, Zhang et al. (2017) constructed a CPID mouse model (Tuffrey et al., 1992; Chen et al., 2008) and treated the animals with MPF. They revealed that MPF has a significant dose-dependent anti-inflammatory effect during the CPID treatment, and it also plays a positive role by decreasing the serum levels of inflammatory cytokines such as interleukin- (IL-) 6, IL-10, tumor necrosis factor (TNF)-α, and transforming growth factor (TGF)-β (Zhang et al., 2017). Zhang et al. (2017) conducted mechanistic research on TCMs and provided a theoretical support for the use of MPF to treat CPID. Trichinosis is an infectious disease caused by parasites, and it poses a serious hazard to the pork industry and human health (Rostami et al., 2017). In the host, Trichinella activates inflammatory cells to overexpress cyclooxygenase-2 (COX-2; Othman et al., 2016) and other inflammatory factors. Xu et al. (2019) demonstrated that Vaccaria n-butanol extract (VNE) from the seeds of V. segetalis can significantly relieve the symptoms of Trichinella spiralis infection. However, VNE from the seeds of V. segetalis did not significantly and directly affect the viability of T. spiralis muscle larvae. The study suggested that the survival rate of T. spiralis muscle larvae did not differ between the control and VNE treatment. Moreover, VNE exerted anti-inflammatory effects by repressing the IL-1β, IL-6, TNF-α, and COX-2 expression in mice. Therefore, it was speculated that VNE is likely to exert its anti-inflammatory effect by reducing the inflammatory response in infected mice and exhibiting similar insecticidal effects to T. spiralis (Xu et al., 2019). Albendazole is commonly used to treat human trichinellosis. However, because of its clinical side effects, VNE may be an adjuvant to the existing drug. A recent study provided insights into the mechanism of the anti-inflammatory effects of V. segetalis. Mao found that crude polysaccharides from the seeds of V. segetalis (SVCP) can effectively prevent the urinary tract infections that are induced by uropathogenic Escherichia coli (UPEC) in 2020. SVCP-induced upregulation of IL-6 and IL-8 helps to eliminate bacteria in the urine, and does not cause tissue damage and acute pyelonephritis via the upregulation of pro-inflammatory cytokines. In addition, the authors found that the application of SVCP could upregulate the PIGR expression in rat kidneys, which was significantly suppressed by UPEC (Mao et al., 2020). This suggests that SVCP can prevent the infection caused by UPEC by stimulating an innate immunity of the kidneys. In addition, (Mao et al., 2021) explored the potential mechanism of SVCP in the treatment of kidney infections in a recent research study. The administration of SVCP upregulated the low expression of Cathelicidin family (LL-37 and CRAMP) in the UPEC-induced kidney infection model, and upregulated the expression of Toll-like receptors (TLRs). TLR agonists can stimulate the expression of cathelicidin (Liu et al., 2006; Vandamme et al., 2012). In summary, SVCP may increase the expression of cathelicidin by activating TLRS to protect the kidney from infection. This enriches the mechanism of action of SVCP.

Currently, antibiotics are the most widely used drugs to treat inflammation-related diseases. However, the long-term use of antibiotics in large quantities will lead to drug resistance and cause serious side effects in some patients, leading to treatment failures. The anti-inflammatory effect of V. segetalis provides new avenues for the treatment of inflammatory diseases.



Anticancer Activity

In 1971, Folkman (1971) first proposed the theory of tumor angiogenesis. Through an in-depth study of malignancies, the researchers found that angiogenesis is an important process in tumorigenesis and tumor development. Angiogenesis can be activated at different stages of tumor development. Currently, anti-angiogenic drugs represent a leading field in the development of new antitumor drugs (Viallard and Larrivee, 2017). The inhibition of angiogenesis has become a necessary strategy for antitumor therapy (D'Amato and Adamis, 1995; Folkman, 1995; Tímár et al., 2001). Continuous proliferation and migration of vascular endothelial cells are the primary steps in angiogenesis. During the neovascularization, endothelial cells first establish a cell-to-cell contact and then proliferate and migrate to a perivascular matrix where cellular connections are re-established and new vessels are formed (Carmeliet and Jain, 2000). Vascular endothelial cells can also secrete vascular growth factors to promote the proliferation of vascular endothelial cells and tumor cells. The inhibition of vascular endothelial cells can inhibit the proliferation of tumor cells and increase apoptosis in metastatic tumor cells. Therefore, anti-angiogenic therapy targeting vascular endothelial cells involved in the proliferation and migration can be an effective antitumor strategy.

Platelet-endothelial cell adhesion molecule-1 (PECAM-1), which is also known as CD31, is a key molecule of cell adhesion. In the process of neovascularization, CD31 is closely related to the movement of endothelial cells, and it may be involved in the signal transduction that is responsible for cell adhesion (Sun et al., 2000). CD31-blocking antibodies inhibit angiogenesis that is induced by cytokines and tumors in different animal models (Lertkiatmongkol et al., 2016).

Many studies have suggested that V. segetalis has anticancer and anti-angiogenic effects. We have summarized the pharmacological data and the effects of an herb (Table 3). The results illustrated that V. segetalis extract has anticancer effects in various cancer cells. V. segetalis extract reduced the expression of CD31 in peripheral endothelial cells and reduced the microvessel density in surrounding tissues. Further research revealed that V. segetalis water extract significantly inhibits the proliferation and migration of human mammary epithelial cells (HMECs) in a concentration-dependent manner. This indicates that the main function of V. segetalis extract is to block the proliferation and migration of endothelial cells. V. segetalis has anticancer effects in vitro, and these effects are markedly enhanced in select cancer cells. Other studies demonstrated that V. segetalis extract can decrease the formation of abundant microvessels, which was induced by a basic fibroblast growth factor (bFGF). bFGF is found in almost all mesoderm-derived and neuroectoderm-derived tissues as well as the tumors derived from these tissues. bFGF has been shown to have a mitogenic, chemotactic, and angiogenic activity, which promotes cell growth, differentiation, and motility (Finzel et al., 1984). By analyzing a few literature studies, we determined that V. segetalis extract can reduce the formation and expansion of tumors by suppressing the formation of abundant microvessels and preventing the proliferation and migration of epithelial cells. Additionally, V. segetalis extract will likely to inhibit angiogenesis that is induced by cytokines and tumors by reducing the expression of CD31. Inhibiting angiogenesis was also shown, which often leads to the reduction of tumors; thus, angiogenesis is a critical prerequisite for the tumor formation, and the anti-angiogenic effect of V. segetalis provides a new strategy for treating tumors. Anti-angiogenic drugs that are commonly used in clinical practice include vascular endothelial growth factor (VEGF) monoclonal antibodies (Cao et al., 2015), thalidomide (Bladé et al., 2001), and vandetanib (Vitagliano et al., 2010), but these drugs can cause serious side effects and increase medical costs. The discovery and study of anti-angiogenic effects of V. segetalis have provided new directions for the development of anticancer drugs in the future.


Table 3. Anticancer activity of V. segetalis.

[image: Table 3]

Tumors are caused by the acceleration of cell proliferation and suppression of apoptosis. Tumor treatment can also be accomplished by inducing apoptosis in tumor cells. Many studies support the apoptotic effect of V. segetalis in cancer cells. The results identified the V. segetalis compounds that have significant antitumor effects, and these are triterpenoid saponins (segetoside H and segetoside I) and some unknown compounds (Gao Y. Y. et al., 2010; Balsevich et al., 2012). Segetosides H and I, which are isolated from V. segetalis, have significant anticancer effects (Table 3; Yun et al., 1998). Previous studies demonstrated that segetoside I can induce DNA fragmentation and the upregulation of apoptosis-related genes, suggesting that the activation of apoptotic signaling events may have been initiated. Segetoside I also suppressed hepatic tumor growth in mice with virtually no cytotoxicity, and prolonged animal survival (Firempong et al., 2016), and thus, it may be an effective candidate for treating tumors. These results suggest that segetosides H and I can induce cancer cell apoptosis by activating apoptotic pathways to prevent the development of cancer, which may make them valuable antitumor chemotherapeutics.

In summary, we propose that V. segetalis extract can exert its anticancer effects in two ways. First, the extract can inhibit the tumor growth and angiogenesis around the tumor and second, it can activate apoptosis pathways in cancer cells. To study the mechanism of the anticancer action of V. segetalis in the future, we should focus on angiogenesis-related and apoptosis-related pathways. Although V. segetalis has been used as traditional Chinese herbal medicine for more than 2000 years, its anticancer effect has been newly proposed in recent years and the current experiments remain in the preclinical stage, including cell and animal models. Deeper mechanism studies and more expansive clinical data are needed to prove and support medication methods, dosages, and other variables. Thus, much work remains before V. segetalis or its extracts can be used to treat patients with cancer.



Inhibition of Apoptosis

Apoptosis is also known as a programmed cell death. Despite its ability to induce apoptosis in tumor cells as mentioned previously, V. segetalis can inhibit apoptosis that is caused by apoptotic factors in normal cells. Vaccarin was shown to exert a potential protective effect in H2O2-injured human EA.hy926 endothelial cells by inhibiting the Notch signaling pathway and downregulating caspase-3, which has a dominant role in the execution of the apoptotic process. Caspase-3 activation is a central link in apoptosis (Xie et al., 2015). H2O2 is often used to develop a validation model, and it stimulates cells to produce reactive oxygen species (ROS) (Schieber and Chandel, 2014). Previous studies revealed that the ROS production and apoptosis can occur simultaneously (Corbacho et al., 2002). Further studies illustrated that vaccarin can suppress a high glucose-induced damage in EA.hy926 cells, which was shown by improved cell viability and migratory ability, and this treatment effectively suppressed the caspase-3 overexpression (Qiu et al., 2016).

The abovementioned studies demonstrated that vaccarin, which is an active ingredient of V. segetalis, can downregulate the apoptotic gene expression that is induced by apoptotic factors, thereby inhibiting apoptosis. We can imagine a clinical role for vaccarin as an antioxidant based on its ability to prevent H2O2-induced apoptosis, specifically as a daily supplement.



Dilation of Blood Vessels

Vasodilators can be used to treat hypertension, coronary atherosclerotic heart disease, angina pectoris, and cerebrovascular sclerosis. V. segetalis is often used to treat headache, hypertension, asthmatic pneumonia, and other diseases. Because of its vasodilatory effects, V. segetalis (Neck) Garcke decoction had a significant concentration-dependent relaxing effect on the norepinephrine-induced precontraction of the rabbit aortic smooth muscle. After removing endothelial cells, the relaxation effect of V. segetalis (Neck) Garcke on noradrenaline-precontracted arterial rings was significantly decreased (Hua'e et al., 2007). Morita et al. (1997a) found that segetalins A, D, F, G, and H exhibited vasodilatory activity against norepinephrine-induced aortic contraction in rats, and among these, segetalins G and H had the strongest diastolic activity. In addition, a study by Jing et al. (2007) reported the same relaxation in aortic ring samples that lacked an endothelium. The volatile oil in V. segetalis may be responsible for this function (Shiva Kumar et al., 2017). The specific mechanisms of segetalin action on vasodilation and contractile activity require further investigation. Previously, we explained that TCM often uses the seeds of V. segetalis to mechanically stimulate auricular points to assist in the treatment of hypertension. In addition to the unique characteristics of its seeds, we speculate that it is also possible that the volatile oil of V. segetalis could enter the body through the skin at the ear point. (Morita et al., 2006) found that the segetalins in V. segetalis extract have a vasodilatory activity. Although the vasodilatory activity of segetalins has been reported in animal models, there are no clinical data to date. However, the evidence points to a new strategy for the treatment of vasoconstriction-related diseases.



Promotion of Lactation

A recent study indicated that the use of V. segetalis during breastfeeding to promote breast milk is common in Macau (Zheng et al., 2020). Many studies have revealed that V. segetalis, Leonurus, and Astragalus can significantly promote lactation in female rats (Baoming and Anshan, 2007). Although this treatment remains in use, the mechanism by which V. segetalis induces lactation is unclear.

One of the primary ingredients in V. segetalis is vaccarin (Jia et al., 1998), which promotes the proliferation of mammary epithelial cells and enhances their secretory function (Leonoudakis et al., 2010). Mammary epithelial cells are the breast biological generators that synthesize and secrete milk. The number and activity of mammary epithelial cells are closely related to the lactation performance of livestock (Planas-Silva et al., 2006). The latest research has enriched the lactation mechanism of Vaccarin. Vaccarin and PRL have similar effects in stimulating the proliferation of breast epithelial cells and enhancing their secretory function, the expression of Cylin D1, the phosphorylation of mechanistic target of rapamycin (mTOR), and the regulation of the expression of a sterol regulatory element binding protein 1c (SREBP-1c). In addition, Vaccarin can promote the expression of PRL receptors. In summary, Vaccarin can promote the breast epithelial cell proliferation and enhance its secretion ability via the PRL receptor-PI3K-Cyclin D1/SREBP-1c/mTOR signaling pathways (Yu et al., 2020). JAK2 is important for the PRL signal transduction and normal breast tissue development, and STAT5a is necessary for the breast development (Gass et al., 2003). β-casein is an important milk protein, and its secretion level reflects the lactation ability of breast epithelial cells to a certain extent. Gao X. J. et al. (2010) found that the dibutyl phthalate (DBP) injection can increase the milk production in cows. Liu et al. (2010) found that DBP could significantly increase the proliferation and viability of mammary epithelial cells in dairy cows. It was also found that DBP could increase the β-casein expression and lactose secretion in breast epithelial cells (Tong et al., 2013). In addition, Tong et al. found that DBP from V. segetalis can promote lactation and the proliferation of breast epithelial cells and activate a JAK-STAT5-signaling pathway by increasing the STAT5 phosphorylation levels (Tong et al., 2011). These studies demonstrated that DBP has estrogenic activity, and that it can activate a lactation-signaling pathway and promote lactation by regulating the milk protein, lactose, and milk fat synthesis. However, as a highly toxic substance, the dosage and application of DBP require more theoretical research and experimental support.

The low postpartum lactation ability of mammals is mainly attributable to the insufficient activation of the relevant endocrine system in the body, preventing mammary glands from producing milk normally and hindering milk excretion. Chinese herbal medicine can promote lactation by regulating the metabolism of postpartum mammals and increasing endocrine levels in vivo. Kleinberg and Ruan (2008) found that V. segetalis increased the content of growth hormones (GHs) and PRL in serum from dairy cows, which in turn promoted the breast development and improved the lactation performance. Jun-Xian et al. (2013) used V. segetalis water extract, which had a similar effect to estrogen and PRL, and its components could bind to an estrogen receptor to activate a STAT5-signaling pathway, thereby promoting the P-STAT5 expression and milk protein synthesis. Bryant (2009) found that the PRL promoter transcription and PRL synthesis can be induced by stimulating the estrogen receptor system and pituitary transcription factor Pit-1. PRL controls the regulation of milk protein at the translational level, thereby promoting the synthesis of milk proteins. Another study reported similar results and suggested that V. segetalis has a specific estrogen-like effect; specifically, its components can bind to an estrogen receptor, and thereby promoting the synthesis of PRL (Itokawa et al., 1995).

Based on these findings, we concluded that the stimulatory effects of V. segetalis on the production of milk occur through DBP and that DBP has PRL-like effects. In addition, a few studies have found that the other substances in V. segetalis have estrogen-like effects, and estrogen-like active ingredients can bind with estrogen receptors to promote the synthesis of PRL. This implies a synergy between the actions of various substances in V. segetalis. These results provide new ideas for future studies on V. segetalis.



Estrogen-Like Action

Many studies have revealed the estrogen-like effect of V. segetalis. Pakoussi et al. (2018) found that phytoestrogens enhance uterine contractions. Morita et al. (1997c) discovered vaccaroid A in V. segetalis and found that it has a role in promoting uterine contractions. Moreover, the research has illustrated that segetalins A, B, G, and H are cyclic hexapeptides and pentapeptides with estrogenic activity in ovariectomized rats (Morita et al., 1993, 1995; Yun et al., 1997). Segetalins are the only natural cyclic peptides that were reported to have estrogenic activity. When they are digested into acyclic segetalins by enzymes, they lose their activity, indicating that their conformation plays an important role in their function (Morita et al., 1997a). A study found that segetalins G and H at a dose of 2.5 mg/kg significantly increased uterine weight vs. the control (p < 0.01) in ovariectomized rats that did not receive the estrogen supplementation for 2 weeks (Yun et al., 1997). Itokawa et al. (1995) applied segetalins A and B to ovariectomized rats for 14 consecutive days and observed similar effects to those of segetalins G and H, verifying that segetalins A, B, G, and H have estrogen-like effects. Ovariectomy-induced bone loss in rats and postmenopausal bone loss in women share many similar features, and the clinical symptoms are often treated by 17β-estradiol supplementation (Kalu, 1991). To study the estrogen-like activity of V. segetalis and facilitate its future clinical applications, Shih et al. (2009) constructed an ovariectomized rat model to simulate postmenopausal bone loss in women. In the ovariectomized group, the calcium content of the femur and the fourth lumbar vertebra was significantly reduced, whereas these effects were alleviated by the supplementation with 17β-estradiol or V. segetalis extract. V. segetalis extract does not cause side effects such as uterine or vaginal hypertrophy. This provides a new direction for the treatment of osteoporosis. Moreover, because of its estrogen-like activity, V. segetalis can be used as an alternative to estrogen for people with allergies to synthetic estrogens. In addition, V. segetalis can avoid the side effects of estrogen supplementation.




TOXICOLOGY RESEARCH

Several toxicological studies related to V. segetalis have been conducted. In one study, V. segetalis extract obtained via a reflux with 75% ethanol was used to treat mice. The minimum toxic amount of V. segetalis extract in mice was 100 mg/kg, and the minimum lethal dose was 1,500 mg/kg. V. segetalis extract was more toxic to the heart and kidneys of mice at 1,000 mg/kg (approximately lethal dose) than lung, and there was no serious functional damage in mice treated with 200 mg/kg of V. segetalis extract. Therefore, V. segetalis shows a good safety profile, and it could be a promising therapeutic modality (Gao et al., 2013).

Segetoside I is an extract of V. segetalis, and it has been a focus of research. One study showed that intraperitoneal segetoside I in mice had an LD50 (median lethal dose) of 14.5 mg/kg (Firempong et al., 2016). The mice were treated with segetoside I at different concentrations and sacrificed after 14 days, and their respective organ coefficients were determined. The tissue coefficients of the heart, liver, and kidney did not change significantly, whereas the tissue coefficient of the spleen increased with increasing doses of segetoside I. The spleen coefficient was significantly improved by segetoside I at the concentration of 1.25, 2.5, and 5 mg/kg. This demonstrated that segetoside I did not significantly affect the body weight of mice, but that it damaged the spleen at doses exceeding 5 mg/kg. In addition, the studies have explored the cytotoxic effects of different extracts of V. segetalis in different cells, and IC50 was obtained (Table 4; Ma et al., 2008).


Table 4. Cytotoxic activity (IC50, mM) of compounds 1–6.

[image: Table 4]

In a previous study, it was mentioned that V. segetalis has an anti-inflammatory effect, but at the same time it has an estrogen-like effect, which also leads to certain side effects. Overdose of estrogen by men who have not entered puberty will cause the secondary sex characteristics of men to not appear but the second sex characteristics of women; excessive estrogen in puberty men will cause a gradual decline of the second sex characteristics of men, in addition to causing endocrine disorders, obesity, and even affect fertility (Kabir et al., 2015). This has led to a clinical application of Wang Buliuxing more oriented to females, and whether Wang Buliuxing can be used for the treatment of males and the applied dosage need more literature support. In addition, the anti-inflammatory effect of Wang Buliu Xing may hide an inflammatory process caused by the microorganism infection, which may lead to an aggravation of the infection, and thus may not fundamentally solve the problem.

Taken together, the toxicological information on V. segetalis remains extremely limited, and further research is required to determine the extraction, purification, and application of the active ingredients of V. segetalis.



CONCLUSION

V. segetalis is a plant used in traditional Chinese herbal medicine that occupies an extremely important position in the Chinese medicine theory. With an increasing amount of research on the active ingredients of V. segetalis, V. segetalis could be used with modern medicine to treat blood strangury, lactation deficiencies, and chylorrhea. V. segetalis can also be used to treat hypertension, headache, and gallstones through its unique ability to physically stimulate the corresponding acupuncture points on the ear or body. This article has provided in detail the chemical and pharmacological properties of V. segetalis and summarized the recent literature studies. The main ingredients in V. segetalis include flavonoids, cyclic peptides, saponins, and polysaccharides, but several active substances have not been identified, indicating the need for a more systematic phytochemical research. In terms of its pharmacological effects, V. segetalis has anti-inflammatory, anti-angiogenic, anticancer, anti-apoptosis, and estrogenic effects, dilates blood vessels, and promotes lactation. Many diseases are treated poorly using modern medicine, and traditional and complementary medicine can provide new treatment modalities for these diseases.

Although substantial research has been conducted on V. segetalis, many unknown elements in V. segetalis remain. In addition, some studies used hydroalcoholic crude extracts instead of the pure active ingredients of V. segetalis as the experimental objects. We speculate that hydroalcoholic crude extracts are used because the extraction process for the active ingredients of V. segetalis is more complicated. In addition, we found that V. segetalis crude extracts and some effective active ingredients also have anticancer effects that have not been mentioned in clinical applications, thereby further enhancing the significance of V. segetalis in modern research and providing new directions of future research.

Future research on V. segetalis should specifically focus on the four issues that are described below. First, we should continue to explore the unknown elements in V. segetalis. Second, the processes for extracting the effective active substances of V. segetalis should be further improved. Third, the mechanisms of the anti-inflammatory, anticancer, and anti-apoptotic effects of V. segetalis should be further elucidated. Finally, more research on the pharmacology and toxicology is needed to provide additional evidence for clinical applications.
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Mitochondria are vital subcellular organelles that generate most cellular chemical energy, regulate cell metabolism and maintain cell function. Mitochondrial dysfunction is directly linked to numerous diseases including neurodegenerative disorders, diabetes, thyroid squamous disease, cancer and septicemia. Thus, the design of specific mitochondria-targeting molecules and the realization of real-time acquisition of mitochondrial activity are powerful tools in the study and treatment of mitochondria dysfunction in related diseases. Recent advances in mitochondria-targeting agents have led to several important mitochondria chemical probes that offer the opportunity for selective targeting molecules, novel biological applications and therapeutic strategies. This review details the structural and physiological functional characteristics of mitochondria, and comprehensively summarizes and classifies mitochondria-targeting agents. In addition, their pros and cons and their related chemical biological applications are discussed. Finally, the potential biomedical applications of these agents are briefly prospected.
Keywords: mitochondrial, mitochondrial dysfunction, mitochondrial-targeting molecules, chemical biology, chemical probe, nanomedicine
INTRODUCTION
Mitochondria are one of the most important organelles in cells, playing a key role in cell survival. On the one hand, mitochondria synthesize adenosine triphosphate (ATP), the energy required to maintain cell viability by mitochondrial oxidative phosphorylation (OXPHOS); on the other hand, damaged mitochondria produce reactive oxygen species (ROS), cytochrome c and other signals, which initiate apoptosis by activating caspase family proteins (Chan, 2006). Mitochondrial dysfunction is usually characterized as the loss of efficiency of ATP production, which is a characteristic of aging and most all chronic diseases, such as neurodegenerative disorders, cancers and diabetes (Nicolson, 2014). Therefore, mitochondrial targeting therapies might be the key to solving intractable diseases and hold great potential in the treatment of various diseases (Murphy and Hartley, 2018).
A comprehensive analysis of the activity, expression and migration of mitochondrial biomarkers in the process of disease occurrence and development will provide important information for a better understanding of the diseases. Therefore, current attention focuses on the development of sensitive technologies/systems that can identify and monitor mitochondrial functions. In this review, the structure, function and related disease characteristics of mitochondria are introduced. Mitochondrial targeting methods are summarized and classified, such as mitochondria-targeting small molecules, biomolecules and nanomaterials. Moreover, an analysis and discussion of the characteristics of these mitochondria-targeting motifs and related biological applications is provided to the reader. We believe that this review will arouse widespread interest among scientists working on mitochondria and provide chemical biologists with valuable information to further address the challenges.
THE STRUCTURE, FUNCTION AND RELATED DISEASES OF MITOCHONDRIA
The structure of mitochondria is very different from other subcellular organelles in the cell. The basic structure of mitochondria can be divided into four functional areas: 1) outer mitochondrial membrane (OMM), 2) mitochondrial membrane space (IMS), 3) inner mitochondrial membrane (IMM), and 4) mitochondrial matrix (MM) (Mannella, 2000). The OMM has a smooth surface morphology and functions as the cell organelle boundary membrane. The specific receptors on the OMM are termed mitochondrial outer membrane complex which selectively recognize and uptake certain substances into the mitochondria. The IMM folds inward to form mitochondrial cristae which results in larger surface area, therefore it is able to carry more biochemical reactions per time unit (Figure 1A). These two membranes define the borders of the extramitochondrial region, inter-membrane space and matrix (Osellame et al., 2012). In addition, the morphology and position of mitochondria in the cell are very important and are strictly regulated by the processes of mitosis, biogenesis and autophagy to ensure the relative stability of the mitochondrial population.
[image: Figure 1]FIGURE 1 | (A) Mitochondrial structure, which can be divided by four functional areas: 1) outer mitochondrial membrane (OMM), 2) mitochondrial membrane space (IMS), 3) inner mitochondrial membrane (IMM), and 4) mitochondrial matrix (MM). Mitochondria also possess their own gene information (mtDNA). Image reproduced with permission, from Ref. Samanta et al. (2019). (B) Common mitochondrial diseases. 1B was created with BioRender.com.
Upon mitochondrial damage, events such as the changes of morphology, membrane potential and permeability to Ca2+, reduction of membrane phosphate esters, and oxidative phosphorylation coupling, affect the normal function of the entire cell and lead to the occurrence of diseases. For example, mitochondrial myopathy, cerebral myopathy, Leber's hereditary optic neuropathy etc. are caused by pathological changes after mitochondrial damage (Claudia et al., 2019; Fogle et al., 2019; Winkler et al., 2019).
In addition, a damaged mitochondrial structure and mitochondrial metabolic abnormalities also play important roles in the occurrence and development of many diseases (Viscomi and Zeviani, 2020), (Figure 1B). For example, as a common neurodegenerative disorder, the pathogenesis of Parkinson’s disease (PD) has been strongly linked with mitochondrial dysfunction (Chen et al., 2020). Studies proved that mitochondrial respiratory defects may result in chronic ROS production that leads to the death of dopaminergic neurons. Moreover, disruption of mitochondrial kinetics due to toxic damage or other conditions may also lead to neurodegeneration. In some cases, mitochondrial dysfunction caused by gene mutation is the fundamental cause for the pathogenesis and inheritance of PD (Dauer and Przedborski, 2003; Thomas and Beal, 2007; Bose and Beal, 2016). Therefore, diseases where the progression can be correlated with or compensated for mitochondrial function are collectively referred as mitochondrial diseases. At present, in addition to neurodegenerative disorders (Baldassarro et al., 2019), there are numerous diseases related to abnormal mitochondrial structure and function, including mental diseases (Ashwini et al., 2015), tumor (Schubert et al., 2020), aging (Bornstein et al., 2020), cardiovascular disease (Veloso et al., 2019), diabetes (Szendroedi et al., 2012), etc. Therapeutics which target mitochondria also result in positive responses in some cases (Jeena et al., 2019). Although these diseases appear in different tissue sites and show different symptoms, mitochondrial dysfunction is the common feature, mainly manifested as insufficient production capacity due to impaired oxidative phosphorylation, increased ROS, and abnormal apoptosis signals (Lesnefsky and Hoppel, 2006).
In recent years, research on rectifying the structure and function of mitochondria has been carried out rapidly. For example, fixing mitochondrial DNA mutations through genome editing technology was reported to have a certain curative effect on angiocardiopathy (Gammage et al., 2018). In addition, diagnostic and therapeutic agents targeting mitochondria, such as a substance called Gboxin, an inhibitor of oxidative phosphorylation, can produce specific inhibition of diabetes or glioma (Shi et al., 2019). Although great efforts have been put into the treatment of mitochondria-related diseases (Slone and Huang, 2020), in most cases, the structure and function of mitochondria have been irreversibly damaged which result in limited therapeutic effects. Alternatively, a newly emerged approach, mitochondrial replacement therapy (MRT), which supplements the cells with healthy mitochondria is a promising approach to fundamentally treat mitochondria-related diseases (Schumacker et al., 2014) (Mccully et al., 2016). In addition, combination therapies such as phototherapy and small molecule anticancer drugs have been developed as alternatives to synergistic treatment (Xie et al., 2020).
MITOCHONDRIA-TARGETING AGENTS
For mitochondria therapies and biological studies, the selectivity or even specificity of agents targeting the mitochondrial structures is essential to the design of corresponding therapeutics and probes. This selectivity will result in less off-target toxicity and also lower the effective concentration of drugs/probes, therefore enhancing the corresponding bioavailability (Jhaveri and Torchilin, 2016; Yao et al., 2021). Substantial progress in the understanding of mitochondria provides critical information that paves the way for the design of mitochondrial targeting methods and agents.
Mitochondria-Targeting Small Molecules
Due to the presence of a proton pump (PP) in the IMM, the protons in the MM are pumped into the IMS, resulting in positive charges in the IMS. MM carries negative charges, which form the transmembrane potential (MTP) across the IMM, which is also known as mitochondrial membrane potential (Zorova et al., 2018). There is usually a negative potential difference (∼180–200 mV) on both sides of the IMM, which is the mitochondrial membrane potential (∆Ψm) (Smith et al., 2012). Changes in mitochondrial membrane potential or even minor changes will greatly affect the function of mitochondria.
Existing mitochondria-targeting small molecules include triphenylphosphonium, dequalinium, (E)-4-(1H-Indol-3-ylvinyl)-N-methylpyridineiodide, tetramethylrhodamine ethyl ester (TMRE), guanidine salt, tetramethylrhodamine methyl ester (TMRM), rhodamine 19, rhodamine 123 and tetrachlorotetraethyl benzimidazole carbocyanine iodine Compounds (5,5′,6,6′-tetrachloro-1,1′,3,3′-tetraethyl-imidacarbocyanine, JC-1) (Chazotte, 2011; Perelman et al., 2012; Cunha-Oliveira et al., 2018) (Figure 2). Most of them are delocalization lipophilic cations (DLCs). The lipid solubility of these molecules enables them to cross the cell membrane and mitochondrial membrane, and the positive charge enables them to enter MM under the action of the mitochondrial membrane potential, endowing them with mitochondrial targeting ability (Murphy, 2008). In addition, because the MTP of normal cell is lower than that of cancer cells and transformed cells, DLCs can preferentially concentrate in the pathological cells (Kalyanaraman et al., 2018). Most of these small molecules were discovered decades ago. Therefore, the use of small molecule-based mitochondria-targeting molecules for various biological applications is relatively mature.
[image: Figure 2]FIGURE 2 | Summary of mitochondria-targeting small molecules.
Triphenylphosphonium (TPP+)
The most successful case of using lipophilic cations for mitochondrial targeting is the discovery of triphenylphosphonium (TPP+) (Liberman et al., 1969; Wang et al., 2020). The review written by Kalyanaraman et al. comprehensively summarizes the structures and synthesis of TPP+-based compounds and their applications in biology (Zielonka et al., 2017). Here we will briefly highlight several biological applications using TPP+ for mitochondrial targeting. TPP+ contains three benzene rings that enable incorporation into many functional molecules and form a delocalized positive charge that can pass through the mitochondrial double-layer hydrophobic membrane. Many biologically active molecules have been conjugated to TPP+ to realize mitochondrial targeting. For example, the antioxidant vitamin E linked to TPP+ can more effectively protect mitochondria from oxidation. Chemically linking doxorubicin (Dox) and TPP+ showed a good mitochondria-targeting effect, and induced tumor cell apoptosis through the mitochondrial pathway, overcoming tumor cell drug resistance (Kalinovich et al., 2016). The chemical combination of TPP+ with nano-formulations also has the effect of mitochondrial targeting. For example, paclitaxel-loaded liposomes prepared using TPP+-modified polyethylene glycol-phosphatidylethanolamine (PEG-PE) have shown to be effective in targeting mitochondria in cancer cells (Biswas et al., 2012a). Similar designs include TPP+-modified polyamidoamine (PAMAM), coumarin-iron oxide (CIO), gold nanoparticles (AuNPs) and polyglycolic acid-polyethylene glycol (PLGA-PEG) nanoparticles, etc (Biswas et al., 2012b; Jung et al., 2015; Marrache and Dhar, 2015; Pathak et al., 2015; Agrawal et al., 2017; Wang et al., 2017). All these TPP+-modified nanovehicles exhibit mitochondrial targeting ability and excellent anti-tumor effect in vivo and in vitro. In addition, TPP+ has been widely used in the design of fluorogenic probes for the detection of mitochondrial biomarkers (Wang et al., 2014; Fu et al., 2021) (Figure 3A). By conjugating TPP+, a NIR reporter, and a sulfenic acid-reactive group, Gao et al. synthesized a novel NIR probe DATC, which is able to visualize endogenous protein sulfenic acids expressed in the mitochondria (Gao et al., 2020).
[image: Figure 3]FIGURE 3 | Examples of mitochondria-targeting small molecules applications. (A) TPP+ was conjugated to fluorescent carbon dots to selectively monitor mitochondria via one- or two-phono live cell image. Image reproduced with permission, from Wang et al. (2014). (B) Schematic diagram for the doxorubicin delivery in breast cancer cells using a pH-responsive DQA-Dox micelle system. Image reproduced with permission, from Ref Song et al. (2015). (C) Chemical structure of a conjugate molecule of F16 and BODIPY, F16 was used as a guiding ligand for mitochondria. He et al. (2015). (D) Marine alkaloid sourced and guanidine-containing complex capable of targeting mitochondria. Image reproduced with permission, from Ref Dyshlovoy et al. (2020). (E) Snapshot of the permeation of Rh 19 derivative through bilayer lipid membrane (left panel) and schematic diagram of its mechanism (right panel, where R stands for a deprotonated neutral form, and RH+ stands for a singly protonated cationic form). Image reproduced with permission, from Ref Antonenko et al. (2011).
Dequalinium (DQA)
Dequalinium (DQA) is a lipophilic compound discovered by Weiss et al. (1987). DQA consists of two cationic quinoline groups connected by a 10-carbon alkyl chain. It is a delocalized lipophilic cationic molecule with a mitochondrial targeting effect. Weiss et al. found that this compound inhibited the proliferation of multiple cancer cell lines both in vitro and in vivo. Studies have shown that DQA can induce ROS production by inhibiting ATP synthesis, which further leads to the expression of cytochrome c and the decline of mitochondrial membrane potential. This pathway finally activates the caspase-3/9 dependent endogenous apoptosis pathway (Sancho et al., 2007). Therefore, the cytotoxicity of DQA limits its application in many biological studies, such as fluorescent probes or cell biology research. However, the cytotoxicity also makes DQA an excellent drug delivery ligand in the field of anti-cancer therapy. Studies have conjugated DQA chloride with Dox (DQA-Dox) to achieve targeted delivery of Dox to mitochondria. The drug conjugate DQA-Dox was found mainly accumulating in the mitochondria of MCF-7/ADR cells, and exhibited high cancer cell cytotoxicity (Song et al., 2015) (Figure 3B).
(E)-4-(1H-Indol-3-ylvinyl)-N-Methylpyridineiodide (F16)
As a delocalized lipophilic cationic molecule, (E)-4-(1H-Indol-3-ylvinyl)-N-methylpyridineiodide (F16) exhibits a mitochondrial targeting effect. It was initially discovered via cell-based high-throughput screening. This small molecule can selectively inhibit the proliferation of a variety of cancer cell lines (Rathinavelu et al., 2017). Similar to DQA, F16 itself is cytotoxic, its accumulation in mitochondria can cause the depolarization of mitochondrial membranes, destroy the mitochondrial structure, leading to the opening of the mitochondrial permeability transformation channel. The opening of the pores subsequently causes the production of cytochrome c and promotes cell apoptosis (Spivak et al., 2021). By combining F16 with the widely used boron-dipyrromethene (BODIPY) fluorescent dye through a phenylethynyl linker, a dual-functional mitochondria-targeting molecule was prepared (Figure 3C). This conjugate possesses anti-cancer activity, optical properties suitable for bioimaging and cancer cell specificity. Cell-based viability assays showed that the conjugate’s IC50 against SGC-7901 cells is very close to that of its BODIPY-free precursor, F16. This result suggests that the installation of BODIPY (without obvious toxicity in free form) does not interfere the cytotoxicity of the original drug F16 (He et al., 2015).
Guanidine/Biguanidine
Both guanidine and biguanide are delocalized lipophilic cationic molecules, which have a delocalized positive charge and therefore exhibit stronger lipophilicity than groups with a localized charge. Some studies have found that a new marine guarantin alkaloid can selectively kill prostate cancer cells and that the cytotoxic effect is related to mitochondrial targeting (Dyshlovoy et al., 2020) (Figure 3D). This study confirmed for the first time that mitochondrial targeting is the central mechanism of the anti-cancer effect of these molecules and their derivatives. At the same time, it was proposed that isolated alkaloids could be used to treat mitochondrial membrane infiltration, and then release cytotoxic mitochondrial proteins into cell cytoplasm, upregulate ROS, and finally promote apoptosis of prostate cancer cells. Similar to DQA and F16, the cytotoxicity of guanidine and biguanide limit their applications in certain types of biological studies.
Rhodamine
Rhodamine 123 (Rh123) is the most common member of the rhodamine-based targeting agents. Johnson and his colleagues verified the localization of Rh123 in the mitochondria of living cells in 1980 (Johnson et al., 1980). Due to the lipophilic and cationic properties, Rh123 is able to penetrate the IMM driven by the mitochondrial membrane potential and accumulate in the MM. As a fluorescent dye, Rh123 has been widely used to measure the mitochondrial membrane potential (Pan et al., 2020). Notably, Rh 123 exhibits selective anticancer activity in in vivo tumor models. The combination of 2-deoxyglucose or methylglyoxal bisamidinylhydrazone with Rh123 may also further enhance this selective cytotoxicity (Kageyama et al., 2005). However, in relevant clinical experiments, the maximum tolerated dose of Rh123 is low, and excessive Rh123 exhibited severe cytotoxicity (Jones et al., 2005). Rhodamine 19 (Rh19), the successor of Rh123, exhibits considerable mitochondrial targeting activity, and more recently has replaced TPP+ for the design of drug conjugate showing excellent mitochondrial targeting ability and anti-cancer activity (Antonenko et al., 2011) (Figure 3E). Compared with TPP+, intrinsic fluorescence of Rh19 enables live-time monitoring mitochondrial via confocal microscopy. Rh19 has also been utilized to study the expression behavior of related active substances in mitochondria by means of super-resolution micro-imaging (Miljanic et al., 2002; Khailova et al., 2014); In addition, Rh19 is less cytotoxic than TPP+ which further extend its applications in various biological research (Rogov et al., 2016).
Transition Metal Complex Targeting
The use of metal complexes in biological applications has seen remarkable advances in recent decades (Allardyce et al., 2005; Coogan and Fernández-Moreira, 2014). These modularly prepared metal complexes usually contain easily modified organic ligands (Lo and Kam-Wing, 2015; Wang et al., 2016). In recent years, metal complexes that specifically target organelles have been conjugated to anticancer drugs in order to improve the therapeutic effect of the drugs (Ma et al., 2014).
Zhou et al. designed a copper complex CTB ([Cu(ttpy-tpp)Br2]Br (ttpy-tpp = 4′-p-Tolyl-(2,2’:6′,2″-terpyridyl)triphenylphosphonium bromide) which could target mitochondria in drug-resistant tumor cells and overcome the resistance to cisplatin (Zhou et al., 2014) (Figure 4A). Hu et al. demonstrated that gold (III) meso-tetraphenylporphyrin (gold-1a) had excellent mitochondrial targeting ability and potential anticancer activity via targeting heat-shock protein 60 (Hsp60) (Hu et al., 2016) (Figure 4B). Sun et al. found that a metal complex named BODIPY-pt which was composed by the combination of the fluorescent dye BODIPY and platinum (PtIV) could be selectively ingested by mitochondria. BODIPY-pt also exhibited excellent anti-proliferative activities against human cervical cancer (HeLa) and breast cancer (MCF-7) cell-lines (Sun et al., 2015) (Figure 4C). Recent studies have shown that ruthenium (RuII) (Figure 4D) and iridium (IrIII) (Figure 4E) complexes can target mitochondria (Liu et al., 2015; Cao et al., 2017; Yao et al., 2021). Especially in the treatment of cancer by photothermal therapy (PTT), the complexes with these two transition metals as the metal center can effectively target the mitochondria of cancer cells and enhance the therapeutic effect (Liu et al., 2015). Qin et al. designed three transition metal complexes with cobalt, nickel, and zinc as metal centers to conduct a comparative anti-cancer activity test. The experiments showed that all three transition metal complexes exhibited excellent anti-tumor activity and have great potential as anti-cancer drugs (Qin et al., 2017) (Figure 4F).
[image: Figure 4]FIGURE 4 | Chemical structures of six transition metal complexes and the corresponding applications. (A) The chemical structure of CTB and its fluorescence spectra in different biological environments. Image reproduced with permission, from Zhou et al. (2014). (B) The chemical structure of gold-1a and its effective targeting to the mitochondrial chaperone Hsp60. Image reproduced with permission, from Ref Hu et al. (2016). (C) The chemical structure of BODIPY-Pt is also sensitive to mitochondrial membrane potential. On the right side of the figure is the fluorescence diagram of BODIPY-Pt under MitoTracker™ Red. Image reproduced with permission, from Ref Sun et al. (2015). (D) RuL1 is a Ru(II) polyamide complex-based photodynamic anticancer drug that targets mitochondria. On the right side of the figure are the one-photon (OPM) and two-photon (TPM) fluorescence imaging of the Ru(II) metal complex colocalized with the MitoTracker™ Green (MTG) in HeLa cells. Image reproduced with permission, from Ref Liu et al. (2015). (E) An example of Ir(III) transition metal complex structure capable of accumulating within mitochondria. The right-hand side of the figure shows the fluorescence of the Ir(III) metal complex in A549 cells nicely colocalized with the MitoTracker™ Deep Red staining. Image reproduced with permission, from Ref Cao et al. (2017). (F) An example of a Zn(II) transition metal complex structure capable of inducing mitochondrial apoptosis. The right side of the figure shows the DAPI nuclei staining (blue color) and AO/EB viability staining (green color) of HepG2 cells apoptosis caused by three transition metal complexes via a caspase-dependent mitochondrion pathway. 1, 2, and 3, respectively, represent Co(II), Ni(II), and Zn(II) complexes. The oxoaporphine derivative (OD) has good anti-tumor activity and was used as the positive control. Image reproduced with permission, from Qin et al. (2017).
Mitochondria-Targeting Bioactive Molecule
Peptides have been widely used in the biological field due to their excellent selectivity, high activity and the mature solid-phase peptide synthesis (Boyle and Woolfson, 2011). For mitochondria-targeting peptides, various short peptides and polypeptides have been discovered which are proposed as an alternative to lipophilic cations for mitochondria-targeting molecules. These peptides usually carry hydrophobic (such as phenylalanine, tyrosine, isoleucine) and positively charged (such as arginine, lysine) amino acids. The corresponding mechanism for mitochondrial targeting is mainly based the targeting of mitochondrial membrane potential or the mitochondrial transmembrane proteins. Although there are numerous studies on mitochondria-targeting peptides, there is still plenty of scope for this approach and potential to be further explored.
Mitochondria-Penetrating Peptides (MPPs)
Mitochondria-penetrating peptides (MPPs) are a type of widely utilized mitochondria-targeting molecules that have been discovered in 2008. Horton et al. gave a comprehensive introduction to the discovery process and the synthetic methods of MPPs (Horton et al., 2008). Wu et al. summarized recent advances in the applications of MPPs in cancer therapy via mitochondrial targeting (Wu et al., 2018). MPPs have excellent cell permeability and mitochondrial targeting because they have alternating cationic and hydrophobic residues. At the same time, Horton et al. consider that the uptake of MPPs by cells seems to be independent of the endocytosis pathway, excluding endosome/lysosome isolation, which also increases the chance of MPP reaching mitochondria. Yousif et al. designed an array of MPPs (Figure 5A), which is a short peptide library that can penetrate both cell membranes and mitochondrial membranes (Yousif et al., 2010). Chuah et al. used lysine-histidine (KH) peptide as a cell-penetrating peptide (CPP). KH peptide was coupled to two different mitochondria-targeting signals molecules (a 12-mer peptide from cytochrome c oxidase and a 32-mer peptide from ornithine transaminase). The resulting molecule encapsulated plasmid DNA by self-assembly and successfully realized mitochondrial transfection (Chuah et al., 2016). However, the use of mitochondrial membrane potentials to target mitochondria has not been fully explored yet (Wu et al., 2018).
[image: Figure 5]FIGURE 5 | Examples of mitochondria-targeting bioactive peptides and nucleic acids. (A) The structure of an array of MPPs which were designed by Yousif et al. Image reproduced with permission, from Ref Yousif et al. (2010). (B) The chemical structure of SS-31. Image reproduced with permission, from Ref Birk et al. (2013). (C) Amino acid sequences of six MTSs. Image reproduced with permission, from Ref Kim et al. (2020). (D) The structure of roseltide rT1. Image reproduced with permission, from Ref Kam et al. (2019). (E) Identification of mitochondrial targeting states by different ER signal peptides. Image reproduced with permission, from Ref Pfeiffer et al. (2013). (F) Naked mRNA can bind to isolated mitochondria. Reproduced, with permission, from Ref Michaud et al. (2014).
Szeto-Schiller (SS) Peptide
Szeto-Schiller (SS) peptides named for the researchers who discovered them (Zhao et al., 2004) constitute another type of mitochondria-targeting peptide. These peptides were initially developed as antioxidants, but significant accumulation in the IMM was observed. SS peptides have antioxidant activity due to its 2,4-dimethyltyrosine (Dmt) residues. In addition to reducing mitochondrial ROS, they also inhibit the production of cytochrome c. With the continuous optimizations on SS peptides, several prominent derivatives, for instance SS-31, have been reported. As one of the most potent SS-peptides, SS-31 has been widely explored in many disease models such as neurodegenerative disorders, heart failure and ischemia-reperfusion injury (Szeto and Schiller, 2011). SS-31 is currently in phase II clinical trials, as a treatment for ischemia-reperfusion and microvascular injury (Wang et al., 2017). Although it has been proved that SS-31 is selectively localized to the IMM by interacting with cardiolipin, the exact mechanism of its mitochondrial targeting ability is still unclear (Birk et al., 2013) (Figure 5B).
Mitochondria-Targeting Sequences (MTSs)
Mitochondria-targeting sequences (MTSs) are usually composed of 20–40 amino acids, which usually bind to specific receptors on mitochondrial membrane (Neupert, 2015) (Figure 5C). The specific receptors commonly include a translation enzyme of the OMM (e.g. translocator of the OMM) and translation of inner membrane complex (e.g. translocator of the IMM). They play a role in the introduction of MTSs into the mitochondria, mainly powered by ATP or mitochondrial transmembrane potential. MTSs have some disadvantages which are its large structure, low solubility and insufficient permeability across the cell membrane (Yousif et al., 2009). Despite these shortcomings, the excellent selectivity and low toxicity of MTSs make them an appropriate choice in certain biological applications. Mossalam et al. fused tumor suppressor p53 to several MTSs to promote mitochondrial-induced rapid apoptosis (Mossalam et al., 2012). These MTSs are derived from Bcl-XL, the adventitia translocation enzyme (TOM 20), cytochrome C oxidase subunit VIII, and ornithine transcarbamylase, respectively. The MTSs applied that study target either the OMM or IMM by specifically recognizing and binding to the corresponding proteins. The result demonstrated that the interactions between p53 and mitochondria membrane proteins allows tuning of the apoptosis induction efficiency. The assisted p53-Bcl-XL interaction induced the greatest increase in programmed cell death. In the genetic study of Drosophila, Li et al. revealed the important role played by the mitochondrial protease YME1L in the clearance of poly (GR), and also found that poly (GR) could be potentially used as a mitochondria-targeting sequence (Li et al., 2020).
Cysteine-Rich Peptides (CRPs)
Cysteine-rich peptides (CRPs) are natural peptides that can be extracted from plants and have broad development opportunities (Kim et al., 2020). CRPs contain multiple cysteine residues and form special disulfide bonds, the excellent rigidity and tightness of which provide metabolic stability under physiological conditions (Figure 5D). Tam et al. confirmed a novel class of CRPs, roseltides (rT1-rT8), are human neutrophil elastase inhibitors (Loo et al., 2016). Among them, roseltide rT1 was originally developed as an inhibitor of a protease in humans, but it was found to have structural features that target mitochondria. Roseltide rT1 contains a positively charged loop1 and a hydrophobic loop2, which can be specifically recognized by translocator of the OMM and transport roseltide rT1 to the MM (Kam et al., 2019). The sequences of roseltide rT1 and MTSs have the common feature of amphiphilic helix structure. Roseltide rT1 has several advantages, such as resistance to proteolysis and rapid mitochondrial localization.
Endoplasmic Reticulum (ER) Signal Peptide
In eukaryotic cells, protein transport and targeting specific organelles is critically important to cell function and homeostasis. The ability to mobilize proteins to the endoplasmic reticulum (ER) and mitochondria mainly depends on the structure of the N-terminal signal peptides of the proteins. Pfeiffer et al. conducted a study and unexpectedly found that ER signal peptides from three special proteins can specifically target mitochondria (Pfeiffer et al., 2013) (Figure 5E). ER targeting occurs during protein co-translation, and mitochondrial targeting occurs after protein translation. The ER signal peptides can mediate ER co-translation and introduction. Therefore, when the ER signal peptides are fused with the N-terminal of the foreign polypeptides, the ER signal peptides have the ability to shuttle the foreign polypeptide into the ER. However, when the attached polypeptides are intrinsically disordered domain, the ER signaling peptide will introduce them into the mitochondria. Meanwhile, experimental studies have shown that the greater the effect of ER signal peptides on mitochondrial membrane potential, the lower its efficiency of introducing into ER. It is thus concluded that the targeting of ER signal peptides to mitochondria is inversely proportional to the ER targeting efficiency of heterologous polypeptide. At the same time, results also indicated that ER signal peptides can be used to target the MM and can affect the function of mitochondria. However, the exact mechanism of these ER signal peptides targeting mitochondria has not been fully illustrated.
mRNA
Among the proteins in the mitochondria, only a small fraction of the proteins produced are encoded by the mitochondrial genome, most of them are encoded by the nucleus and then imported into the mitochondria. These foreign proteins are translated by the free cytoplasmic multimers and finally transported to the mitochondria. It has also been verified that a large number of cytoplasmic genes encoding mitochondrial proteins are found on the surface of mitochondria in both plants and animals (Marc et al., 2002; Michaud et al., 2010; Matsumoto et al., 2012). Michaud et al. conducted an in vitro binding assay using isolated plant mitochondria to naked mRNA, and the results showed that naked mRNA can specifically bind to isolated mitochondria in vitro, but required the participation of the mitochondrial outer membrane complex (Michaud et al., 2014) (Figure 5F). Therefore, some mRNAs may allow specifical targeting of mitochondria, but there is no clarity in relation to the relevant mechanisms.
Mitochondria-Targeting Nanomaterials
Mitochondria-targeting molecule-drug conjugates usually have disadvantages such as poor water solubility and cytotoxicity which limit their further applications in the clinic. One solution is to deliver therapeutic reagents to the tumor mitochondria using a nanoscale drug delivery system (DSS). Mitochondria-targeting nanomaterials generally have two ways to achieve mitochondrial targeting: 1) mitochondrial targeting is achieved by linking with targeted cationic molecules or biophilic peptide molecules, 2) a small number of nanomaterials of which the intrinsic physiochemical properties enable mitochondrial targeting. Commonly used mitochondria-targeting nanomaterials include liposomes, micelles, dendrimers, carbon nanoparticles, and metal nanoparticles or nanoclusters. Our recent review comprehensively summarized the bio-applications of the mitochondria-targeting DDSs (Yao et al., 2021).
Polymeric/Polymer-Coated Nanoparticles and Micelles
Polymer nanoparticles are assembled from amphiphilic polymers which have the advantages of high biocompatibility, low toxicity, high drug loading capacity, small size, easy modification and good aqueous solubility (Mahapatro and Singh, 2011). Some polymeric nanoparticles and micelles have been used in mitochondrial targeting, including polyethylene glycol (PEG), chitosan, dendrimers, polycaprolactone (PCL), hyaluronic acid and some micelles formed by small amphiphilic molecules, etc (Figure 6A). Zheng et al. reported the preparation of ultrasmall selenium nanoclusters with PEG (PEG-SeNCs) (Figure 6B). PEG-SeNCs exhibited stronger growth inhibition and induced concentration-dependent apoptosis to the drug-resistant hepatocellular carcinoma (R-HepG2) cells. Further molecular investigation revealed that the anti-cancer effect was due to the depletion of mitochondrial membrane potential and generation of superoxide anions (Zheng et al., 2012). Tan et al. created a PCL-based mitochondria-targeting DDS, by using TPP+ as mitochondria-targeting molecule. The resulting nanoparticle was applied in the treatment of metastatic breast cancer (Tan et al., 2019) (Figure 6C). Chen et al. designed a multifunctional chitosan nanoparticle which was able to achieve efficient intracellular transport and mitochondrial positioning and improve the anti-tumor efficacy (Figure 6D). The mitochondrial targeting was realized through the interaction of the positively charged nanoparticles and cancer cell mitochondria with the higher negative potential (Chen et al., 2015). Ma et al. constructed a mitochondria-targeting conjugate consisting of PAMAM and enzymatic detachable glucose-PEG that transported paclitaxel (PTX) into the mitochondria (Figure 6E). Their research results show that this conjugate can well target mitochondria and act on tumor cells, and can be used to make up for the multi-drug resistance problem of PTX (Ma et al., 2018).
[image: Figure 6]FIGURE 6 | Examples of polymeric/polymer-coated nanoparticles and micelles in the application of drug delivery to mitochondria. (A) The chemical structures of PEG, PCL, chitosan, and PAMAM. (B) Schematic diagram of a PEG-coated selenium cluster. Image reproduced with permission, from Ref Zheng et al. (2012). (C) The chemical structure of a mitochondria-targeting co-polymer with TPP+ side chains. Image reproduced with permission, from Ref Tan et al. (2019). (D) Schematic illustration of the chitosan nanoparticle mitochondrial targeting process. The nanoparticles were first internalized (a) and then escaped from the endosome into the cytosol (b–c). Lastly, the nanoparticles reached to mitochondria via the positively charged quaternary amine groups and induced cell apoptosis. Image reproduced with permission, from Chen et al. (2015). (E) The upper part of the figure represented that the conjugate consisting of PAMAM and enzymatic detachable glucose-PEG was first exfoliated by the outer PEG layer after the action of matrix metalloproteinase 2, and then glutathione stimulated the release of PTX. The lower part of the figure shows the action process of the conjugate in the tumor-bearing mouse model. Image reproduced with permission, from Ref Ma et al. (2018).
DQAsomes and DQA-Liposomes
As one of the most widely studied mitochondria-targeting small molecules (Dequalinium (DQA)), DQA forms vesicle-like aggregates with a diameter of 70–700 nm in an aqueous solution due to the molecule’s amphiphilic nature. The resulting nanoparticles are termed DQAsomes. DQAsomes are widely used as carriers to deliver nucleic acids and cytotoxic drugs to mitochondria (Figure 7A). As a mitochondria-targeting molecule, DQA has certain selective cytotoxicity to cancer cells due to its activity of interrupting mitochondrial membrane potential, inducing ROS production and inhibiting ATP synthesis (Galeano et al., 2005). Due to the low endosomal escape ability and transfection efficiency, the potential of DQAsomes in transfection and mitochondria-targeting drug delivery is limited (Weissig et al., 1998). However, more mitochondria-targeting nanomaterials based on DQA-liposomes have recently been identified (D'Souza et al., 2003). DQAsomes may be described as the prototype of mitochondria-targeting nanocarrier systems. Since the first biological application in 1998, DQAsomes have realized the transfer of small molecule drugs and nucleic acids to mitochondria in living cells (Volkmar, 2015).
[image: Figure 7]FIGURE 7 | Application examples of DQAsomes and four different types of inorganic nanoparticles. (A) Chemical structure of DQA and its self-assembly into liposome-like vesicles. Image reproduced with permission, from Ref Pathak et al. (2015). (B) A mitochondrial transport system based on CQDs. Image reproduced with permission, from Ref Zheng et al. (2018). (C) Schematic diagram of GO functionalization process. Image reproduced with permission, from Ref Zhang et al. (2020). (D) Schematic diagram of LSC-based nanoparticle fabrication. CCS, colloidal carbon sphere; TEOS, tetraethyl orthosilicate; SC, silica-carbon; APTMS (3-Aminopropyl) trimethoxysilane. Image reproduced with permission, from Ref Wang et al. (2018). (E) Schematic diagram of three-dimensional structure of Au@Pt nanoparticles and ROS generation process upon NIR light irradiation. Image reproduced with permission, from Ref Yang et al. (2017). (F) Schematic diagram of the process that AuNS nano-platform carries Dox enters into tumor cells by endocytosis and targets mitochondria to combine chemotherapy and PTT. Image reproduced with permission, from Ref Chen et al. (2017).
Inorganic Nanoparticles
With the gradual deepening of scientific research, inorganic nanomaterials have become more and more extensive in the field of biomedicine no matter from the initial chiral inorganic nanoparticles or later enriching their properties with polymer modification or self-assembly (Cumbal et al., 2003; Nie et al., 2010; Xia et al., 2011). The use of inorganic nanoparticle materials for therapeutic purposes, imaging and drug delivery have been widely reported. Compared with organic nanoparticle materials, inorganic nanoparticle materials have the advantages of hydrophilicity, low toxicity and outstanding metabolic stability (Xu et al., 2019). Recently developed mitochondria-targeting inorganic nanomaterials include graphene oxide (GO), carbon quantum dots (CQDs), lipid membrane-coated silica-carbon (LSC) and metal nanoparticles.
Carbon Quantum Dot (CQDs)
Due to the stable fluorescence and extremely low cytotoxicity, carbon quantum dots (CQDs) have been used as fluorescent probes in the fields of bioimaging, biomarking and biosensing (Zheng et al., 2018) (Figure 7B). Hua et al. prepared a novel fluorescent CQD with an intrinsic mitochondrial targeting capacity through one-step hydrothermal treatment without further addition of other mitochondrial ligands. The as-synthesized CQD were employed for both mitochondrial imaging and mitochondria-targeting photodynamic cancer treatment (Hua et al., 2017).
Graphene Oxide (GO)
Graphene oxide (GO) features high stability and large specific surface area and can bind to mitochondrial therapeutic drugs through π-π accumulation and hydrophobic interaction (Figure 7C). It has been reported that single-walled carbon nanotubes (SWNTs) can selectively target mitochondria after functionalization due to mitochondrial transmembrane potential (Zhou et al., 2010). Similar to SWNTs, GO can also target mitochondria based-on the same mechanism. Due to this intrinsic property, Wei et al. developed a photodynamic therapy (PDT) system that uses GO as a carrier to achieve drug delivery and on/off phototoxicity with mitochondrial targeting and attacking ability (Wei et al., 2016).
Lipid Membrane-Coated Silica-Carbon (LSC)
Wang et al. reported that the lipid membrane-coated silica-carbon (LSC) hybrid nanoparticle with the pyruvate groups can target mitochondria. This LSC nanoparticles had good bioavailability, strong optical absorption in the NIR region, good photodynamic ability and excellent PTT effect. Upon near-infrared (NIR) laser treatment, the LSC nanoparticles are able to promote mitochondrial ROS production. Experimental results further demonstrated that this novel LSC nanoparticles effectively inhibited the growth of multi-drug-resistant tumors without significant systemic toxicity (Wang et al., 2018) (Figure 7D).
Metal Nanoparticles
Among the metal nanoparticles, gold nanoparticles (AuNPs) are the most widely used metal nanoparticle in mitochondrial research (Costa et al., 2010; Giljohann et al., 2010; Ngwa et al., 2011). Marrache et al. co-conjugated AuNPs with TPP+ and the energy blocker 3-bromopyruate (3-BP) to enhance its ability to target mitochondria and inhibit the metabolic ability of cancer cells at the same time (Marrache and Dhar, 2015). Lin et al. designed a metal nanoparticle Au@Pt where Pt formed a shell over the Au core, the nanoparticle was further functionalized with folic acid, TPP+ and a photosensitizer, which exhibited enhanced PDT and PTT efficacy in cancer treatment (Yang et al., 2017) (Figure 7E). Chen et al. designed a nano-platform named AuNS-pep/Dox@HA based gold nanostar (AuNS), the mitochondrial targeting was achieved by the conjugation of cationic peptide R8 and mitochondria-targeting peptide TPP-KLA to the AuNS surface. This nano-platform combined chemotherapy (Dox) and PTT, and exhibited strong tumor growth inhibition both in vitro and in vivo (Chen et al., 2017) (Figure 7F). By using the specific reaction between 1,3-cyclohexanedione (CHD) and the sulfenic acids from oxidized proteins in tumor mitochondria, Ding et al. successfully enhanced the tumor accumulation and retention of AuNPs in cancer cells, greatly improving the sensitivity of X-ray computed tomography (CT) imaging and the radiotherapy effect of live mouse tumors. (Ding et al., 2020).
MITOCHONDRIAL TARGETING STRATEGIES
Based on the structure and functional characteristics of mitochondria, in addition to the well-developed targeting strategies (i.e. targeting mitochondrial membrane potential and mitochondrial membrane proteins), here we propose five promising mitochondrial biomarkers which have not been fully explored yet: 1) mitochondrial genetic information; 2) mitochondrial metabolites; 3) the mitochondrial membrane permeability transition pore 4) the mitochondrial respiratory-chain complex and 5) mitochondrial Ca2+ (Figure 8).
[image: Figure 8]FIGURE 8 | Summary of mitochondrial targeting strategies we have proposed in this review.
Mitochondrial DNA
Mitochondrial DNA (mtDNA) has 16.5 kb base pairs and encodes 13 complexes. There is only one type of mtDNA in an organism. However, mtDNA lacks the protection of histidine protein, has weak repairability and is vulnerable to damage. In tumor cells, there are a large number of mtDNA mutations (Fliss et al., 2000). The base T to A or G to A is the most mutation type, and the induction of ROS may also be related to this mutation. The accumulation of mitochondrial DNA mutations leads to serious, currently incurable diseases. Therefore, it can be used as a mitochondrial biomarker in tumor cells (Gao et al., 2019).
Mitochondrial Metabolites
Mitochondria use glycolysis to maintain cell proliferation and ATP level (Jr and Thompson, 2010). The level of cellular ATP is highly sensitive to external environmental stimuli, including hypoxia, hormones, nutrients and cytotoxic agents (Ashcroft and Gribble, 1998). In normal cells, OXPHOS is the main source of ATP. Nicotinamide adenine dinucleotide (NADH) pyruvate that is produced by oxidative glycolysis increases ATP production along the electron transfer chain through the IMM. However, during the process of tumor cell formation, glycolysis and ATP production as well as the activity of certain enzymes has changed, making tumor cells rely more on glycolysis to meet their energy needs. The changes in tumor cell metabolism provide opportunities targeting tumor cell mitochondria (Tragni et al., 2021).
Mitochondrial Membrane Permeability Transition Pore (MPTP)
The mitochondrial membrane permeability transition pore (MPTP) a protein which is the structural basis of mitochondrial permeability transformation function. MPTP is very sensitive to the changes of the concentrations of multiple cellular ions, especially for the intracellular signal transduction system. Excessive influx of Ca2+ ions, oxidation of mitochondrial glutathione and increased levels of ROS will cause the continuous opening of membrane channel pores, resulting in the production of cytochrome c and the attenuation of mitochondrial membrane potential (Saotome et al., 2005). Therefore, MPTP has a very important effect in cell survival and apoptosis. The turning on of MPTP can cause mitochondria to depolarize, and abnormal MPTP turning on will result in significant change of the mitochondrial membrane potential, causing mitochondria to secrete apoptosis factors into the cytoplasm leading to cell death. The difference in MPTP between tumor cells and normal cells makes MPTP become an effective therapeutic target for the treatment of cancers (Berridge et al., 2009).
Mitochondrial Respiratory Chain Complex
The mitochondrial respiratory chain is composed of five complexes and is located on the IMM (Rustin et al., 1997). In tumor cells, the electron transport chain activity is 20–30% lower than in normal cells (Galli et al., 2003). This is because the activity of superoxide dismutase 1 will decrease with the gradual development of tumor, while the activity of nitric oxide synthase will increase significantly, which further result in disordered level of OXPHOS in tumor cells (Sanchez-Pino et al., 2007). Therefore, the lower electron transport chain activity is usually considered as a biomarker of tumors. The mitochondria-targeting groups that are designed based on the disordered level of mitochondrial respiratory chain complex will also have an excellent targeting ability for tumor cell mitochondria.
Mitochondrial Ca2+
Mitochondria play an important regulatory role in Ca2+ ion signals and Ca2+ ions have key physiological effects in the process of cell energy metabolism and signal transmission. Its overload can lead to a variety of pathological conditions, including neuronal apoptosis and death in nervous system diseases (Li et al., 2014). Therefore, targeting Ca2+ inside mitochondria to treat related diseases, most of which are nervous system diseases, has emerged as a promising mitochondrial targeting strategy (Waldeck-Weiermair et al., 2019).
SUMMARY AND OUTLOOK
In this review, we summarize and highlight the current advances in mitochondria-targeting molecules and materials (Table 1). With the discovery of more and more mitochondrial-related diseases, disease treatments that target mitochondria have received increasing attentions, which also indicates the urgency and broad prospect of the research and development of mitochondria-targeting agents. Different diseases and cellular environments have specific requirements for mitochondria-targeting agents. To be more specific, for the treatment of mitochondrial disease, the toxicity of the targeting agents needs to be reduced as much as possible. On the other hand, in order to kill harmful cells such as tumor cells, the cytotoxicity of these molecules may have a beneficial effect. In addition, mitochondria-targeting agents have also been widely used in mitochondrial imaging and monitoring, which will facilitate the physiological studies of mitochondria and generate novel mitochondrial theragnostic methods. Therefore, a variety of targeting agents is needed to meet the requirements of different situations. However, based on the current research progress of mitochondria-targeting agents, this goal has not been fully achieved.
TABLE 1 | Summary of different types of mitochondria-targeting molecule and the corresponding targeting mechanisms and biological applications.
[image: Table 1]Mitochondria-targeting small molecules are widely used in various applications. Most of these mitochondria-targeting molecules can be directly conjugated with drugs, which have the advantage of enabling relatively accurate targeted delivery of drugs to the mitochondria. Among all the mitochondria-targeting molecules, TPP+ is the most commonly used molecule due to the high efficiency, flexible conjugation strategy and low cost. While Rh19, as the successor, holds several advantages over TPP+, although the applications of Rh19 in biological studies still need to be further explored. However, the conjugation of such mitochondria-targeting molecules and drugs generally has the disadvantage of poor water solubility, and some mitochondria-targeting ligands have significant cytotoxicity. Notably, due to the bulky size of those molecules, direct conjugation of them to drugs may affect the activity and therapeutic effects of the conjugated drugs. Therefore, mitochondria-targeting small molecules that have low cytotoxicity, high water solubility and relatively small size should be the future development direction.
Mitochondria-targeting biomolecules are a kind of targeting groups with good development prospects at present. Most of these mitochondria-targeting macromolecules are amino acid-based polypeptides. Compared with the mitochondria-targeting small molecules, biomolecules have excellent specificity against mitochondria to a great extent without causing adverse effects on other organelles or cells. This kind of targeting agent has little or even negligible toxicity to cells. However, the exact targeting mechanism of many mitochondria-targeting biomolecules that have been identified and applied is still unclear. Thus, the development direction of such mitochondria-targeting groups is not only to find new substances that can target mitochondria, but also to explore their targeting mechanism. We believe that the discovery of the targeting mechanism of these targeting groups will greatly promote their development and clinical applications.
Mitochondria-targeting nanomaterials can be used as a platform or carrier to shuttle a drug payload to the organelle, so they should be considered the most urgently needed targeting group for development in clinical application. However, due to the uncertainty of their in vivo distribution, immunogenicity and excretion, the clinical application of these nanomedicines is still lagging behind. Mitochondria-targeting nanomaterials should continue to develop toward multi-function, improve the efficiency of treatment. However, many of them are currently only limited to laboratories or research institutes. Future development, such as the enhancement of their blood-brain barrier permeability will hold great potential in the treatment of neurodegenerative diseases which are widely linked with mitochondrial dysfunction.
In summary, research on mitochondria-targeting moieties still has a long way to go. It not only needs to meet the requirements of scientific research, but more importantly, it needs to be applied clinically to meet various requirements for the treatment of mitochondrial diseases and solve more mitochondrial medical problems.
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In the wake of plastic pollution increasing around the world, biodegradable plastics are one of the fastest-growing segments within the global plastics market. The biodegradation of these plastics depends on diverse factors including, but not limited to, the physicochemical structure of the materials, environmental conditions, and the microbial populations involved in the biodegradation. Although laboratory-based biodegradation tests simulate natural processes, they cannot precisely mimic the natural biodegradation of biodegradable plastics due to the disparity of several factors. In addition, the biodegradation levels claimed and/or reported by individuals and studies in different environments vary to a great extent. Biodegradable plastics are considered a sustainable alternative to non-biodegradable conventional plastics and are being promoted as an eco-friendlier choice for consumers. However, biodegradable plastics might not be as biodegradable as commonly believed, particularly in natural environments. This mini-review aims to bridge the following three gaps in biodegradable plastics by elucidating the common misconceptions and truths about biodegradation: i) the gaps among reported biodegradation level of biodegradable plastics; ii) the gaps between the biodegradation conditions in the controlled laboratory system and in the natural environment; and iii) the gaps between public perception and the actual environmental fate of biodegradable products. These gaps are critically reviewed with feasible solutions. This work will ease the assessment of biodegradable plastics and provide sound communication on corresponding claims–a prerequisite for successful market performance.
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INTRODUCTION
The massive accumulation of plastics in the natural environment is threatening the sustainability of our planet (Jambeck et al., 2015; UN Environment, 2018). As of 2014, over 250,000 tons of plastics were estimated to be floating in the sea (Eriksen et al., 2014). It is predicted that by 2030, 90 Mt/year of plastics will enter the aquatic ecosystem under the scenario where the current plastic production trend continues without improvements in the waste management system (Borrelle et al., 2020). Bioplastics refer to synthetic polymers that are biodegradable [e.g., poly(lactic acid) (PLA)] and/or are derived from bio-based materials [e.g., bio-based poly(ethylene) (bio-PE)]. Biodegradable plastics are one of the fastest-growing segments within the global plastics market. The global production capacity for biodegradable plastics was 1.2 Mt/year in 2020 and is expected to grow rapidly (European Bioplastics, 2020).
Numerous standards have paved the way for evaluating the biodegradability of plastic by simulating various environments, including natural conditions such as soil and aquatic environments, and systemically controlled conditions such as industrial composting and anaerobic digestion. Studies on the biodegradability of biodegradable plastics have been conducted according to the most prominent standards such as International Organization for Standardization (ISO), American Society for Testing and Material (ASTM), and European Norm (EN) (Eubeler et al., 2009). Although laboratory-based biodegradation tests simulate natural processes, they cannot precisely mimic the natural biodegradation of biodegradable plastics due to the disparity of several factors. In addition, the biodegradation levels claimed and/or reported by individuals and studies in different environments vary to a great extent.
Despite of legislative efforts for the standardization and specification of biodegradable plastics, the complicated descriptions and coverage of bioplastics and biodegradable plastics (e.g., bio-based, biodegradable, compostable, oxo-biodegradable plastic, etc.) are confusing to the public. The word “bioplastic” is commonly perceived as a synonym for “biodegradable plastic” (Dilkes-Hoffman et al., 2019). In addition, a common perception of biodegradable plastics is that the materials will biodegrade in natural environments. The reality is that many “so-called” biodegradable plastics are not biodegradable in the aqueous environments (Bagheri et al., 2017; Emadian et al., 2017).
Most countries label the products decomposed under controlled composting test within the designated period. Some examples of these test standards are ASTM D5338 in the United States, EN 13432 in European Union, KS M ISO14855 in Korea, and JIS K 6953 in Japan. The test-passed products are labeled as “compostable” in many countries, whereas “eco-labeled” and “biodegradable” labels are inappropriately applied in Korea and Japan (Supplementary Table S1). This can lead to overestimation of biodegradability of the labeled products.
This mini-review aims to bridge the following three gaps in biodegradable plastics by elucidating the common misconceptions and truths about biodegradation: i) the gaps among reported biodegradation level of biodegradable plastics; ii) the gaps between the biodegradation conditions in the controlled laboratory system and in the natural environment; and iii) the gaps between public perception and the actual environmental fate of biodegradable products. These gaps are critically reviewed with feasible solutions. This work will ease the assessment of biodegradable plastics and provide sound communication on corresponding claims–a prerequisite for successful market performance.
PRINCIPLE OF THE BIODEGRADATION PROCESS
The first step to bridge the gaps is to understand the biodegradation of biodegradable plastics–How then do these materials decompose in the natural environments? Biodegradation is a biological process, whereby polymers are partially or completely converted into the end products by the action of microorganisms (Song et al., 2009; Luckachan and Pillai, 2011; Soroudi and Jakubowicz, 2013). Biodegradable plastics are decomposed via four stages: biodeterioration, depolymerization, assimilation, and mineralization (Harrison et al., 2018). First, the microbial biofilms are formed on the surface of the materials, and decomposers and/or abiotic factors fragment them into tiny fractions, while polymers lose their initial physicochemical properties. Second, from the biofilm, the extracellular enzymes are excreted. Numerous enzymes specifically depolymerize polymers into smaller units such as oligomers, dimers, and monomers, reducing the molecular weight. Third, these molecules are metabolically assimilated in the cytoplasm, producing new biomass and energy as well as primary and secondary metabolites. Eventually, these metabolites are mineralized into the end products such as carbon dioxide, methane, water, and mineral salts (Lucas et al., 2008).
The biodegradation of biodegradable plastics depends on diverse factors including, but not limited to, the physicochemical structure of the materials, environmental conditions, and the microbial populations involved in the biodegradation (Massardier-Nageotte et al., 2006). In the natural ecosystem, biotic and abiotic factors synergistically decompose biodegradable plastics. Biotic factors are plastic-decomposing microorganisms such as bacteria, fungi, archaea, and algae (Lee et al., 2005; Kyrikou and Briassoulis, 2007; Gonzalez-Fernandez et al., 2015). Some examples of abiotic factors include temperature, sunlight, mechanical impact (weathering), oxygen, humidity, and acidity (Song et al., 2009; Thakur et al., 2018). Abiotic hydrolysis is the main degradation step, as humidity and temperature enable cleavage of the ester linkage (Karamanlioglu et al., 2017). The rate of hydrolysis and biodeterioration increases when the temperature exceeds the glass temperature of the polymer (Henton et al., 2005). The presence of oxygen determines the type of decomposers and biological reaction. When oxygen is available, aerobic organisms utilize the polymers as carbon and energy sources (Sudesh and Iwata, 2008). In anaerobic conditions, anaerobic organisms decompose polymers and generate biogas, mainly in the form of methane (Tokiwa et al., 2009; Mekonnen et al., 2013; Bátori et al., 2018).
It should be underlined that degradation and biodegradation are different (Shah et al., 2008; Luckachan and Pillai, 2011). Degradation of non-biodegradable plastics terminates at the fragmentation stage, generating even more persistent microplastics (Wagner et al., 2014; Auta et al., 2017; Mason et al., 2018). In contrast, biodegradation involves further biological steps, ultimately mineralizing the polymers. We suggest that the definition of biodegradable plastics be established based on their capacity to be mineralized into gaseous end products when the surrounding condition meets biodegradability requirements such as temperature, moisture, and microbial populations.
THE FIRST GAP: DIFFERENCES IN REPORTED BIODEGRADATION OF BIODEGRADABLE PLASTICS
We collected the results of studies that quantitatively measured biodegradation level via weight loss and/or produced gaseous end products (Figure 1). Despite some variations among studies, we analyzed the biodegradation data to obtain critical insights into biodegradable plastics.
[image: Figure 1]FIGURE 1 | Biodegradation study results of biodegradable plastics in the laboratory (blue) and in the natural environments (green), selected by the authors. The comprehensive biodegradation data are available in the supplementary material (Supplementary Table S2). Note that the analytical analysis (averaging) was conducted based on the supplementary data set.
The bio-based and biodegradable poly(hydroxyalkanoates) (PHA) and PLA are most widely studied. PHA-based bioplastics are biodegradable in all indicated environments (Volova et al., 2007; Woolnough et al., 2008; Yagi et al., 2014). PLA-based bioplastics, on the other hand, are well biodegradable under industrial composting and anaerobic digesting conditions, but are hardly biodegradable in soil and aquatic environments (Pranamuda et al., 1997; Itävaara et al., 2002; Tsuji and Suzuyoshi, 2002a; Tsuji and Suzuyoshi, 2002b; Shogren et al., 2003; Martin et al., 2014). PLA requires specific high-temperature conditions and degrades through abiotic hydrolysis (Elsawy et al., 2017; Gorrasi and Pantani, 2017). On the contrary, poly(lactide-co-glycolide) (PLGA), a PLA-based copolymer, was completely biodegraded in seawater and freshwater within 270 days (Bagheri et al., 2017).
The type of environment is a significant determinant of biodegradation. Each environment has different conditions such as temperature, humidity, and microbial populations (Kale et al., 2007; Tokiwa et al., 2009). Based on comprehensive data analysis (Supplementary Table S2), we show the manifest difference in biodegradation in various environments. The average biodegradation level can be arranged in descending order as follows: industrial composting (72.3% over 75 days), anaerobic digestion (64.6% over 88 days), marine (47.1% over 155 days), soil (39.7% over 159 days), and aerobic aqueous (31.7 over 113 days) environments. Industrial composting is a highly optimized system for the biodegradation by thermophilic microorganisms (Gómez and Michel, 2013; Arrieta et al., 2014). Due to the high temperature (typically 55–60°C, Mathur, 1998) and proper water content (50–60% is appropriate for most materials, Mathur, 1998), the highest biodegradation level and shortest period are achieved under industrial composting conditions.
The microbial populations and the fraction of decomposers in the microbial community significantly differ depending on the environment. Microorganisms generally thrive where the environmental conditions suffice. Industrial composting and soil environments contain more microbes per unit than aquatic environments (Watson et al., 1977; Flemming and Wuertz, 2019; Wang et al., 2020). Even if the same material is tested under the same type of environment, the biodegradation level can vary to a great extent. For example, in one study (Boyandin et al., 2013), the weight of poly(3-hydroxybutyrate) (PHB) films buried in natural soil was reduced by 98 and 47% near Hanoi and Nha Trang, Vietnam, respectively. The higher biodegradation in the Hanoi area was attributed to richer PHA degrading microbial populations in the soil.
Although biodegradation cannot be measured via weight loss, it is widely applied in degradation tests (Shah et al., 2008). Weight loss can incorporate the influence of biodegradation, abiotic hydrolysis, and production of water-soluble products (e.g., plasticizers). In one study (Abou-Zeid et al., 2001), the weight of poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV) was reduced by 60%, but only 29% of the theoretical biogas was formed. Measuring the gaseous end product by a respirometry system determines the biodegradation level precisely, although some carbons are assimilated into the new biomass (Shah et al., 2008). The biomass should be accounted for in the carbon balance during biodegradation. However, no analytical methods are available until now (Degli Innocenti and Breton, 2020). Therefore, weight loss should be applied as a biodegradation indicator only when the condition meets biodegradability requirements.
In sum, due to numerous biotic and abiotic factors being complicatedly involved in the biodegradation process, discrepancies among reported biodegradation level are inevitably present, and are difficult to standardize.
THE SECOND GAP: DISPARITY IN BIODEGRADATION CONDITIONS IN THE LABORATORY AND IN THE NATURAL ENVIRONMENTS
Biodegradability studies have been mainly conducted under laboratory systems based on test standards by simulating various biodegradation environments. However, biodegradation is highly accelerated in designed laboratory systems where the condition meets all biodegradability requirements. It is important to understand that there is a discrepancy between biodegradation conditions in the laboratory and in the natural environments (Figure 2A).
[image: Figure 2]FIGURE 2 | (A) Disparity in biodegradation conditions in the laboratory and in the natural environments. (B) The discrepancy between public perception and the actual biodegradability of labeled products. An industrial composting test is commonly applied for the certification, but the conditions in industrial composting facilities hardly exist in natural environments.
Temperature is a significant abiotic factor that influences microbial activity (Shen and Burgess, 2012; Pischedda et al., 2019), thermal degradation, and aging (Deroiné et al., 2014). Biodegradable plastics experience fluctuating temperature in nature, whereas they remain under stable temperature in a laboratory system (Rudnik and Briassoulis, 2011). For instance, in temperate regions, seasonal temperature fluctuation accelerates or delays biodegradation. Biodegradation research conducted under both conditions showed such disparity: 30°C in laboratory incubation (ASTM D6691) compared to 12–22°C in aquarium incubation subjected to continuously flowing seawater (Thellen et al., 2008).
Access to sunlight accelerates the decomposition of polymers (photodegradation). Most plastics tend to absorb high-energy radiation in the ultraviolet (UV) portion of the spectrum, which can activate their electrons to higher reactivity and cause oxidation, cleavage, and other degradation (Shah et al., 2008; Sadi et al., 2010). UV radiation can disrupt polymeric chains and embrittle the polymers by being absorbed in oxygen-containing components (Lucas et al., 2008; Rujnić-Sokele and Pilipović, 2017). Several ISO standards suggest that the samples be located under a dark or diffused light incubator. However, artificial light (i.e., a light bulb) in a laboratory system generally does not generate UV radiation. This contrasts with the conditions in a natural environment with intermittent (e.g., floating and sinking in the ocean) or long-term exposure to sunlight.
Mechanical stress is a significant abiotic parameter that affects the degradation of plastics. Weathering degradation of plastics results in their surface embrittlement and microcracking (Andrady, 2011). The free surface energy increased after weathering of PLA-lignin bioplastics (Spiridon et al., 2015). In addition, continuously pumped seawater may increase the time for microorganisms to colonize surfaces (Deroiné et al., 2014; Wright et al., 2020). Laboratory systems mimic these natural mechanical stresses by agitating incubators. However, agitation during the laboratory experiment showed little influence on biodegradation level (Briese et al., 1994).
The shape of materials considerably affects biodegradation rate (Volova et al., 2010; Boyandin et al., 2013). In the laboratory test, the samples are generally prepared in powder, film, or pellet forms for the assessment of their biodegradability. This maximizes surface area and facilitates the biodeterioration stage by providing more surface area for microorganisms to colonize, and therefore accelerates biodegradation rate (Andrady, 1994; Chinaglia et al., 2018). However, in most cases, littered products are decomposed from their original shapes, and disintegration occurs via multiple factors like weathering, UV radiation, microbial activity.
The presence of co-substrates such as food or beverage residue influences microbial activity (Andrady, 1994), as much of the plastic waste found in the environment consists of food-related packaging (Marsh and Bugusu, 2007; Heidbreder et al., 2019). These substrates shorten the lag phase of biodegradation by accelerating biofilm formation. However, in laboratory experiments, pure polymers are commonly tested. In this context, blending organic materials with biodegradable plastics influences the biodegradation rate. Biodegradation was accelerated when biodegradable plastics were blended with various materials, such as corn (Sarasa et al., 2009), poultry feather fibers (Ahn et al., 2011), rice husk (Wu, 2014), potato peel waste (Wei et al., 2015), and empty fruit bunch fiber (Wei et al., 2015).
The microbial populations differ depending on the environment. The heterogeneity of environmental microorganisms (inoculum) leads to inconsistent biodegradability test results (Haider et al., 2019). The laboratory settings are designed to highly condense or isolate decomposers since they utilize polymers as the sole carbon and energy sources (Dussud et al., 2018), thereby accelerating biodegradation. In the natural environment, however, competition within the environmental microbiome takes place due to the presence of various carbon sources and the heterogeneity of the microbial populations (Andrady, 1994).
In sum, due to the disparity of key factors, biodegradation tests under laboratory systems do not sufficiently reflect natural conditions and this can lead to overestimation of the biodegradation level of biodegradable plastics in the event of littering. Therefore, biodegradation test standards should clearly indicate the limit of representativeness and/or new specific standards should provide more options to minimize the gaps to transfer natural biodegradation to the laboratory. For instance, the temperature range should be altered depending on the geographical region. Access to sunlight and water should also be considered to imitate synergistic reactions of biotic and abiotic factors.
THE THIRD GAP: MISCONCEPTIONS AND TRUTHS ON THE ENVIRONMENTAL FATE OF BIODEGRADABLE PRODUCTS
The general knowledge of bioplastics is low, but perception, particularly of biodegradable plastics, is positive (Lynch et al., 2017; Dilkes-Hoffman et al., 2019). Choosing biodegradable products could be adopted as a possible solution to plastic pollution rather than reducing plastic consumption (Klein et al., 2019). Marketers are keen to tout the biodegradability of materials. However, a biodegradable label on products often leads to littering wastes with the belief that biodegradable plastics will decompose naturally (Klöckner, 2013; UNEP, 2015). The truth is that they might not be as biodegradable as commonly believed (Figure 2B).
The overestimation of the biodegradability of biodegradable plastics derives from three factors: i) reported biodegradability resulted from an optimized laboratory system; ii) the overlapping term between biodegradable and compostable plastics; and iii) a lack of discrete recycling codes and treatment systems.
First, biodegradability has been tested under laboratory systems and the results are valid. However, as examined earlier, biodegradation occurs only when surrounding condition suffices biodegradability requirements. In other words, a biodegradable plastic under laboratory test may not biodegrade in natural condition. Second, many countries clearly distinguish between compostable and biodegradable products via labeling system (Supplementary Table S1). However, as compostable plastics are often coined as biodegradable polymers (Haider et al., 2019), the public easily misunderstand the biodegradability of compostable products. In addition, few are aware that compostable and biodegradable plastics are different, and the conditions in industrial composting facilities hardly exist in natural environments. Finally, recycling code (resin identification code, in some countries) on biodegradable plastics is “7”, which indicates “other polymers”. As a result, they are hardly recycled, and in turn are incinerated, landfilled or littered (Pathak et al., 2014). Incinerating is not a desirable mode for fossil-based biodegradable plastics, as it consumes a high amount of energy and emits greenhouse gases (Razza et al., 2015; Folino et al., 2020a). Also, some biodegradable products may not have completed their life cycle when landfilled (Shin et al., 1997; Quecholac-Piña et al., 2020).
PLA provides a good illustration to explain these misconceptions. PLA is derived from bio-based resources and is applied to daily commodities such as disposable packaging and cups (Karamanlioglu et al., 2017). As PLA is promoted as an eco-friendly material, the public may assume that it is naturally decomposed in the ocean. However, PLA is well biodegradable only under industrial composting and anaerobic digesting conditions (Supplementary Table S2). Even if products are labeled compostable (as in most Western countries), many people might be confused between compostable and biodegradable plastics. Furthermore, the recycling code on PLA products is generally “7”, which may lead most littered PLA products to not being properly treated.
Therefore, we suggest that a separate recycling code for compostable plastics be established to ensure that these plastics end up their life cycle in an industrial composting facility, and littering should be the last resort. Furthermore, following the growing production trend of biodegradable plastics, separate collection systems and treatment facilities should be built, making so-called biodegradable products genuinely biodegradable. Education on biodegradable plastics should be provided so that the public can make informed decisions (UNEP, 2015). For instance, it should be understood that industrial composting test does not necessarily guarantee biodegradation in natural conditions, especially in aquatic environments. The labeling on compostable products should clearly indicate that they are only biodegradable in an industrial composting facility. Society should have access to reliable, authoritative, and clear guidance on what terms such as “compostable” or “biodegradable” actually mean. The national legalization on the i) definition, ii) classification, iii) labeling, iv) collection system, and v) treatment guideline will enhance public awareness of biodegradable plastics and eliminate misconceptions.
DISCUSSION AND OUTLOOK
Biodegradable polymers are only beneficial when they can actually biodegrade (Gross and Kalra, 2002). Bridging the aforementioned three gaps will enhance sound communication on biodegradable plastics, eliminating confusion and misconceptions. Understanding the truths about biodegradable plastics will provide support for the progressive substitution of conventional plastics with biodegradable plastics. There are also other anticipated outcomes: i) Products with high biodegradability will be promoted in the market. ii) Policies on eco-friendlier and sound design will be established as well as financial incentives. iii) The development of biodegradation accelerating technology will be triggered. iv) Waste littering based on the false belief in the biodegradability of biodegradable plastics will be minimized. v) Bridging the gaps in biodegradable plastics will open up a sustainable future.
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Calcium carbonate which is extracted from the Earth in combination with other mineral impurities, is largely used in preparations for pediatric supplements. Elemental impurities in drug products pose toxicological concerns without therapeutic benefits. Thus, it is very urgent to assess the safety of chronic exposure to elements that may be present in trace amounts. In the present study, we developed high throughput ICP-MS method for the quantitative determination of 62 elemental impurities in high matric calcium carbonate samples and validated according to USP 233. Calcium carbonate preparations which state clearly used for child (including neonates, infants, toddlers and children) from 9 manufactures and two types of raw materials (light calcium carbonate and ground calcium carbonate) were investigated in terms of the content and variability of 62 elemental impurities. According to the results, ground calcium carbonate was more suitable to be used in pediatric preparations concerning elemental impurities. Parts of elemental impurities in CaCO3 preparations which are derived from the raw materials and the preparation process, may cause potential risks for children. These results indicate that it is necessary to establish a modern instrumental analysis method to evaluate and control elemental impurities in CaCO3 raw materials and preparations.
Keywords: calcium carbonate, pediatric drugs, element impurities, risk assessment, ICP-MS
INTRODUCTION
For children, toddlers, and infants, calcium in food often does not meet the needs of the body in this stage of rapid growth and development; since insufficient calcium intake will affect growth and development, potentially leading to diseases such as osteomalacia and rickets (Baker et al., 1999; Lee and Jiang, 2008; Pu et al., 2016), calcium supplement preparations are suggested to meet the body’s demand.
Because of its high calcium content and low price, calcium carbonate is currently recognized as the main calcium source with the highest performance-price ratio in China and other countries, and is thus the preferred raw material for calcium supplement preparations. Calcium carbonate is extracted from the Earth in combination with other minerals, and can be divided into light and ground calcium carbonate according to the production method (Wang et al., 2007). Light calcium carbonate is produced by a chemical processing method, and generally uses limestone and shells as raw materials, whereas ground calcium carbonate is produced by crushing natural calcite directly by a mechanical method.
However, the natural sources of calcium carbonate may contain various elemental impurities such as lead, arsenic, and mercury that are introduced from raw materials or during the production of preparations. Children may be particularly sensitive to the toxic effects of these metals because they tend to absorb a relatively higher fraction of an oral dose than adults. These harmful consequences for children include developmental delays, neurocognitive disorders, behavioral disorders, respiratory problems, cancer, and cardiovascular diseases (Olympio et al., 2009; Brandão and Gontijo, 2012; Al Osman et al., 2019; Jurowski et al., 2019).
In particular, pediatric patients show high sensitivity to lead, which causes irreversible damage to the nervous system that can directly affect intelligence, behavior, and normal development (Measuring Lead Exposure in Infants, Children, and Other Sensitive Populations, 1993; Levin et al., 2008). In adult rats, the absorption of radioactive cerium salts from the gastrointestinal tract ranges from 0.05% to less than 0.1% of the administered dose, whereas suckling rats absorb 40–98% of the administered dose, with the youngest rats retaining the largest percentage of the dose (Kutty et al., 1996). Analysis of the geographic distribution of endemic endomyocardial fibrosis in India suggested a link to high cerium soil concentrations (IRIS Toxicological Review of Cerium Oxide and Cerium Compounds (Interagency Science Discussion Draft), 2009). Metals, especially chromium, cobalt, and nickel, are the most common contact allergens in children (Brandão and Gontijo, 2012), among which cobalt has been regarded as possibly carcinogenic to humans (Colognato et al., 2008). Other elements such as magnesium, manganese, nickel, copper, zinc, and selenium have both nutritional and toxic effects to human health depending on dose (Linshaw et al., 1998; Avula et al., 2010; Singh et al., 2011).
As elemental impurities in drug products pose toxicological concerns without a therapeutic benefit, their levels should be controlled within acceptable limits (Q3D Elemental impurities-guidance for industry, 2020). January 1, 2008, The Guideline for Elemental Impurities (Q3D) of the ICH represents a new paradigm in the control of elemental impurities in pharmaceuticals. The ICH Q3D covers 24 elements, providing permitted daily exposure (PDE) information, which further changed the approach toward control of elemental impurities from the traditional “heavy metals test” to a scientific-based risk assessment using modern analytical instrumentation (Guideline for elemental impurities, 2019). The ICH Q3D is currently the most important guiding principle in the study of elemental impurities, which involves risk assessment for control, and suggests that the inherent characteristics of raw and auxiliary materials from natural sources should be considered in this assessment. The acceptable limits of elemental impurities in drugs as specified by the ICH Q3D are generally set according to the PDE calculated from the no-observed-adverse-effect level or lowest-observed-adverse-effect level in the most relevant animal studies. However, children are not simply a miniature version of adults but rather have different physiological characteristics. Therefore, the limit requirements of the ICH Q3D for elemental impurities in therapeutic drugs may not be completely applicable to pediatric drugs. Thus, the National Food Safety Standard Infant Formula and other guidelines (National Health Commission of the People's Republic of China, 2010; Standard for Infant Formula and Formulations for Special Medical Purposes Intended for Infants, 2007) should be used as a supplement to assess the risk of some elemental impurities for drugs that are commonly taken by young children to best ensure the safety of pediatric medication.
Toward this goal, the aims of this study were to compare the elemental impurity content and variability characteristics of light and ground calcium carbonate to provide guidance for the appropriate selection of calcium carbonate raw materials and to assess the risk of chronic exposure to elements that may be present in trace amounts in supplement preparations for children.
At present, the United States Pharmacopeia (USP), European Pharmacopeia (EP), and Pharmacopeia of the People’s Republic of China (ChP) control elemental impurities of calcium carbonate raw materials mainly through inspection of barium, iron, mercury, and heavy metals (colorimetry), however, the limit of other potential elemental impurities has not been reported. As we known, the colorimetry is not adequate for the purpose of controlling low levels of potentially elemental impurities in drug, and consequently needs to be replaced by highly sensitive instrumental methods such as atomic absorption spectrometry (AAS) (Sheth and Patel, 2020), X-ray fluorescence spectrometry (XRF) (Chowdhury et al., 2020; Sauer et al., 2020), instrumental neutron activation analysis (INAA) (Kamath et al., 2014), inductively coupled plasma-optical emission spectrometry (ICP-OES) (Merusomayajula et al., 2021) and ICP-MS (Chawla et al., 2020). AAS techniques are often restricted by poorer sensitivity and not being multi-element analytical techniques. There are several studies on the application of XRF techniques in pharmaceutical industry, because of the higher detection limits, they are not very popular for quantitative determinations of metal impurities in pharmaceutical samples. INAA is time-consuming, not independent, requires a reactor nearby and involves longer cooling times for detecting certain elements. ICP-OES and ICP-MS, which was recommended in the USP <233> chapter, can be used for simultaneous determination of several elements. However, both of the two methods suffer from matrix and spectral interference. By contrast, the ICP-MS method has advantages of high sensitivity and specificity (Barin et al., 2016; Janchevska et al., 2020).
Therefore, we developed high throughput ICP-MS method for the quantitative determination of 62 elemental impurities in high matric calcium carbonate samples and validated according to USP 233. The limit of each element here was determined by referring to the daily environmental intake levels (Snyder, 1974), PDE values of related elements in the ICH Q3D and the content range in the products. This method was used to evaluate calcium carbonate preparations which state clearly used for child (including neonates, infants, toddlers, children, and adolescents) and two types of raw materials (light and ground calcium carbonate), providing the first comprehensive risk assessment of elemental impurities with limit requirements.
MATERIAL AND METHODS
Sample
Two types of calcium carbonate Active Pharmaceutical Ingredient were provided by seven manufacturers. Calcium carbonate preparations, which state clearly used for children (including neonates, infants, toddlers and children), including compound calcium carbonate (effervescent) granules, calcium carbonate D3 (tablets/granules), calcium carbonate, and calcium and zinc gluconate (oral liquid), were available from the Chinese market.
All calcium carbonate preparations have already been tested and they all meet the requirements of the quality standards of ChP 2020.
Sample Preparation
Calcium Carbonate Samples
Two sample processing methods were adopted. In the first method, samples were prepared by dissolving approximately 100 mg of calcium carbonate preparations and calcium carbonate API in a 25 ml volumetric flask with 1.25 ml of concentrated nitric acid and shaking several times to accelerate the dissolution, and then reconstituting with ultrapure water (Milli-Q water purification system) after the reaction is performed about 1 h in room temperature (about 25°C). In the second method, samples were prepared by dissolving approximately 100 mg of calcium carbonate preparations and calcium carbonate API in a 25 ml volumetric flask with 1 ml of concentrated nitric acid and 0.25 ml of hydrochloric acid (CNW Technologies GmbH) with shaking several times to accelerate the dissolution, and then reconstituting with ultrapure water containing 0.1% hydrofluoric acid (HF) after the reaction is performed about 1 h in room temperature (about 25°C). Liquid preparations were tested as a whole vial (5 ml). The test solution was properly diluted as necessary before sample loading. In addition, a blank sample solution was prepared in parallel.
Internal Standard
A 500 ng/ml mixture of iridium and ruthenium (Guobiao (Beijing) Testing & Certification Co., Ltd.) was used as the internal standard, which was introduced online into the spray chamber using a peristaltic pump.
Calibration Standards
The elemental impurities were divided into two groups. The first group included 42 elements (Li, B, Na, Sc, Ti, V, Fe, Co, Cu, Zn, Ge, As, Se, Br, Rb, Zr, Mo, Ag, Cd, In, Te, Ba, Pr, Ce, Nd, Sm, Tb, Dy, Er, Tm, Yb, Lu, Pb, Bi, Th, U, Mg, Al, Mn, Sr, La, and Os) with 5% nitric acid used as the solvent to prepare a multi-element standard stock solution (S1). The second group included 20 elements (Be, Cr, Ni, Ga, Y, Nb, Rh, Pd, Sn, Sb, Cs, Gd, Ho, Hf, Ta, W, Pt, Au, Hg, Tl) with an acid mixture (HNO3:HCl:H2O:HF = 4:1:95:0.1) used as the solvent to prepare a multi-element standard stock solution (S2). The single-element standard solutions were obtained from Guobiao (Beijing) Testing & Certification Co., Ltd. except for Os, which was obtained from Aladdin.
The S1 and S2 stock solutions were prepared as a series of standard solutions of 0, 0.5, 1.0, 1.5, and 10 J, respectively, in which J is the limit for each elemental impurity in the final analysis solution.
Spiked Samples
Spiked samples were prepared at 50% (0.5J), 100% (1.0J), and 150% (1.5J) of the target limit by spiking 100 mg of the calcium carbonate preparations with 250, 500, and 750 μL of the spiking solution, and diluent filled to a total volume of 25 ml. Six preparations at the 100% spiking level were prepared, and three preparations at the 50 and 150% spiking levels were respectively prepared.
Instrumentation
All element determinations were performed on an Agilent 7900 ICP-MS system equipped with standard nickel sampling and skimmer cones, a glass concentric nebulizer, quartz spray chamber, and quartz torch with a 2.5 mm internal diameter injector. The instrument also features a collision/reaction cell including a standard helium (He)-mode cell gas line, which provides effective removal of most common polyatomic interferents. The He gas used in collision cells was of high purity (99.999%). Argon gas was used for plasma and dilution at the recommended purity (99.999%). The instrumental experimental parameters for ICP-MS are listed in Table 1. An Agilent SPS-4 Auto-sampler was used to deliver the samples.
TABLE 1 | Instrument parameters of ICP-MS devices.
[image: Table 1]Li, Be, and B were measured using No Gas mode; He gas mode was used for other elements, and the stable time was set to 10 s. The integration time was 0.3 s. Ru (mass number 101) was selected as the internal standard for elements with a mass number below 150, and Ir (mass number 193) was used as the internal standard for elements with a mass number above 150. Table 2 lists the measured mass number of each element. The instruments were tuned systematically. The resolution/mass axis and sensitivity met the measurement requirements of the instruments. Instrument tuning and P/A factor tuning were conducted before batch operation to achieve the best experimental conditions.
TABLE 2 | Accuracy (mean spike recovery%), repeatability, and intermediate precision (as RSD%).
[image: Table 2]RESULTS AND DISCUSSION
Development and Validation of the ICP-MS Method
To achieve a comprehensive assessment of potential elemental impurities in calcium carbonate, there are 62 kinds of target elemental impurities in the study, including most of the elements other than synthetic, radioactive, inert gases and major components of air. The majority of elemental impurity content is in ppb-ppt level. However, ICP-OES is not sensitive enough. The addition of the sample may lead to higher matrix effect and there are too many kinds of impurity and serious line interference. Therefore, ICP-MS method with higher sensitivity is selected in this study. To avoid interactions between elemental impurities, elemental impurities had been properly grouped. A high-throughput method was established for the analysis of 62 elemental impurities in calcium carbonate preparations using different digestion methods. The instrument was equipped with a collision reaction cell. Multiatomic mass spectral interference was eliminated by collision mode of He. As the mass number of Li, Be and B elements is close to that of He, the collision between He and collision reaction cell may lead to undetectable or extremely low response. Therefore, to gain higher sensitivity, No Gas mode was chosen. The dilution of the sample should be considered in combination with the LOD and LOQ of each elemental impurity and matrix interference. Insufficient dilution could cause strong matrix interference. At the same time, it could cause rapid changes in the instrument state. For example, the taper hole accumulation of Ca may lead to the high matrix of the Ca element and poor recovery of elements. On the other hand, over dilution may make higher demands on the LOD of the element. Strongly memory effect of Nb, Ta, and Hf cause LOQ close to their proposed J value under 5% nitric acid matrix. So it’s difficult to meet the detection requirements. Therefore, 0.1% hydrofluoric acid was used to reduce or eliminate the memory effect. With these optimizations, Nb, Ta, and Hf were ultimately detected with excellent limits of quantification (<4 ppb) in He mode. High temperature digestion could cause low recovery of Os and other elements. Hg and other elements need appropriate amount of HCl as a stabilizer (Barin et al., 2016). HCl contains a large amount of Br element, and Ag element reacts with Cl ion to affect the quantity of Ag. This study selected Room temperature digestion. Compared the effects of nitric acid and a mixture of 80:20 nitric acid-hydrochloric acid, simple dissolution in 5% HNO3 and HNO3/HCl、2% HNO3 and HNO3/HCl which were selected as appropriate for the detection of different elemental impurities. Results indicated simple dissolution needs more time for the reaction. However, the sample contained a large amount of Ca. To further reduce the influence of matrix effect on the results, the standard curve method of internal standard correction was selected. According to the results of the pre-experiment, Ir and Ru were not detected in the samples. Therefore, these two elements were selected as internal standard in this study.
Except for related elements in the ICH Q3D, the PDE values of other elements was also determined by referring to the daily environmental intake levels and the content range in the products. According to USP<233>, the method validation was based on the J, which was calculated depending on the PDE.
The ICP-MS method was successfully validated in terms of linearity, limit of quantification, accuracy, precision, intermediate precision, specificity, and range to fulfill the requirements for the validation of alternative procedures stated in USP chapter 233. The correlation coefficients for each element were all ≥0.99. The limits of quantitation and range for all elements met the accuracy requirement. The spike recoveries of elements from calcium carbonate preparations are listed in Table 2. Except for the recovery rate of 68% for Br and U at 0.5 J, which was slightly lower than the limit requirement of 70%, all of the other elements met the accuracy requirement of 70–150%. A second analyst prepared and analyzed six preparations of the approximately 100% target limit spiked samples (J) with freshly prepared spiking solutions on a different day. The samples were quantified against fresh calibration standards. Ruggedness was established as operator/day to operator/day precision change in the mean. The results determined for ruggedness are summarized in Table 2. The RSD% for all preparations (n = 12) for each target element was ≤25%. All acceptance criteria described in USP chapters 233/232 for ruggedness were met.
Risk Assessment and Control of Impurity Elements in Calcium Carbonate API Samples
Calcium carbonate is found throughout nature, including in the form of limestone, marble, calcite, and coral. The majority of industrial products containing calcium carbonate are powder materials that are produced through processing the calcium carbonate ore by a mechanical method (i.e., ground calcium carbonate) or a chemical method (i.e., light calcium carbonate). In this study, we assessed light calcium carbonate from four different manufacturers (including seven batches from manufacturer I and one batch each from the other manufacturers) and assessed ground calcium carbonate from three different manufacturers (including four batches from manufacturer V and one batch each from the other manufacturers).
Comparing the test results of light calcium carbonate from manufacturer I and ground calcium carbonate from manufacturer V (Table S1), 15 elemental impurities were not detected in the light calcium carbonate, 23 elemental impurities were not detected in the ground calcium carbonate, and 13 elemental impurities were not detected in either type of calcium carbonate. Taking elemental impurity content within three times the average value as the standard of no difference, we identified 15 elemental impurities with no difference between light and ground calcium carbonate, 22 elemental impurities with higher content in light calcium carbonate than in ground calcium carbonate, and only nine elemental impurities with higher content in ground calcium carbonate than in light calcium carbonate. Specifically, as shown in Figure 1, the contents of Cd, Pb, As, V, Ni, Cr, and Cu in light calcium carbonate were higher than those in ground calcium carbonate, and the values also showed a larger SD in light calcium carbonate (Figure 1A). By contrast, the contents of Ge, Ce, Nd, Sm, Ga, and other elements were higher in ground calcium carbonate than those in light calcium carbonate, but the SD was smaller than that in light calcium carbonate (Figures 1B,C). Among them, the content of Ce in ground calcium carbonate was approximately 10 times higher than that in light calcium carbonate. In addition, the content of Mn in ground calcium carbonate was 114 ± 23 ppm, whereas that in light calcium carbonate was 28 ± 6 ppm, indicating both a higher mean and SD in ground calcium carbonate (Figure 1D). The differences between the two types of calcium carbonate were manifested in the quantity, content, and batch difference of their constituent elemental impurities. This overall comparison of the detection results of light calcium carbonate from manufacturer I and ground calcium carbonate from manufacturer V showed that ground calcium carbonate is slightly superior to light calcium carbonate in terms of the content, quantity, and variation degree of elemental impurities, whereas the content and variation of different elemental impurities had no absolute correlation with calcium carbonate type.
[image: Figure 1]FIGURE 1 | Histogram of Elemental impurity of Light calcium carbonate (manufacturer I, seven batches) and Ground calcium carbonate (manufacturer V, four batches) (Elemental impurities not detected in light calcium and heavy calcium are not listed).
Among the 24 elements specified in the ICH Q3D, 12 impurities in light calcium carbonate from manufacturer I were detected at higher levels than those in ground calcium carbonate from manufacturer V. In particular, the levels of the primary elements Cd (0.6 ± 0.3 ppm) and Pb (0.5 ± 0.1 ppm) were higher than the limit requirements (0.5 ppm, based on a daily dose of 10 g), although the levels of other elements were lower than the control thresholds, with some notable variation. For elements not specified in the Q3D, we referred to the data on environmental exposure (Snyder, 1974) and set the limit far lower than the environmental exposure. Among these elements, La (∼5 ppm), Sr (∼200 ppm), Yb (∼0.3 ppm), Dy (∼0.7 ppm), and Er (∼0.4ppm) were detected in both types of calcium carbonate with comparable content. The contents of Pr, Ce, and Nd in ground calcium carbonate were higher than the proposed limit value, and the contents of PR, Ce, and Nd differed substantially between light and ground calcium carbonate. For such elemental impurities without clearly defined limit requirements, in-depth toxicological studies should be conducted to establish reasonable limits.
At present, the Fe content in calcium carbonate raw materials is mainly controlled by comparison with a standard iron solution through a color reaction. The ChP specifies that the Fe content should not exceed 400 ppm, whereas the EP specifies a limit of 200 ppm. Using our ICP-MS method, the Fe content in light calcium carbonate products from manufacturer IV was 424 ppm, which is close to or higher than the limit requirement, and it was difficult to distinguish accurately by visual colorimetry.
Importantly, the content of each elemental impurity detected in light calcium carbonate products from different manufacturers varied greatly (Figure 2). The Cd content in products from manufacturer I was 0.6 ppm, while that in products from manufacturer II was only 0.03 ppm. Other elemental impurities such as Pb (0–0.6 ppm), As (0.2–1.1 ppm), Fe (10–424 ppm), and La (0–5 ppm) also showed great content variations among products from different manufacturers. Among the ground calcium carbonate products from three manufacturers (Supplementary Table S1), the Ba (2,629 ppm) content of ground calcium carbonate from manufacturer VI did not meet the standard in the pharmacopoeia (ChP and USP), which is consistent with the detection results of this method. The La element in the ground calcium carbonate from manufacturer VIII was 26 ppm higher than that of other manufacturers (about 6 ppm), whereas the content of each elemental impurity in the ground calcium carbonate products from other manufacturers was consistent.
[image: Figure 2]FIGURE 2 | Histogram of Elemental impurity of Light calcium carbonate (manufacturer I ∼ manufacturer IV) (Elemental impurities not detected in light calcium are not listed).
This observed difference in elemental impurities between light and ground calcium carbonate may be due to the fact that light calcium carbonate is generally produced by calcining natural limestone from broad sources, whereas ground calcium carbonate is generally produced by grinding natural calcite with high whiteness and purity. The sources of limestone as the raw material of calcium carbonate preparations may vary among manufacturers, resulting in large variations in the elemental impurities in the light calcium carbonate produced by different manufacturers, whereas the elemental impurities in ground calcium carbonate prepared from calcite are relatively stable. Therefore, from the perspective of quality control, ground calcium carbonate is recommended as the raw material of calcium supplement preparations. In addition, considering the uncertainty about raw material sources, corresponding quality control methods should be established for both light and ground calcium carbonate, and only raw materials that meet the requirements for the production of preparations should be selected so as to ensure high quality.
Risk Assessment and Control of Impurity Elements in Calcium Carbonate Preparations
The elemental impurities of toxicological concern detected in multiple batches of calcium carbonate preparations from nine manufacturers all met the Q3D limit requirements. However, the limits of some elemental impurities differ from those of mineral indicators in infant formula food standards; therefore, these preparations may have certain risks when given to young children. The detailed test results are summarized in Supplementary Table S2. For example, the Se content in the products from manufacturers P1 (0.5 ± 0.06 ppm) and P9 (0.4 ± 0.03 ppm) exceeded the 0.06 ppm limit specified by infant formula food standards, but was far lower than the 15 ppm limit specified by the Q3D. In all products tested, the content of the heavy metal Cu did not exceed the limit of 0.9 ppm specified by infant formula food standards or the much higher limit requirement of the Q3D (300 ppm). In view of these mineral elements with different specified limits, it is suggested to attempt to meet the nutritional requirements only so as to avoid possible safety risks caused by an excessive dosage, especially for young children and infants.
The preparation from manufacturer P4 was a calcium supplement preparation specifically designed for children, and the Pb content was slightly higher than the control threshold, whereas the Pb content in preparation products from other manufacturers was 30% lower than the limit. The content of Pb in multiple batches of raw materials was above 0.5 ppm with a maximum of 0.2 ppm. These results demonstrated that the main source of Pb in the preparations was the raw materials, whereas the auxiliary materials had only a low or no contribution to the elemental impurities. The content of Pb in preparations from different manufacturers ranged from 0.01 to 0.2 ppm, indicating high variation among different manufacturers. Blood Pb levels above 10 μg/dl are known to affect various areas of the brain that influence behavior and cause many other health problems in children (Flannery et al., 2020). Therefore, an exclusive method should be adopted to ensure that the content of Pb meets the limit requirements. Hg, Os, and Pt were not detected in any of the preparations.
Although the contents of other elements varied among different products, they were all far lower than the Q3D limits. However, it is worth noting that the content of Na was 26,000 ppm in products from manufacturer P3 and was approximately 2,000 ppm in products from manufacturer P4. The content of Na in products from other manufacturers ranged between 25 ± 3 ppm and 258 ± 16 ppm, but was lower than 100 ppm in many batches of raw materials, and did not differ between the light and ground calcium carbonate. However, USP and ChP pharmacopoeia are no relevant inspection item for Na in the standards for calcium carbonate preparations, only alkali metal inspection items. According to the standards of the pharmacopoeia, calcium is precipitated from calcium carbonate raw materials by an ammonium oxalate test solution, sulfuric acid is added to the filtered solution for the reaction, and finally the levels of Mg and alkali metals (Li, Na, K, Rb, and Cs) in calcium carbonate raw materials are controlled based on an ignition residue not exceeding 1.0%. we know that the content of Na for meeting normal nutritional needs specified in the infant formula food standards for infants aged 0–12 months is 120–410 ppm (National Health Commission of the People's Republic of China, 2010; Standard for Infant Formula and Formulations for Special Medical Purposes Intended for Infants, 2007). The pharmacopoeia method obviously cannot meet the current testing requirements. Accordingly, the daily dosage for infants described in the instructions of preparations from manufacturers P3 and P4 are likely to cause Na to exceed the appropriate intake, imposing a great health risk. The variation in Na content among products is likely derived from its introduction in the preparation process. Sodium-containing excipients are commonly used in calcium carbonate preparations to avoid rapid precipitation of calcium carbonate. However, excessive Na causes hypertension and increases the excretion burden of the kidneys, which may lead to water and salt metabolic disorders in infants and toddlers, and may even cause organ injuries (Appel et al., 2015). Therefore, calcium carbonate preparations for children should avoid the use of sodium-containing excipients, and further research is needed to further evaluate Na as an introduced element in preparation products so as to avoid any risks of intake by young children.
The Fe content in calcium carbonate raw materials is controlled through specific inspection items, but no relevant control items are specified for preparation products. The content of Fe in preparations from manufacturer P4 and that in the light calcium carbonate raw material from manufacturer IV was 472 and 424 ppm, respectively, which were close to the limit requirements for raw materials, indicating that Fe might be introduced mainly from the raw materials or preparation processes. The content of Fe in the products from manufacturer P4 was far higher than the limit requirement of 11 ppm in infant formula food (National Health Commission of the People's Republic of China, 2010; Standard for Infant Formula and Formulations for Special Medical Purposes Intended for Infants, 2007), indicating certain risks for infants.
Overall, these results suggest that the elemental impurities in calcium carbonate preparations, such as Na and Fe, are mainly introduced in the preparation process as well as from the raw materials. However, there are no relevant inspection items in current drug standards or corresponding statements in the preparation instructions, which can impose an unknown risk to young children. Therefore, inspection items for Na, Fe, and other elemental impurities should be added for calcium carbonate preparations, especially those labeled specifically as “for use in children.” ICP-MS is a modern analytical method recommended by the USP 233. Therefore, ICP-MS should be selected as an alternative to traditional methods for evaluations and control of the elemental impurities in calcium carbonate from mineral sources and its preparation products.
CONCLUSION
The high-throughput ICP-MS method for the quantitative determination of 62 elemental impurities in high matric calcium carbonate samples were developed and used to evaluate calcium carbonate preparations used for child (including neonates, infants, toddlers, children, and adolescents) and two types of raw materials (light and ground calcium carbonate).
Results in raw materials indicated testing should be required for each batch because the levels of these impurities varied significantly from one batch to another due to variations in source. The elemental impurities which cause toxicological concerns in calcium carbonate products intended for children all met the current Q3D limit requirements, marked variations were found between different manufacturers and batches, especially for Pb, Na, and Fe. Specific inspection items should be set up, and modern analysis methods such as ICP-MS should be adopted for accurate quality control so as to ensure the safety of long-term calcium supplementation in children.
Our results indicate the pediatric drugs should adhere to the concept of “tailor-made” and the quality standards for pediatric drugs should be formulated in addition to flavor and dosage forms to ensure the safety of pediatric medication, especially for calcium supplements which are commonly used.
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A series of novel pyran-linked phthalazinone-pyrazole hybrids were designed and synthesized by a facile one-pot three-component reaction employing substituted phthalazinone, 1H-pyrazole-5-carbaldehyde, and active methylene compounds. Optimization studies led to the identification of L-proline and ethanol as efficient catalyst and solvent, respectively. This was followed by evaluation of anticancer activity against solid tumor cell lines of lung and cervical carcinoma that displayed IC50 values in the range of 9.8–41.6 µM. Molecular modeling studies were performed, and crucial interactions with the target protein were identified. The drug likeliness nature of the compounds and molecular descriptors such as molecular flexibility, complexity, and shape index were also calculated to understand the potential of the synthesized molecules to act as lead-like molecule upon further detailed biological investigations as well as 3D-QSAR studies.
Keywords: phthalazinone, pyrazole hybrids, pyran, multicomponent, anticancer activity, molecular modelling, molecular descriptors
INTRODUCTION
Phthalazine and its derivative phthalazinone are heterocyclic scaffolds that are extensively explored for potential application in the treatment of a wide range of medical conditions (Vila et al., 2015). Given its significance as a pharmacophore, phthalazine is a key moiety in various new chemical entities that exhibit antidiabetic, anticonvulsant, anti-inflammatory, antihypertensive, and analgesic activities (Young Taek et al., 2017; Sangshetti et al., 2019; Mohd and Mohammad, 2020). Particularly, a wide array of phthalazine-derived compounds have been reported as anticancer agents for various molecular targets (Sung Kim et al., 2004; Loh et al., 2005; Wang et al., 2014). Further, the importance of phthalazine is highlighted by the presence of such pharmacophore as a part of several marketed drugs such as olaparib, azelastine, vatalanib, and zopolrestat (Figure 1; Inskeep et al., 1994; Joensuu et al., 2011; Gunderson and Moore, 2015; Cheng et al., 2019). Moreover, phthalazines also exhibit promising prospects as fluorescence probes and luminescence materials (Saha et al., 2013; Martins et al., 2019). Similarly, the pyrazole molecule, a five-membered heterocycle with two nitrogen atoms, has emerged as a powerful scaffold due to its therapeutic potential. Pyrazole scaffold–containing chemical agents have a broad spectrum of biological activity and are well documented to display a plethora of pharmacological properties, such as antiviral, antibacterial, anti-HIV, anti-fungicidal, antidepressant, antidiabetic, antitumor, anti-inflammatory, and antihelminthic activities (Khan et al., 2016; Karrouchi et al., 2018; Bennani et al., 2020). Additionally, the pyrazole scaffold is a cornerstone in various marketed drugs such as celecoxib, sildenafil, rimonabant, and zometapine that are widely used for different therapeutic indications (Boyd and Fremming, 2005; Krasselt and Baerwald, 2019; Krishnappa et al., 2019).
[image: Figure 1]FIGURE 1 | Drugs with phthalazine or pyrazole moieties and design strategy of phthalazine pyrazoles.
The advent of green and efficient multicomponent reactions (MCRs) offers immense opportunity to explore new chemical reactions, which could generate vital pharmacophores in a facile and eco-friendly way (Isambert and Lavilla, 2008; Dömling et al., 2012; Rotstein et al., 2014). In MCRs, multiple bonds are formed between three or more reactants in a single step with environmental benignity and greener aspects such as atom economy, less solvent consumption, and reduced waste generation. Some other added advantages are improved yields, higher selectivity, facile construction of complex molecules, and no need for isolation of intermediates (Cioc et al., 2014). In recent years, the research endeavors focused on developing new MCRs, and several synthetic protocols have been reported in this direction (Jethava et al., 2020; Wang et al., 2021). The amalgamation of MCRs with a naturally occurring catalyst renders a more environmental-friendly chemical methodology. The naturally occurring amino acid, L-proline, and its derivatives are prime organocatalysts with a wide application profile in asymmetric organic synthesis (Sarita et al., 2016; Liu and Wang, 2017).
In continuation of our research endeavors in the development of novel anticancer agents (Malik et al., 2019; Malik et al., 2021) and considering the pharmaceutical significance of two heterocyclic scaffolds, phthalazine and pyrazole, we envisaged to tether these scaffolds in a single chemical entity with a pyran ring as the linker. Interestingly, the pyran moiety itself exhibits immense pharmaceutical potential such as anticancer, antiviral, diuretic, and other properties (Kumar et al., 2017). On the chemical synthesis front, the multicomponent reactions, catalyzed by environmental-friendly catalysts, need to be harnessed to access novel chemical compounds with improved sustainability and lowered environmental burden. Herein, we report the synthesis of novel pyran-linked phthalazinone-pyrazole hybrids by one-pot three-component reactions by using L-proline as a catalyst. The synthesized compounds were screened for their anticancer activity on selected cancer cell lines of lung and cervix cancers. The active hybrids were docked to understand their interaction with human serine hydroxymethyltransferase 2 (SHMT2), a protein that is upregulated in lung and other cancer cells. Finally, the drug likeliness properties and molecular descriptors are computationally calculated to identify molecules for further development.
MATERIALS AND METHODS
Reactions were monitored by thin-layer chromatography (silica gel glass plates containing 60 F-254), and TLC plates were visualized by UV light or iodine indicator. Infrared (IR) spectra were recorded on VERTEX 70 Brucker by using KBr. NMR spectra were recorded on a Bruker DRX-400 spectrometer, and chemical shifts were reported in ppm, downfield from internal TMS standard. Mass spectra were recorded on Agilent-LCMS instrument. Starting materials and reagents were procured commercially or synthesized in the laboratory.
Chemical Synthesis
General procedure for the synthesis of pyran-linked phthalazinone-pyrazole hybrids 4a–h:
3-(1,4-dioxo-3,4-dihydrophthalazin-2(1H)-yl)-3-oxopropanenitrile (1) (1 equiv, 2.29 g, 10 mmol), 1H-pyrazole-5-carbaldehyde (2a–2d) (1 equiv, 10 mmol), and malononitrile 3a (1equiv, 0.66 g, 10 mmol) or ethyl 2-cyanoacetate 3b (1eq, 1.13 g, 10 mmol) were added into ethanol (50 ml) in the presence of 20 mol% L-proline (0.23 g) as a catalyst and heated at 70–75°C for 50–60 min. The progress of the reaction was monitored by TLC. After completion of the reaction, the reaction mixture was cooled to 30–35°C, and cold water was added to the reaction mixture and stirred for 30 min. The resulting solid was separated through direct filtration to afford crude form of 4a–h. Finally, the product was recrystallized from ethanol and dried at 60–65°C for 10–12 h to obtain pure form of 4a–h.
2-Amino-6-(1,4-dioxo-3,4-dihydrophthalazin-2(1H)-yl)-4-(1H-pyrazol-5-yl)-4H-pyran-3,5-dicarbonitrile (4a): Mp 250–252°C; IR (KBr) cm−1: 3,184–3,544 (-NH-), 2,191 (-CN-), 1,739 (-CO-); 1H-NMR (DMSO-d6, 400 MHz): δ 6.5 (s, 1H, -CH), 7.4 (d, 1H, J = 7.8 Hz, Ar-H), 7.9–8.1 (m, 4H, Ar-H), 8.2 (d, 1H, J = 7.5, Ar-H), 9.8 (s, 2H, -NH2), 11.4 (s, 1H, -NH), 12.2 (s, 1H, -NH); 13C NMR (DMSO-d6, 100 MHz): δ 48.7, 75.1, 87.2, 113.9, 115.8, 124.2, 125.8, 128.6, 129.5, 131.7, 134.3, 137.1, 155.8, 157.1, 163.3, 163.5 [M + H+]: 374 (see Supplementary Material).
2-Amino-6-(1,4-dioxo-3,4-dihydrophthalazin-2(1H)-yl)-4-(1-methyl-1H-pyrazol-5-yl)-4H-pyran-3,5-dicarbonitrile (4b): Mp: 242–244°C; IR (KBr) cm−1: 3,093–3,519 (-NH-), 2,258 (-CN-), 1748 (-CO-); 1H-NMR (DMSO-d6, 400 MHz): δ 2.9 (s, 3H, -CH3), 6.5 (s, 1H, -CH), 7.4 (d, 1H, J = 7.8 Hz, Ar-H), 7.9–8.1 (m, 4H, Ar-H), 8.1 (d, 1H, J = 7.5 Hz, Ar-H), 9.6 (s, 2H, -NH2), 12.0 (s, 1H, -NH); 13C NMR (DMSO-d6, 100 MHz): δ 28.8, 48.5, 75.4, 86.7, 114.5, 115.0, 124.5, 127.9, 128.6, 129.7, 130.8, 134.1, 136.0, 155.7, 157.4, 163.0, 163.6 [M + H+]: 388.
2-Amino-6-(1,4-dioxo-3,4-dihydrophthalazin-2(1H)-yl)-4-(4-methyl-1H-pyrazol-5-yl)-4H-pyran-3,5-dicarbonitrile (4c): Mp: 238–240°C; IR (KBr) cm−1: 3,137–3,584 (-NH-), 2,252 (-CN-), 1742 (-CO-); 1H-NMR (DMSO-d6, 400 MHz): δ 3.4 (s, 3H, -CH3), 6.4 (s, 1H, -CH), 7.9–8.1 (m, 4H, Ar-H), 8.2 (d, 1H, J = 7.5, Ar-H), 9.8 (s, 2H, -NH2), 11.3 (s, 1H, -NH), 12.1 (s, 1H, -NH); 13C NMR (DMSO-d6, 100 MHz): δ 34.0, 49.4, 74.2, 84.5, 115.2, 116.5, 123.4, 126.8, 128.9, 129.9, 131.7, 133.9, 136.2, 154.8, 157.6, 162.1, 163.3 [M + H+]: 388.
2-Amino-6-(1,4-dioxo-3,4-dihydrophthalazin-2(1H)-yl)-4-(1H-pyrazol-4-yl)-4H-pyran-3,5-dicarbonitrile (4d): Mp: 254–256°C IR (KBr) cm−1: 3,038–3,586 (-NH-), 2,256 (-CN-), 1745 (-CO-); 1H-NMR (DMSO-d6, 400 MHz): δ 6.4 (s, 1H, -CH), 7.4–8.2 (m, 6H, Ar-H), 9.9 (s, 2H, -NH2), 11.3 (s, 1H, -NH),12.2 (s, 1H, -NH); 13C NMR (DMSO-d6, 100 MHz): δ 46.6, 74.5, 86.3, 114.6, 115.9, 125.5, 127.7, 129.2, 129.9, 131.6, 134.4, 137.5, 155.2, 157.4, 163.5, 163.9 [M + H+]: 374.
Ethyl 2-amino-5-cyano-6-(1,4-dioxo-3,4-dihydrophthalazin-2(1H)-yl)-4-(1H-pyrazol-5-yl)-4H-pyran-3-carboxylate (4e): Mp: 234–236°C; IR (KBr) cm−1: 3,159–3,401 (-NH-), 2,218 (-CN-), 1724 (-CO-); 1H-NMR (DMSO-d6, 400 MHz): δ 1.2 (t, 3H, J = 6.8 Hz, -CH3), 3.0 (q, 2H, J = 7.6 Hz, -CH2), 6.6 (s, 1H, -CH), 7.4 (d, 1H, J = 7.4 Hz, Ar-H), 7.5 (t, 2H, J = 7.6 Hz, Ar-H), 7.6 (t, 2H, J = 7.5 Hz, Ar-H), 8.0 (d, 1H, J = 7.4 Hz, Ar-H), 9.6 (s, 2H, -NH2), 11.5 (s, 1H, -NH), 13.0 (s, 1H, -NH); 13C NMR (DMSO-d6, 100 MHz): δ 14.0, 41.2, 58.1, 76.7, 88.1, 111.2, 113.6, 115.7, 117.9, 118.9, 122.2, 124.9, 126.0, 127.3, 128.8, 131.3, 137.1, 141.1, 158.7, 167.7, 167.7; [M + H+]: 421.
Ethyl 2-amino-5-cyano-6-(1,4-dioxo-3,4-dihydrophthalazin-2(1H)-yl)-4-(1-methyl-1H-pyrazol-5-yl)-4H-pyran-3-carboxylate (4f): Mp: 243–245°C; IR (KBr) cm−1: 3,037–3,581 (-NH-), 2,257 (-CN-), 1748 (-CO-); 1H-NMR (DMSO-d6, 400 MHz): δ 1.2 (t, 3H, J = 6.8 Hz, -CH3), 2.8 (s, 3H, -CH3), 3.0 (q, 2H, J = 7.6 Hz, -CH2), 6.6 (s, 1H, -CH), 7.3 (d, 1H, J = 7.3 Hz, Ar-H), 7.5 (t, 2H, J = 7.6 Hz, Ar-H), 7.6 (t, 2H, J = 7.6 Hz, Ar-H), 8.0 (d, 1H, J = 7.5 Hz, Ar-H), 9.6 (s, 2H, -NH2), 13.0 (s, 1H, -NH); 13C NMR (DMSO-d6, 100 MHz): δ 14.1, 19.9, 36.4, 42.4, 58.1, 76.7, 88.1, 112.4, 112.8, 115.7, 118.0, 118.8, 123.0, 125.2, 126.0, 128.1, 128.8, 131.3, 139.1, 141.8, 159.7, 167.1, 167.4 [M + H+]: 435.
Ethyl 2-amino-5-cyano-6-(1,4-dioxo-3,4-dihydrophthalazin-2(1H)-yl)-4-(4-methyl-1H-pyrazol-5-yl)-4H-pyran-3-carboxylate (4g): Mp: 256–258°C; IR (KBr) cm−1: 3,138–3,482 (-NH-), 2,156 (-CN-), 1732 (-CO-); 1H-NMR (DMSO-d6, 400 MHz): δ 1.1 (t, 3H, J = 6.8 Hz, -CH3), 2.9 (s, 3H, -CH3), 3.1 (q, 2H, J = 7.4 Hz, -CH2), 6.5 (s, 1H, -CH), 7.5 (t, 2H, J = 7.4 Hz, Ar-H), 7.6 (t, 2H, J = 7.6 Hz, Ar-H), 8.1 (d, 1H, J = 7.4 Hz, Ar-H), 9.5 (s, 2H, -NH2), 13.1 (s, 1H, -NH); 13C NMR (DMSO-d6, 100 MHz): δ 14.2, 18.9, 36.3, 41.5, 58.2, 76.6, 88.4, 111.3, 112.9, 114.8, 118.1, 118.9, 123.1, 124.1, 125.8, 128.2, 128.9, 131.5, 139.4, 141.9, 159.8, 167.5, 167.9 [M + H+]: 435.
Ethyl 2-amino-5-cyano-6-(1,4-dioxo-3,4-dihydrophthalazin-2(1H)-yl)-4-(1H-pyrazol-4-yl)-4H-pyran-3-carboxylate (4h): Mp: 253–255°C; IR (KBr) cm−1: 3,136–3,482 (-NH-), 2,256 (-CN-), 1743 (-CO-); 1H-NMR (DMSO-d6, 400 MHz): δ 1.1 (t, 3H, J = 6.8 Hz, -CH3), 3.1 (q, 2H, J = 7.4 Hz, -CH2), 6.5 (s, 1H, -CH), 7.2 (s, 1H, Ar-H), 7.4 (t, 2H, J = 7.5 Hz, Ar-H), 7.6 (t, 2H, J = 7.6 Hz, Ar-H), 8.1 (s, 1H, Ar-H), 9.5 (s, 2H, -NH2), 11.4 (s, 1H, -NH), 13.1 (s, 1H, -NH); 13C NMR (DMSO-d6, 100 MHz): δ 14.1, 41.4, 57.3, 75.8, 89.3, 111.4, 113.7, 115.8, 117.8, 118.5, 121.4, 124.5, 126.2, 127.5, 128.8, 131.4, 137.2, 141.4, 158.6, 167.6, 167.9 [M + H+]: 421.
Cytotoxicity Assay
The cell viability of A549 (human lung carcinoma) and Hela (human cervical carcinoma) cells was evaluated by using the MTT colorimetric assay (Sigma, United States) (Mosmann, 1983). The cancer cells were seeded at a density of 2 × 104 cells in 100 µL of cell culture medium (DMEM containing 10% fetal bovine serum, 100 μg/ml streptomycin, and 100 μg/ml penicillin) per well of 96-well plate and grown for a period of 24 h prior to the addition of the test compounds. Cells were incubated with different concentrations of test compounds for 48 h. After incubation, the wells were washed with 200 µL of PBS, and then 10% MTT solution was added to each well and incubated for 2 h at 37°C. The formazan crystals were solubilized by the addition of 100 µL of DMSO, and then the optical density was recorded at 570 nm using a multimode reader (Tecan Infinite 200 PRO, Switzerland). Each experiment was repeated three times (n = 3), and the results are specified as mean with standard deviation.
Computational Studies
Molecular Docking
In silico binding of synthesized compounds with respect to inhibition of human serine hydroxymethyltransferase 2 (SHMT2) protein was performed by molecular docking in the active site of the target protein using AutoDockTools 4.2.51 (Morris et al., 2009). The 3D crystal structure of human SHMT2 (PDB ID: 5V7I) was downloaded from the RCSB Protein Data Bank and used as the model for docking. The co-crystalized hetero molecules and water were removed from the target protein. The ligand structures (4b and 4c) were constructed using ChemDraw ultra 19.0 software and subsequently converted to 3D structures and saved in .pdb format using Chem3D ultra 19.0 software. The ligand energies were minimized using MOPAC (semiempirical quantum mechanics) with AM1 MOZYME geometry acceleration with 100 iterations, and RMS gradient of 0.10. For each docked ligand, ten poses were generated. The structure with relative lower binding free energy (Kcal/mol) was selected as best conformation among all the poses. In order to validate the results, the co-crystal ligand 8Z1 ((4R)-6-amino-3-methyl-4-(propan-2-yl)-4-[3-(pyrrolidin-1-yl)-5-(trifluoromethyl)phenyl]-1,4-dihydropyrano[2,3-c]pyrazole-5-carbonitrile) was re-docked with the target protein. PyMol and LIGPLOT tools were used for 3D and 2D visualization of the docked complexes, respectively (Wallace et al., 1995).
Molecular Descriptors and Other Studies
Pharmacological and physiochemical properties of the synthesized molecules were evaluated by using Molinspiration and SwissADME online web tools (Daina et al., 2017). The lipophilicity (logP), topological polar surface area (TPSA), and drug likeliness were determined for all the synthesized compounds. To explore the properties of molecular flexibility, complexity, and shape index of the synthesized molecules, OSIRIS property explorer tool was used.
RESULTS AND DISCUSSIONS
Chemical Synthesis
The synthesis of the novel pyran-linked phthalazinone-pyrazole hybrids was accomplished by employing an atom economical multicomponent reaction strategy. A phthalazinone derivative, 3-(1,4-dioxo-3,4-dihydrophthalazin-2(1H)-yl)-3-oxopropanenitrile 1, with an appropriately substituted oxopropanenitrile group that involves in the multicomponent reaction was synthesized from phthalic anhydride and 2-cyanoacetohydrazide (Kumar et al., 2014). The other components employed in this MCR were substituted 1H-pyrazole-5-carbaldehyde 2a and an active methylene–containing compounds. Initially, an optimization study for the one-pot reaction was undertaken with model substrate 1H-pyrazole-5-carbaldehyde 2a along with other components such as phthalazinone 1 and malononitrile 3a to identify the best reaction conditions (Table 1). In this study, different parameters such as base catalyst, solvents, reaction temperature, and catalyst loading were investigated. For this purpose, different organic bases such as L-proline, pyridine, and piperidine were screened as catalyst in solvents like methanol, ethanol, and dimethylformamide (DMF) at varying temperature. The model MCR with the tested base catalysts proceeded with modest yields (34–45%) using DMF as solvent at room temperature in 7.5–9 h (entries 7–9). Interestingly, on using protic solvents like ethanol and methanol, the yields of the reaction were improved (40–60%), accompanied by reduction in reaction time (4.5–5.5 h, entries 1–6). The results showed that both the protic solvents were equally efficient; however, L-proline provided the best yields in all the cases. Temperature is a critical parameter in optimization studies; therefore, we investigated the model reaction with L-proline at elevated temperature (70–75°C) with all the three base catalysts. It was observed that the reaction in DMF and methanol afforded 70 and 80% yield, respectively, in reaction time of 1.5 h (entries 11 and 12). However, the best results were obtained with ethanol and the reaction afforded the product 4a in very good yield (88%) in a short reaction time of only 50 min (entry 10). To further improve the efficiency of the reaction, different catalyst loadings were also investigated; nonetheless, 20% catalyst loading showed the best results (Table 2).
TABLE 1 | Optimization studies of the multicomponent reaction with the model substrate 2a.
[image: Table 1]TABLE 2 | Effect of catalyst loading.
[image: Table 2]Finally, the scope of the reaction was explored under the optimized conditions to afford a series of novel pyran-linked phthalazinone-pyrazole hybrids. The MCR was carried out with phthalazinone derivative 1, various substituted 1H-pyrazole-5-carbaldehydes 2a-d and active methylene–containing compounds (malononitrile 3a and ethyl 2-cyanoacetate 3b) with L-proline as a catalyst in ethanol at elevated temperature (Scheme 1). The multicomponent reaction proceeded with similar efficiency with different reactants, and the desired novel pyran-linked phthalazinone-pyrazole hybrids 4a–h were obtained in high yield in the range of 84–88%. A plausible mechanism for the synthesis of hybrids 4a–h in the presence of L-proline is proposed (Figure 2). L-proline exists in the form of zwitterion acting as a bifunctional catalyst. It protonates the aldehyde 2 and also abstracts the hydrogen of active methylene functionality of 3 to afford carbanion species, which further attacks the protonated aldehyde 2 forming intermediate A. This is followed by loss of water molecule from A, affording an α,β-unsaturated diketone intermediate B. The intermediate B undergoes Michael addition by carbanion 3 followed by nucleophilic addition to afford imine intermediate C. Finally, the tautomerization of intermediate C yields the final product 4.
[image: Scheme 1]SCHEME 1 | One-pot synthesis of novel pyran-linked phthalazinone-pyrazole hybrids 4a–h.
[image: Figure 2]FIGURE 2 | Plausible mechanism of formation of pyran-linked phthalazinone-pyrazole hybrids.
Anticancer Activity
The phthalazine and pyrazole moieties are known to exhibit anticancer activity; therefore, the cytotoxicity potential of the synthesized novel pyran-linked phthalazinone-pyrazole hybrids was investigated. Globally, lung cancer is a leading cause of cancer death, and on the other hand, cervical cancer is one of the major cancers in women with high incidence and mortality (Thakur et al., 2020; Ferlay et al., 2021). Therefore, we screened the synthesized novel hybrids (4a–h) against human lung carcinoma cells (A549) and human cervical carcinoma cells (HeLa) by employing the MTT assay. All the tested hybrids were active and displayed moderate-to-good activity with an IC50 ranging from 9.8 to 41.6 µM against A549 cells and 10.1 to 31.6 µM against HeLa cells (Table 3). Based on the results, compound 4c was the most promising hybrid from the series that exhibited significant activity against A549 cells with an IC50 value of 9.8 µM. In case of HeLa cancer cell lines, it exhibited similar potency with IC50 value of 10.1 µM. The other hybrids 4a, 4b, 4f, and 4g showed good activity against A549 cells with IC50 values of 14.1, 10.6, 16.4, and 15.6 µM, respectively, and modest cytotoxicity against HeLa cells with IC50 values of 17.9, 11.8, 18.6, and 13.1 µM, respectively. The hybrids 4d, 4e, and 4h were the least active compounds in the series against the tested cells. The structure activity relationship (SAR) pattern of the novel pyran-linked phthalazinone-pyrazole hybrids is provided as an infographic in the table.
TABLE 3 | Cytotoxicity and structure activity relationship of novel pyran-linked phthalazinone-pyrazole hybrids 4a–h.
[image: Table 3]In Silico Binding Studies
The serine hydroxymethyltransferase (SHMT) catalyzed the conversion of serine to glycine, thereby releasing one carbon unit essential in cell regulation. One of the mitochondrial isoforms, SHMT2, is linked to cancer survival and is upregulated in the lung and other cancer cells (Tong et al., 2020). A pyrazolopyran scaffold (8Z1) is reported to inhibit this protein at the molecular level. The structural similarity of our novel pyran-linked phthalazinone-pyrazole hybrids to 8ZI prompted us to perform molecular docking studies to understand the binding affinity with SHMT2 protein. From the preliminary anticancer results, the active compounds 4b and 4c were examined for docking with hydroxymethyltransferase 2 protein co-crystalized with 8Z1. The ligands exhibited good binding affinities toward target protein as compared with 8Z1. The hydrogen and hydrophobic interactions played a major role in the binding of ligands with target protein. Almost ten different conformations per each docked ligand were generated, and the best conformation was displayed in the Figures 3A,B. The docking results revealed that the hybrids 4b and 4c occupied the same binding site of the co-crystalized ligand binding site (Figure 3C) and exhibited excellent affinity with binding energy of −8.4 and −8.8 kcal/mol, respectively (Figure 3D). Interestingly, the binding affinity of hybrid 4c was better than that of the co-crystal ligand 8Z1 (a pyrazolopyran inhibitor), which exhibited −8.5 kcal/mol of binding energy. The docking results influenced both hydrogen and hydrophobic interactions, and the amino acid residues of the target protein that interacted with the docked ligands are presented in Table 4.
[image: Figure 3]FIGURE 3 | (A) Three-dimensional binding conformations of the synthesized molecules against human serine hydroxymethyltransferase 2 protein (PDB ID: 5V7I). The yellow color dotted lines represent the hydrogen bonds as well as polar interactions. (B) Two-dimensional binding interactions of the docked ligand molecules with target protein. (C) Overlapped structures of the synthesized compounds along with the co-crystalized ligand in the protein active site. (D) The binding energies (kcal/mol) of the docked compounds with target protein.
TABLE 4 | Amino acid residues of the target protein that interacts with ligands 4a and 4b.
[image: Table 4]Drug Likeliness Nature
The physiochemical properties of all the synthesized molecules toward drug likeliness were calculated, and the results revealed that all the compounds showed acceptable properties. Based on Lipinski’s rule of five and its components, the endpoint values for all the four parameters that describe possible outcome of a drug candidate for good absorption are MW ≤ 500, LogP ≤ 5, HBD ≤ 10, and HBA ≤ 5 (Lipinski, 2004). It was observed that almost all the molecules occupied space within Lipinski’s rule of five (Figure 4); besides, only four compounds exhibited only a single violation. Compounds 4e, 4f, 4g, and 4h showed one violation with respect to the number of hydrogen bond donors (HBDs). The predicted LogP values for all the compounds indicate that compounds exhibit good permeability across cell membrane. The calculated LogP values for the test compounds are in the range of 1.03–2.38, which are in the accepted range. The 3D polar surface area visualizations were generated, and the calculated TPSA was >140 Å for all the compounds; this indicates the reduced oral bio-availability of the compounds (Figure 5; Prasanna and Doerksen (2009)).
[image: Figure 4]FIGURE 4 | Predicted parameters of Lipinski’s rule of five for the synthesized compounds were calculated using SwissADME and represented in the Doughnut graph. The compounds that violate the rule were represented in the filled pattern format. Each circle represents one parameter of Lipinski’s rule. The parameters LogP, HBA, HBD, and MW showed from inner to outer circles, respectively.
[image: Figure 5]FIGURE 5 | Three-dimensional polar surface area visualization of all the synthesized molecules using Molinspiration tool.
Molecular Flexibility, Complexity, and Shape Index
The conformational flexibility, molecular complexity, and shape index of a molecule are important parameters influencing the ligand to target protein binding in drug design (Wicker and Cooper, 2016; Méndez-Lucio and Medina-Franco, 2017). Shape index of the synthesized molecules was calculated using DataWarrior, and it determines 3D shape of compounds. In general, shape index less than 0.5 in molecules suggests the presence of spherical or non-flat scaffolds, whereas shape index more than 0.5 is for flat scaffolds. The synthesized molecules exhibited an average shape index of 0.43, which is less than 0.5 [Figure 6A]. These results suggest that the compounds were spherical or non-flat scaffolds. Few reports proposed that a majority of non-flat or spherical compounds were observed in natural products (Lovering et al., 2009). This suggests that spherical scaffolds may be essential for anticancer activity. Further, the structural flexibility and complexity of the molecules were predicted using DataWarrior. Less than 0.5 value of flexibility and complexity in molecules suggests that the molecules are of low complexity and flexibility. The synthesized molecules exhibited an average of 0.27; this indicates the molecules are low-to-intermediate flexible [Figure 6B]. Additionally, 0.97 average value for molecular complexity in molecules suggests the molecules are complex in nature [Figure 6C] (Méndez-Lucio and Medina-Franco, 2017).
[image: Figure 6]FIGURE 6 | Predicted values of the (A) shape index, (B) molecular flexibility, and (C) molecular complexity for the synthesized molecules.
CONCLUSION
In conclusion, a series of novel pyran-linked phthalazinone-pyrazole hybrids were designed and synthesized by a facile one-pot three-component reaction in the presence of L-proline, which acted as a catalyst. The assessment of cytotoxicity potency revealed that the methyl substitution on pyrazole and two cyano groups on pyran, as in 4b and 4c, were necessary to elicit a good inhibitory response toward the tested lung and cervix cancer cells. Interestingly, the molecular modeling studies with hydroxymethyltransferase 2 (SHMT2), a protein that is upregulated in lung and other cancers, revealed that the active hybrids 4b and 4c displayed comparable-to-superior binding affinity than ligand 8Z1, a pyrazolopyran inhibitor. The hybrids showed good drug likeliness properties as elucidated by Lipinski’s rule, with four compounds exhibiting a single violation. Similarly, the results obtained through molecular descriptor predictions provided an understanding about the potential of the synthesized molecules to transform into lead-like molecules. It can be said that upon further structural optimizations (particularly 4b and 4c) and a thorough biological mechanistic investigation, the synthesized scaffolds may likely turn into potential anticancer agents.
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In the search for novel, metal-based drug complexes that may be of value as anticancer agents, five new transition metal complexes of sulfaclozine (SCZ) with Cu(II), Co(II), Ni(II), Zn(II), and Fe(II) were successfully synthesized. The chemical structure of each complex was characterized using elemental analysis (CHN), IR spectroscopy, UV–Vis spectroscopy, thermogravimetric analysis (TGA), and electronic paramagnetic resonance (EPR) spectroscopy. IR spectra indicated that the donor atoms were one sulfonyl oxygen atom and one pyrazine nitrogen atom, which associated with the metal ions to form a stable hexagonal coordination ring. The metal–ligand stability constant (Kf) revealed that Cu(II) and Ni(II) have good coordination stability among the metal compounds. Theoretical studies using DFT/B3LYP were performed to further validate the proposed structures. The obtained results indicated that Cu(II) has a trigonal bipyramidal geometry, whereas Fe(II), Co(II), and Ni(II) have an octahedral structure, while Zn(II) has a tetrahedral arrangement. The bio-activities of the characterized complexes were evaluated using DNA binding titration and molecular docking. The binding constant values for the metal complexes were promising, with a maximum value for the copper metal ion complex, which was 9 × 105 M-1. Molecular docking simulations were also carried out to evaluate the interaction strength and properties of the synthesized metal complexes with both DNA and selected cancer-relevant proteins. These results were supported by in vitro cytotoxicity assays showing that the Cu(II) and Ni(II) complexes display promising antitumor activity against colon and breast cancer cell lines.
Keywords: electronic paramagnetic resonance analysis, DFT, sulfaclozine, molecular docking, anticancer
INTRODUCTION
Sulfonamide is a well-known antibacterial compound that has been in use for around 50 years (Stober and DeWitte, 1982). It came to prominence when Domagk et al. reported that Prontosil, a sulfamidochrysoidine azo dye, was reduced to the antibiotic sulfonamide and triamine benzene in living cells (Domagk, 1935), with sulfonamide being the affected part in this dye molecule. Metal ions have played key roles as components of pharmaceuticals in the field of anticancer therapy (Wong and Giandomenico, 1999), arthritis (Roberts et al., 1996), and cardiovascular medicine (Navarro et al., 2004). Thus, searching for novel metal-based drug complexes is a high priority for medicinal biochemists.
Metal complexes of sulfonamide drugs, Figure 1, have drawn attention from the scientific community because of their superior clinical applications compared to the free drugs. For instance, the zinc sulfadiazine complex has a 1:2 molar ratio and is used to promote wound healing and control infections (Fox, 1977). Additionally, the Ag(I) sulfadiazine complex is utilized as a topical antibacterial agent for treating first-, second-, and third-degree burns (Carr et al., 1973). Due to the effectiveness of sulfonamide metal complexes in the clinic, a diversity of metal complexes, metals based on sulfonamide or its derivative compounds, with transition metals, Cu(II), Co(II), and Ni(II) (Ajibade et al., 2006; Rocha et al., 2019), or with transition metals of platinum group, Pt(II), Pd(II) (Ajibade et al., 2013), and Ru(III) (Refat et al., 2016), or with heavy metals (Khedr and Saad, 2015), have been obtained to enhance their antimicrobial properties (Ajibade et al., 2006; Rocha et al., 2019).
[image: Figure 1]FIGURE 1 | Structures of sulfonamide and sulfaclozine.
Sulfaclozine (SCZ), Figure 1, is a derivative of the sulfonamide drug in which an amide group (NH) binds to a chloropyrazine aromatic ring. It is used as an oral antibiotic to treat various poultry diseases (Şentepe and Eraslan, 2010) and murine toxoplasmosis (Zeng et al., 2012; Ismail et al., 2016). Interestingly, it has several potential binding sites that could be coordinated with metal ions, namely, two pyrazine nitrogen atoms, sulfonyl oxygen atoms, and sulfonamide nitrogen atoms and an amino group at its tail. In addition, the chloropyrazine ring in SCZ could enhance its biological properties more than sulfonamide.
To the best of our knowledge, no published reports have described the complexation between divalent transition metals and SCZ. In this work, a new synthesis of metal complexes in ethanol solution was performed. The molecular structures of all the new complexes were characterized by analytical, spectroscopic, and thermal techniques. The structures of the prepared complexes were optimized by DFT with the exchange–correlation functional approach (B3LYP) to study the geometric arrangement around the metal ions. Moreover, the energy gap calculated from the HOMO and LUMO was used to predict the biological properties. Experimentally, various techniques were carried out to investigate the potential influence of the metal ion coordination on their potential as therapeutics. One of the least expensive and simplest methods is spectroscopic titration experiments with CT-DNA to study binding affinity of the metal complexes with the pharmacological target. A molecular docking approach was also used to examine the molecular interaction of the newly synthesized compounds and the free ligand to test their inhibitory capacity toward different cancer proteins. A previous study tested the inhibitory effect of sulfonamide and its derivatives on a selected cancer cell line (Refat et al., 2016). Hence, in this work, in vitro cytotoxicity assays using two cell lines, a breast cancer cell line (MCF-7) and a colon cancer cell line (CaCo-2), were used to evaluate all compounds.
MATERIALS AND METHODS
Chemicals and Reagents
Sulfaclozine (SCZ) of 99% purity was purchased from Aldrich. The metal chlorides were obtained from Fisher Scientific. Solvents and analytical reagents were commercially obtained from the BDH chemical company and used as received.
Synthesis of Metal Complexes
The appropriate ratio of metal chlorides of Cu(II), Co(II), Zn(II), Fe(II), and Ni(II) of 1.0 mmol volume in 20 ml ethyl alcohol was added to the SCZ ligand (2.0 mmol in 30 ml ethyl alcohol). The mixed solution was placed on a hot plate at 80°C for 2–3 h with continuous stirring and refluxing until the color precipitates formed. The resulting solution was allowed to evaporate at room temperature, and the solids were washed with diethyl ether and dried under vacuum.
The Molar Ratio Method and the Metal Sulfaclozine Stability Constants Procedure
The stoichiometric composition of the complexes in ethanol was determined by the molar relation method (Davila et al., 2012). The concentration of the metal ion was kept constant (0.36 × 10-4 M), and the concentration of the SCZ ligand varied from [L] = 0.18 to 1.25 × 10-4 M. The solutions were stabilized at 25.0°C for 10 min to let the reaction reach equilibrium. Next, the spectra were recorded in the Shimadzu UV/Vis spectrometer with a cell width of 1 cm optical path length, in the 200–500 nm range.
The metal–ligand stability constant (Kf) of the complexes was calculated using the following equilibrium equation:
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Using Beer’s law (A = ɛbc), the equation can be rewritten for the stability constants of complexes (Panhwar and Memon, 2012; Samsonowicz and Regulska, 2017) as
[image: image]
where A is the measured absorbance and ɛ is the molar absorption coefficient.
Structure Analysis
The micro-analytical ratio analyses (C, H, and N) were carried out in a PerkinElmer CHN 2400 elemental analyzer. The molar conductance of the metal complexes in the DMF solvent (10−3 M) was measured on a Hach conductivity meter model. A Bruker infrared spectrophotometer was utilized to record the infrared spectra of the ligand and its complex in the range of 400–4000 cm−1. An electronic spectroscopic study of SCZ and the metal compounds in DMSO solution with a concentration of 10−3 M was obtained by the Shimadzu UV/Vis spectrometer in the range of 200–1100 nm. The electron paramagnetic resonance study for the solid sample was recorded on a Bruker EMX PLUS spectrometer using the X band frequency (9.5 GHz) using reported experimental details (Alahmari et al., 2019; Alghrably et al., 2019). The content of metal ions was calculated gravimetrically as metal oxides. The TG–DTG experiment was conducted using the Mettler Toledo STARe software. All experiments were under air at a flow rate of 30 ml/min and a heating rate of 10°C/min starting from 25°C and ending at 800°C using a single loose top loop. The percentage of metal ions was calculated gravimetrically as metal oxides. Magnetic measurements of metal complexes were measured at room temperature using Gouy’s method by a magnetic susceptibility balance from the Johnson Matthey and Sherwood model.
Computational Details
The initial molecular geometries of SCZ and the metal complexes were optimized in the gas phase using the Gaussian 09W (Frisch et al., 2009) program package employing hybrid DFT/B3LYP at 6-31G (d,p) level for the free ligand and LAND for the metal complexes. The frequencies calculated were followed by optimization to ensure that the obtained structures were in the minima energy state. The GaussView molecular visualization program (Dennington et al., 2016) was used to visualize the input files and extract the HOMO–LUMO energies. The reactivity descriptors: chemical potential (μ), global hardness (η), chemical softness (S), and electrophilicity (ω), were calculated using the following formulas (Sharfalddina et al., 2020a):
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Bio-Activity Analysis
DNA Binding Methodology
The DNA binding protocol is reported in our previous work (Alsaeedi et al., 2020; Sharfalddina et al., 2020b). Compounds were dissolved in DMSO at room temperature with a fixed concentration that had absorbances between 1 and 1.2. The CT-DNA stock solution was prepared in a buffer solution (pH = 7.4) and kept at 5°C for 1 week. The ratio absorbance for the stock at 280–290 nm was 1.8 (nucleotide to protein) indicating DNA is free of protein (Arjmand and Jamsheera, 2011). The molar absorption coefficient of 6600 M–1 cm–1 and the absorbance at 260 nm for CT-DNA were used to determine the DNA concentration (Tabassum et al., 2014; Mashat et al., 2019), which was 1.21 × 10–4 M. The experiments were performed by keeping the compound concentration constant and varying the DNA concentration from 1.69 × 10-6 to 5.55 × 10-6 M. The mixture solutions were allowed to incubate for 30 min at RT before recording the absorption. The binding constant was computed by the Wolfe−Shimer equation (Zehra et al., 2019) given as follows:
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where [DNA] = concentration of CT-DNA in base pairs.
ɛa = extinction coefficient observed for Aobs/[compound] at the given DNA concentration.
ɛf = extinction coefficient of the free compound in solution.
ɛb = extinction coefficient of the compound when binding to DNA.
Kb = ratio of the slope to the intercept of the plot [DNA]/(єa–єf) versus [DNA].
Kb values were obtained by plotting the left side of the equation vs. DNA concentration and then calculating the ratio of the slope and intercept. The following equation was used to calculate Gibb’s free energy values:
ΔG = −RT ln Kb, where R = 8.314 JK-1 mol-1 and T = 298K.
Molecular Docking
High-resolution crystallographic structures of proteins included in this study, breast cancer (PDB code = 1hK7) and colon cancer (PDB code = 4FM9) receptors, were downloaded from the Protein Data Bank into MOE software 2015 (MOE (The Molecular Operating Environment), 2015). The docking protocol is reported in our previous work (Abdel-Rhman et al., 2019). Protein preparation started with removing water molecules and co-ligand. The site finder was used to find the possible binding sites in the protein, and then the 3D protonation process was carried out to correct and fix the protein. The 3D structures of the compounds were minimized through the MMFF94X Force Field and optimized to obtain the lowest energy conformation with the best geometry using a gradient of 0.001. The docking parameters were the triangle matcher method for placing the compound and London dG for scoring and GBVI/WSA dG for rescoring. The ranking affinity of the ligand and metal compounds toward the amide protein was calculated using binding free energy and hydrogen bonds between the ligand and the amino acid. The measured hydrogen bond did not exceed the length of 3.1–3.7 A°.
Antitumor Assay
A human colon cancer cell line (CaCo-2) and human breast cancer cell line (MCF-7) were obtained from the VACSERA Tissue Culture Collection Unit. The propagation was done in Dulbecco’s modified Eagle’s medium (DMEM) completed with heat-inactivated fetal bovine serum (10%), 1% HEPES buffer, L-glutamine, and gentamicin (50°µg/ml). Next, in a humidified atmosphere with 5% carbon dioxide, the cells were kept at 37°C and were sub-cultured two times a week. The determination of sample cytotoxicity on cells (MTT protocol) was performed as reported (Alley et al., 1988; Van de Loosdrecht et al., 1994). 1 × 105 cells/ml (100 µl/well) were incubated in a 96-well tissue culture plate at 37°C for 24 h to create a complete monolayer sheet. After an aggregate sheet of cells was formed, the monolayer cells were separated from the growth medium and washed twice with wash media. 2% of serum as a maintenance medium was used to dilute the tested sample twofold in the RPMI medium. A constant volume (0.1 ml) of each diluted sample was added simultaneously in various wells in the maintenance medium at 37°C, with three wells without treatment used as control cells. The samples were checked for any physical signs of toxicity such as partial or complete loss of the monolayer every 24 h. The MTT protocol depends on tetrazolium salt reduction from yellow to purple by metabolically viable cells. Therefore, 20 µl of the solution (5 mg/ml in PBS) was added to each well and maintained (37°C, 5% CO2) for 1–5 h until the cell metabolization process was completed. After drying the wells by dumping the media, 200 µl DMSO was added to re-suspend the MTT metabolic product and was mixed thoroughly. The spectrophotometric absorbance at OD = 560 nm was measured and then subtracted from the background sample (50 µL MTT + 50 µL of media) at 620 nm.
The percentage of cell survival was calculated as follows:
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Each experiment was repeated three times to obtain a linear relationship between optical density and cell quantity.
RESULTS AND DISCUSSION
Analytical Data of the Metal Complexes
The analytical data and physical properties of the ligand and its metal complexes are summarized in Table 1. The isolated colored solid complexes are stable at room temperature, except for the Zn(II) complex, which turned light brown due to the absorption of water molecules over time. Moreover, they are soluble in DMF and DMSO. The molar conductance of Cu(II) and Co(II) at 10–3 M in DMF had values fall in the 66–95 Ώ cm2 mol-1 range, indicating the presence of two ion types in the solution, which are 1:1 of cationic and anionic species (Ali et al., 2013). The zinc complex showed a higher value, 152 Ώ cm2 mol-1, suggesting two Cl– ions out of the coordination sphere. In contrast, for Ni(II) and Fe(II), the molecular conductance was too low to account for any dissociation to Cl– ions; thus, they are non-electrolytes.
TABLE 1 | Analytical and physical data of SCZ and metal complexes.
[image: Table 1]Stoichiometry and Metal–Ligand Stability Constant
The collected absorption is plotted toward the ratio of [M]/[M]+[L] and presented in Supplementary Figure S1 for the metallic complexes. The reflection line upon increasing the ligand concentration was around 0.33 and revealed that one mole of the metal reacted with two moles of the ligand.
The obtained values of Kf by the previous equations were in the order Zn−SCZ (1.74 × 10-5 ) >Cu−SCZ (1.47 × 10-5 ) > Ni−SCZ (0.48 × 10-5 ) > Fe–SCZ (0.25 × 10-5 ) > Co−SCZ (0.17 × 10-5) and showed good interaction of Zn(II) and Cu(II) ions forming a stable coordination complex.
Infrared Spectroscopy
The comparison spectra of the free ligand and the five metal complexes are illustrated in Supplementary Figure S2, and the essential bands are given in Supplementary Table S1. The divalent metal complexes had similar infrared spectra to their SCZ drug, and thus, careful observation of peak shift was performed. The NH2 stretching appeared at 3295–2966 cm-1 for asymmetric and symmetric modes, respectively, maintained in the same range for all complexes. As a consequence of the hydrogen bonding interaction between the NH2 and SO2 groups, a significant shift to higher frequencies (Rocha et al., 2019) was observed for those bands. Moreover, the NH2 binding at 1682 cm-1 was preserved in the metal spectra, which revealed this assignment is not coordinated to the metal. Another donating atom group is the oxygen atoms of the SO2 group, which could be associated with the metal center. There is noticeable disappearing for the symmetric SO2 at 1149 cm−1 or red-shift for asymmetric stretching modes at 1344 cm−1 indicating the coordination of the sulfonamide oxygen to the metal ion. The intensity bands corresponding to the C = N group in the pyrazine ring at 1580,1512, and 1433 cm-1(Stober and DeWitte, 1982) shifted slightly after coordination to the metal concerning those of the free ligand, thus proving that N4 pyridine associated with the complexation to form a hexagon ring. The assignment of the M–O and M–N stretching modes in the metal complex spectra was indicated by the low-intensity band in the ranges 742–600 cm-1 and 420–400 cm-1, respectively.
Electronic Paramagnetic Resonance Analysis for the Cu(II) Complex
EPR spectroscopy is a selective method where only unpaired electron species can be detected, while all other parts of the studied molecules are EPR silent. Thus, EPR spectroscopy is a powerful approach to study the formation of organic radicals (Mattar et al., 2002) and monitor the coordination of paramagnetic transition metals such as the Cu(II) and Mn(II) complexes (Emwas et al., 2013; Haque et al., 2019). In this study, we employed EPR spectroscopy to study the ligand coordination of the [Cu(SCZ)2Cl]Cl complex. The solid EPR presented in Figure 2 shows two peaks with different g-values: the one with parallel orientation with term gǁ and the other with perpendicular orientation with term g⊥, which was higher than the last one (g⊥ = 2.189 > g‖ = 2.044). This value suggested a compression on the Z axial and a pentacoordinate arrangement strongly shifted toward the trigonal bipyramid (Kozlevčar, 2008), with a Cl- atom and two oxygen atoms from two different ligand molecules in the equatorial plane and two nitrogen atoms in the axial position. The ground state will be 2A1g, which is a combination of dz2 and dx2–y2 orbitals (Garribba and Micera, 2006; Lakshmi et al., 2012). Moreover, the nature of binding to the SCZ ligand was calculated by gav = (g‖ + 2 g┴)/3 (Ibrahim et al., 2015) and was 2.14< 2.3, which indicated a highly covalent character of the metal–ligand bond.
[image: Figure 2]FIGURE 2 | EPR spectrum of the Cu–SCZ complex.
Electronic Spectroscopic and Magnetic Susceptibility
The UV–Vis spectroscopic analysis was performed for the ligand and the metal complexes in DMSO in the range of 200–900 nm, Supplementary Figure S3. The bands at 276 nm of both ligand and complex spectra can be assigned to an n→π transition. Moreover, a band between 300 and 400 nm was observed in the free ligand for the π→π* transition of the aromatic ring (Zhao et al., 1992) and shifted to a higher frequency in all metal complexes, confirming the coordination to the aromatic pyrazine ring (Yang et al., 2005). There is a peak at low energy in the range 10, 500–14, 600 cm-1 in the Cu(II) spectrum, suggesting the symmetry of D3h for the five coordination Cu(II) complexes (Slade et al., 1968). The observed absorption at 790 nm was assigned to the allowed transition state 2A1→ 2E (Slade et al., 1968; Sabolová et al., 2011). The complex [Ni(SCZ)2]Cl2 showed an octahedral structure, indicated by the magnetic moment of 2.63 BM. Furthermore, two bands at 673 and 755 nm were assigned to the transition states 3T1 → 3A2 and 3T1 (F) → 3T1 (P) (Ramírez-Delgado et al., 2015), respectively. The spectrum of the cobalt compound has essential transitions bands for the octahedral structure that were from 4T1g →4T2g and from 4A2g → 4T1g located at 605 and 685 nm, respectively. As reported, the octahedral structure of Fe(II) can be confirmed by the absence of the band around 1100 nm (Goodwin, 1976; Gütlich et al., 1996), Supplementary Figure S3. The brown color is due to charge transfer transitions from the metal to the ligand orbitals (Gütlich et al., 1996). Moreover, the magnetic moment for Fe(II) confirmed the low spin d6 configuration (0.952 BM). The nephelauxetic parameters such as the interelectronic repulsion parameter (B), covalency factor (β), and ligand-field splitting energy (10Dq) are listed in Table 2, calculated by the following equations (James E. House, 2013; König, 1971) for Co(II):
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while for Ni(II),
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TABLE 2 | Electronic parameters of the metal complexes.
[image: Table 2]Thermal Gravimetric Analysis and Kinetic Thermodynamics
The isolated solid metal complexes were analyzed by TGA to characterize the thermal stability within the temperature range of 25–800°C. The decomposed stages and their assignments are listed in Table 3. Figure 3 shows the TG curve for the metal complexes. The Cu(II) complex presented two stages starting from 150°C with the loss of two water molecules, losing weight of 4.5%. The second step was at 205–240°C with the loss of all the organic molecules (75.3 %) and leaving CuO as a final metallic residue. In addition, Co(II) and Ni(II) had the same number of water molecules in the first stage in the range 100–170°C, followed by decomposing at 250°C for anhydrase [Co(SCZ)2ClOH2]Cl and 230°C for [Ni(SCZ)2Cl2] leaving a metallic residue percentage of 17.4% and 23.2%, respectively. On the contrary, [Fe(SCZ)2Cl2].3H2O had four steps, which were assigned to slow degradation beginning with evaporating three outside lattice water molecules. The second step had the highest weight loss (22.5%) of the complex at 160–170°C. The last two steps were similar by losing sulfonamide and coupling amine groups at each step until 230°C to complete decomposition. The one-step Zn(II) complex was thermally stable until 200°C and began a full fragmentation that was finished at 260°C. The final resultant residues were metal oxides and counted carbon atoms.
TABLE 3 | Thermogravimetric data of the five metal complexes.
[image: Table 3][image: Figure 3]FIGURE 3 | TG curves of [Cu(SCZ)2Cl]Cl.2H2O, [Co(SCZ)2ClOH2]Cl.2H2O, [Ni(SCZ)2Cl2].2H2O, [Zn(SCZ)2]Cl2.2H2O, and [Fe(SCZ)2Cl2].2H2O complexes.
Thermodynamic data, activation energy (Ea, kJmol−1), and Arrhenius factor (A, S-1) for the metal complexes were obtained by plotting the relationship of the Coats–Redfern (CR) equation (Coats and Redfern, 1964) or Horowitz–Metzger (HM) equation (Horowitz and Metzger, 1963), as recorded in Supplementary Table S2. The following equations were employed to calculate enthalpy activation ΔH = Ea–RT, activation entropy ΔS = R[In(Ah/kT)], and Gibbs free energy ΔG= ΔH – TΔS for each decomposition step. From the results in Supplementary Table S3, it can be seen that the activation energy Ea values were high and varied between 105 and 104 kJ mol−1, which translate to good stability for SCZ metal complexes. Moreover, the negative entropy values indicated the activated metal complexes need a higher-order system than the reactants. Enthalpy results support the endothermic DTG curve reactions (ΔH > 0).
Structural Interpretation
From the above observations, the suggested coordination mode of the SCZ drug toward M(II) metal ions conformed with the structure and formulas designed as shown in Figure 4. The coordination sites with SO2 and/or pyrazine were reported in the literature (Khedr and Saad, 2015; Radha et al., 2016; Abdel-Kader et al., 2019). Moreover, the Cu(II) complex has a trigonal bipyramidal structure containing the bidentate ligand and one Cl ion. The octahedral arrangements were observed in three metal ions, Ni(II), Fe(II), and Co(II), binding to Cl ions, compatible with the conductance results. The Zn(II) complex showed a tetrahedral geometry, which is one of the passable possible structures for an ion metal (Dudev and Lim, 2000; Jana et al., 2017). There were many attempts to get single crystals from the metal complexes using the diffusion method with DMS and chloroform or ethanol and benzene but all failed. Therefore, a theoretical calculation was carried out to verify the structural and biological features.
[image: Figure 4]FIGURE 4 | The suggested structures of the SCZ metal complexes.
Molecular Orbital Calculations
Geometry of the Ligand and Metal Complex
The comparison between the optimized geometry parameters such as the bond length and the angles of the free ligand and the complexes, Cu–SCZ, Co–SCZ, Ni–SCZ, Zn–SCZ, and Fe–SCZ, is illustrated in Supplementary Table S4. The optimized geometry and numbering system of all studied metal complexes are presented in Figure 5. In general, the bond lengths around the metal ion in the complexes are longer than those of the free ligand due to the influence of the coordination process. In the Co–SCZ complex, the coordination sphere was completed with one Cl ion and one water molecule forming an octahedral arrangement. In contrast, Ni(II) and Fe(II) bonded to two Cl ions. The bond lengths of the Ni(II), Co(II), and Fe(II) ions with the donating sites of the ligand (Supplementary Table S4) suggest a minor distorted octahedral geometry around the central metal (El-Sonbati et al., 2016; Abdel-Kader et al., 2019). The new bond length of M–N and M–O bonds showed varied elongation upon complexation. Those bonds were in the range 1.94–2.4 Å, which indicates small ionic properties of the covalent bonds (Abdel-Kader et al., 2019). For the trigonal bipyramid, Cu(II) complex, the angles of O10–M–N17 and O38–M–Cl28 were 92.6 and 91.9º, respectively, which showed a small deviation from the regular penta-coordination geometry angle between the two nearest neighbor atoms (Gillespie, 1961). The average of the angles of the Zn(II) complex is 112.3º, indicating that this complex adopts a square planar with distortion by 0.03°.
[image: Figure 5]FIGURE 5 | The optimized geometry with the numbering system of the free SCZ ligand and the five metal complexes.
The Frontier Molecular Orbital and Reactivity Properties
Frontier molecular orbital, FMO, studies provide the electronic characteristics of molecular systems and the reactivity of the compounds (Abdel-Kader et al., 2019; Sharfalddina et al., 2020a). Thus, the map of HOMO and LUMO energies of the studied ligand and its complexes in the ground state was extracted and is presented in Figure 6. Moreover, the calculation of the gap energy (Eg) with the difference between the EHOMO and the ELUMO gives a good indicator of the molecular stability and can be used to describe the compound hardness or softness. Large Eg values indicate a hard molecule and low reactivity, while soft molecules have a small Eg value and more polarizable ability. The EHOMO for the free SCZ was –3.97 eV and located on the sulfonylaniline moiety, and the ELUMO = –6.75 eV was distributed over the molecule. Supplementary Table S5 presents the Eg and the global reactivity descriptors. The Cu(II) complex had practical reactivity among the synthesized metal complexes. Ni(II) followed this compound with low Eg = 1.85 eV. The chemical hardness values showed that Co(II) and Fe(II) are the most stable complexes with less reactivity. In contrast, Cu(II) and Ni(II) had the lowest values reflecting the softness and the inhibition ability of the molecules. The negative values of the chemical potential of all complexes indicated that all coordination processes are spontaneous (Rahmouni et al., 2019).
[image: Figure 6]FIGURE 6 | HOMO and LUMO plots of the SCZ and the metal complexes using DFT/B3LYP.
Biological Studies
DNA Binding Study and Cleavage Experiments
Drugs work largely by binding to a biological target such as DNA or specific protein and modifying its structure or inhibiting its activity. DNA in the biomolecules represents a major target in the development strategies of the drugs designed. Thus, a spectroscopic technique was used to study the binding ability of the free ligand and the five metal complexes simultaneously with varying concentrations of CT-DNA. In Supplementary Table S6, the maxima absorption band for the fixed concentration solution in DMSO/buffer and the binding parameter for SCZ and metal compounds are presented. Although all compounds had a blue shift, the SCZ ligand was hyperchromic in the molar absorptivity, while the SCZ metal complexes had a hypochromic effect (Figure 7A,B) due to a strong change in DNA conformation in its structure after interacting with the ligand or the metal complex (Sirajuddin et al., 2013). The hyperchromic effect is a result of DNA helix denaturation due to the resulting binding to the compound. This resulted in a limitation of the hydrogen bond between the complementary bases in the DNA double helix and the formation of a single-stranded DNA. The presence of numerous bases in free form in the solution increased the absorbance of the single-stranded DNA (Sirajuddin et al., 2013; Alsaeedi et al., 2020). Hypochromic type is due to the strong damage of the double-helical structure (Sirajuddin et al., 2012), which leads the π* orbital of the ligand in the synthesized metal complexes to couple with the π orbitals in the DNA base pairs after binding. The resulting coupled π* will be partially filled, thus decreasing the possibility of electron transition, causing hypochromicity (Ju et al., 2011; Sirajuddin et al., 2012).
[image: Figure 7]FIGURE 7 | UV absorption spectra of the [Cu(SCZ)2Cl2] complex (A) and the ligand SCZ (B) in a buffer upon the addition of CT-DNA. Plots of [DNA] vs. [DNA]/ϵa-ϵf for the titration of CT-DNA.
The binding constant, Kb, was between the value of the DNA minor groove binding Ru(II) complexes and classical intercalator (104–107 M−1) (Vahdati et al., 2014), thus indicating an intercalation interaction mode with the DNA biomolecule. The Kb value of the Cu(II) complex was higher than that of the free ligand and the other complexes, which suggested a good impact and proved the role of the cation Cu(II) in the binding process (Al-Amiery et al., 2012; Emwas et al., 2013). In sum, metal complexes could be ordered according to the decreasing Ka value: Cu(II) > Ni(II) = Fe(II) > Zn(II) > Co(II). Moreover, the negative value of ΔG showed the spontaneous interaction of the compound with DNA, Supplementary Table S6.
Molecular Docking
Molecular docking is a theoretical calculation approach in drug design and discovery that can also be used to help scientists propose a drug interaction model and to understand the behavior of the new drug toward a biological target (Gupta et al., 2018; Márquez et al., 2020). Moreover, this method can be used to predict the binding affinity between a selected biological target and drug compounds. We performed a molecular docking study of the five metal complexes first with DNA. This revealed a strong DNA binding constant for only the Cu(II) compound. Thus, docking with a DNA helix was conducted to obtain more details of this interaction. Figure 8 shows that the Cu–SCZ complex fits well between base pairs of B-DNA, forming intercalation interactions using hydrogen bonds with amino bases leading to uncoiling of the base pairs. It has been reported that this stacking model leads to inhibition of DNA replication in rapidly growing cancer cells (Shahabadi et al., 2017).
[image: Figure 8]FIGURE 8 | 3D and 2D views of interactions of 8 with B-DNA.
We also performed molecular docking of the free ligand and the five metal complexes with colon and breast cancer–related proteins. For colon cancer, we selected TNIK (PDB = 2X7F) and topoisomerase II enzyme (PDB = 4F9M), which are candidate therapeutic targets for colorectal cancer (Sapna Rani and Kumar, 2014; Lee et al., 2017; Rosita and Begum, 2020). Moreover, the breast cancer–associated estrogen receptor (ID: 3ERT) and Hsp90 protein receptor (ID: 1H7K) were chosen based on previous research suggesting their value as targets for potential breast cancer therapy (Zagouri et al., 2013; Acharya et al., 2019). Table 4 presents the binding scores for the ligand and metal complexes against the selected proteins. The strongly negative values of free binding energy (S) suggest a good binding to both proteins. Generally, Cu–SCZ showed a stronger interaction pattern toward the investigated proteins than the free SCZ ligand and the other complexes. Comparing the interaction of the free ligand to the colon cancer–associated protein 2X7F with that of the Cu(II) compound, the interaction for the SCZ molecule was established by donating a hydrogen atom to the oxygen atom in glutamic acid and accepting an H bond from cysteine to one of the sulfonyl oxygen atoms. Moreover, the chloropyrazine ring interacted with both valine 39 and valine 170 to increase the free energy binding. Although the Cu(II) complex had the same binding constant with the investigated protein as the free ligand, the former had two ionic interactions with the glutamic residue with the binding energy of –6.5 kcal mol-1 that could enhance the interaction. In contrast, the breast cancer–associated protein receptor 3ERT displayed different binding characteristics with the free ligand and the Cu(II) complex. The amino group (NH2) in the SCZ molecule formed a hydrogen bond by donating this hydrogen to the glutamic and leucine oxygen atoms. The presence of two amino groups in the Cu(II) molecules elevated the interaction energies to 4.5 kcal mol-1 which bonded to methionine 538, methionine 343, and cysteine. Additionally, it formed an ionic interaction with the asparagine amino residue, which stabilizes this interaction more than the SCZ ligand. The different interaction models of the SCZ ligand and Cu(II) complex are presented in Table 5.
TABLE 4 | Energy score (kcal mol-1) calculation for SCZ and its metal complexes toward four protein receptors.
[image: Table 4]TABLE 5 | 2D and 3D molecular docking mode and interaction between SCZ and the Cu(II) complex with the colon protein receptor (2X7F) and the breast protein receptor (3ERT).
[image: Table 5]The surface maps were built over the dummy atoms as receptors to provide a better view of the molecular surface that was expressed in purple color for H-bonding, green for hydrophobic sites, and blue for polarity. The ligand and metal complex exhibited high occupancy inside the groove surface for both investigated proteins. Thus, good inhibitory activity is predicted for those compounds.
Cytotoxicity Results
There are several human cancer cell lines derived from different cancer types that have been commonly used to evaluate the anticancer properties of potential drugs. Among those types, we selected the breast cancer cell line (MCF-7), which is a good candidate particularly for estrogen receptor (ER)–positive breast cancer cell experiments (Sweeney et al., 2012; Comşa et al., 2015), and CaCo-2, which expresses normal enterocytic phenotypes (Hirata et al., 1993).
In vitro cytotoxicity of SCZ and the metal complexes was examined with the two cancer cell lines, human breast cancer (MCF-7) and human colon cancer (CaCo-2). The obtained results for the free drug and metal complexes are listed in Table 6 as the inhibitory concentration (IC50) for each cell line and SD values. Initially, the results matched the docking prediction, revealing that the Cu–SCZ complex has the highest activity against the human colon cancer cell line (CaCo-2) with IC50 = 23.84 µg/ml. This is more effective than that reported for Ru(III) complexes of sulfadimidine against colon cell lines (Refat et al., 2016). There are some features of copper complexes that can contribute to them forming more functional metal drugs for cancer treatments (Martin et al., 2018). For example, the associated compounds can modulate the properties of the metal ions and enhance solubility in extracellular fluids (Jungwirth et al., 2011). Moreover, they can also balance their lipophilic–hydrophilic properties to traverse the two layers’ lipid membrane (Santini et al., 2013).
TABLE 6 | Cytotoxic activity of SCZ and its metal complexes against human tumor cells and SD values.
[image: Table 6]In the breast cell line (MCF-7), the Ni(II) complex could also inhibit the growth of breast cancer lines (MCF-7) from 45.62 µg/ml to 50%. This effectiveness likely derives from the practical roles of nickel ions in cellular functions and their abundance in the human body (Deo et al., 2016).
Other tested compounds showed varied results, and those with values between 51 and 100 µg/ml were weakly cytotoxic, while those above 100 µg/ml were non-cytotoxic.
CONCLUSION
The new metal-based drugs, Cu(II), Co(II), Zn(II), Ni(II), and Fe(II), of sulfaclozine complexes were synthesized, and their structures were affirmed by various analytical approaches. The molar ratio method indicated that the ratio of the metal to the ligand was 1:2. Moreover, spectroscopic data from IR spectroscopy showed that SCZ is a bidentate ligand coordinated by one oxygen atom of the SO2 group and the pyrazine nitrogen atom. Moreover, the absorption results revealed that the Fe(II), Co(II), and Ni(II) metal complexes have an octahedral structure. The solid EPR spectrum showed a trigonal bipyramidal geometry for the Cu(II) complex. The thermal decomposition assignments agreed with the suggested structure of the obtained complexes. The optimized geometries were match the experimental-suggested structures. The energy gap, Eg, values for the complexes were lower than that of the ligand, meaning that the complexes are more reactive. The low computed hardness parameter of Cu(II) revealed strong bio-reactivity. The DNA Kb values were presented in descending order, Cu(II) > N(II) = Fe(II) > Co(II) > Zn(II), and were greater than the binding constant for the free ligand (6.67 × 105 M-1). The computed free binding energy for the two proteins, breast cancer receptor protein and colon cancer receptor protein, illustrated the lowest negative score for the Cu(II) and Ni(II) complexes. The experimental cytotoxicity results presented a moderated anticancer strength of the Cu–SCZ compound. Finally, we suggest as a future perspective to study the activity of these complexes or other metal complexes by external inducements such as light or oxidizing materials.
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Fe/Ti-oxides-modified-carbon nanotubes CNTs nanocomposites were prepared and tested toward Co removal from solution under different operational conditions. The final performance of the nanocomposites for Co was highly dependent on the type and loaded amount of the oxides. The nanocomposites were characterized by standard methods and the results evidenced that the presence of CNTs hampers the growth of Fe3O4 and TiO2 particles and forming smaller nano-particles leading to better Co removal from solution. Analysis of isotherms at different temperatures indicated that Co retention was two-fold increased upon adding Ti-oxides up to 90.2%. All isotherms were fairly presented using Langmuir-Freundlich isotherm and most surfaces have high heterogeneity particularly after deposition of oxides. The combined influence of the factors was investigated by running a multivariate analysis. An empirical equation was generated by principal component analysis (PCA) for predicting Co retention assuming different relationships and the binary-interaction behavior between factors was the most dominant: Co retention (mg/g) = 5.12 + 1.25Conc + 1.47Temp − 1.38CNT% − 6.03Ti% − 5.03Fe% − 0.01Conc2 + 0.12Temp2 − 0.55CNT%2 − 1.53Ti%2 − 3.44Fe%2 + 0.17Conc  ×  Temp + 0.07Conc × CNT% + 0.07Conc × Ti% + 0.10Conc × Fe% + 0.21Temp × CNT% + 0.10Temp × Ti% + 0.17Temp × Fe% − 1.67CNT% × Ti% − 1.45CNT% × Fe% − 4.11Ti% × Fe%. The most dominant factors on Co retention were temperature and concentration (positive linear correlation) and the positive interaction between temperature/concentration and temperature/CNTs mass. PCA indicated that the coefficient Temp × CNTs (+0.21) was higher than Temp × Ti% (+0.10). The negative coefficients of Ti/Fe with CNTs (1.45–4.11) indicated better Co retention at higher Ti/Fe loads and lower mass of CNTs. The results support that fact that incorporation of CNTs with Ti/Fe oxides may have a positive synergic impact on Co retention.
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INTRODUCTION
Pollution of water resources with heavy metals is of high environmental concern due to their acute and chronic toxicity (Ikehata et al., 2015). Cobalt is an essential micronutrient, constituent of vitamin B12, and is also needed for the production of red blood cells (Steven et al., 2000; Simonsen et al., 2012). However, excess intake of cobalt can lead to unwanted health consequences (Simonsen et al., 2012). Therefore, it is necessary to remove Co(II) from ground and surface waters for public health and a clean environment.
Due to their unique properties and applications, carbon nanotubes CNTs and metal oxides modified forms have gained considerable attention (Iijima, 1991; Gao et al., 2009; Gupta and Saleh, 2011; Al-Degs et al., 2012; Li et al., 2013; Mallakpour and Khadem 2016). Much attention is given to CNTs coupled with magnetic iron oxide (i.e., Fe3O4) nanoparticles to tackle environmental problems due to direct separation and recyclability (Mallakpour and Khadem, 2016), easiness of preparation, and minimal environmental impact and specific affinity (Sadegh et al., 2017). Hu et al. (Hu et al., 2010) have prepared ß-cyclodextrin-modified-CNTs and Fe-oxides-CNTs and the surfaces were tested toward Pb (II) and 1-naphthol. Better retention for pollutants was reported upon adding cyclodextrin to Fe-oxides/CNTs, which attributed to the favorable interaction between hydroxyl groups and hydrophobic cavity of ß-cyclodextrin with Pb (II) and 1-naphthol. In the same line, Hamza et al. (Asmaly et al., 2015) have loaded Fe2O3 on CNTs fibers following simple impregnation methodology and the final surface was tested toward phenol. The better uptake upon loading Fe-oxides was attributed to nanoparticles of the oxide.
There are two strategies for handling multifactor processes like Co retention, univariate and multivariate analyses (Brereton, 2004). Univariate analysis is often adopted where retention of the solute is monitored as a function of a certain factor (pH for example) while controlling other factors. Following univariate analysis, adsorption isotherms (concentration variations) and thermodynamics (temperature variations) were well reported for many systems. However, multivariate analysis is less tedious as the influence of all factors on the target response is manipulated in little but organized experimental design. Compared with univariate analysis, the interaction between factors and nonlinear behavior of factors on solute retention (response) would be uncovered by the application of multivariate analysis (Brereton,2004; Al-Degs et al., 2012).
The literature encompasses many studies on CNTs/TiO2 composites focused on characterization and other chemical properties (Gao et al., 2009; Zhao et al., 2013) and only a few studies on metals uptake. Although CNTs and Fe-oxides-CNTs have been studied for many metals retention, an in-depth study of Co(II) retention by CNTs and oxides-modified-CNTs is still not available. Herein, synthesis of different nanocomposites of CNTs and Fe3O4 or TiO2 and testing their affinity for Co is the principal goal of this research work. Emphasis will be placed on the potential influence of deposited oxides on Co retention. Co adsorption by modified adsorbents and at different operational conditions will be investigated to pick up the best composite for further testing. The combined influence of some significant factors, including Co content, temperature, and amount of loaded Fe and Ti oxides on Co retention from solution, will be modeled using multivariate analysis to uncover the interaction between factors.
MATERIALS AND METHODS
Materials
Carbon nanotubes were purchased from Shenzhen Nanotech port Co. Ltd, Shenzhen, China. They are in the form of multiwalled carbon nanotubes CNTs with dimensions of 5–15 μm length and 10–30 nm external diameter. Cobalt (II) chloride hexahydrate (GCC, United Kingdom), Iron (II) chloride tetrahydrate (BDH, England), Iron (III) chloride hexahydrate (Scharlau, Spain), Titanium (IV) isopropoxide (Sigma Aldrich, United States) were used. All chemicals used were analytical grade unless stated otherwise. Triply distilled water was used to prepare all solutions.
Synthesis of Fe/Ti-Oxides-CNTs Nanocomposites
In brief, as-received CNTs were refluxed in a 12.0 M HNO3 solution for 6.0 h. After cooling, the oxidized CNTs were recovered by filtration, rinsed with enough distilled water to have a neutral filtrate pH, and then dried overnight at 110°C. the acid-treated substrate was abbreviated as O-CNTs. Chemical co-precipitation (Lee et al., 2010) and sol-gel (Gao, Chen et al., 2009) methods were used to prepare CNTs/Fe3O4 and CNTs/TiO2 nanocomposites, respectively. In all preparations, O-CNTs was used due to its better reactivity. For Fe-CNTs, 0.90 g of FeCl3.6H2O/FeCl2.4H2O (1:3.5, w/w) mixture was added to 0.50 g of O-CNTs in 800 ml distilled water with sonication for 2.0 h. The suspension solution was transferred into a three-neck round-bottom flask and stirred under the purge of nitrogen gas. 10 ml of 7.0 M NH4OH solution was added to the suspension and kept stirring for 30 min to yield a black colloidal solution. The colloidal solution was then filtered through 0.45 μm micropore membranes, washed with water several times, dried at 100°C for 2.0 h, and labeled as Fe-CNTs (31.8% Fe-oxide). The same procedure was repeated to prepare Fe-CNTs (48.2% Fe-oxide) and Fe-CNTs (18.9% Fe-oxide) composites. All samples were then calcined at 440°C for 4.0 h to get crystalline iron oxide in the nanocomposites as confirmed by XRD. All samples were ground into a powder and stored in a desiccator until used. A control sample was prepared as outlined earlier but in the absence of the substrate and labeled as Fe3O4. For Ti-CNTs nanocomposites, 0.10 g of O-CNTs was dispersed into a 30 ml of isopropanol/water (1:10, v/v) solution under sonication for 2.0 h. A 21.4 ml of titanium isopropoxide/isopropanol (1:5.27,v/v) was added dropwise into the suspension under stirring. After 2 h, the solid precipitate was then filtered, washed with ethanol/water (2:1,v/v) solution several times, dried at 100°C for 1.5 h, and labeled as Ti-CNTs (90.2% Ti-oxides). The same procedure was repeated using different levels of Ti concentration to prepare the following composites Ti-CNTs (87.4% Ti-oxides), Ti-TiO2 (82.1% Ti-oxides), Ti-CNTs (69.6% Ti-oxides), respectively. The samples were then calcined, ground, and stored as described earlier. A control sample was also prepared but in the absence of O-CNTs and labeled as TiO2. In summary, eleven solid adsorbents were prepared to test Co removal from solution under different operational conditions.
The mass ratio Fe-CNTs was calculated based on the measured mass of O-CNTs and the theoretical yield of Fe3O4 upon mixing FeCl3.6H2O with FeCl2.4H2O in the basic medium (ammonium hydroxide) as shown in chemical equation. The stoichiometric ratio is 2:1 (Fe3+/Fe2+).
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While the mass ratio Ti-CNTs was calculated based on the theoretical yield of TiO2 upon reaction titanium isopropoxide with water to deposit TiO2 as shown in reaction below
[image: image]
Characterization of Nanocomposites and Determination of Cobalt
Specific surface area (SSA) and surface functional groups were measured following standard procedures as described elsewhere (El-Sheikh, 2008). Fourier transform infrared spectra (FTIR) of samples in a range of 4,000–400 cm−1 were recorded using a Bruker vertex-70 spectrometer (Ettlingen, Germany). The quantitative determination of Co was performed by using flame atomic absorption spectrometer (iCE 3000 series, Thermo Scientific, United States) under the following instrumental conditions: λ = 240.7 nm, Lamp current = 75 mA, Slit width = 0.2 nm, Burner height = 7 mm, Acetylene flow = 1 L min−1, Airflow = 10 L min−1. Identification of deposited oxides was carried out using powder X-ray diffraction [X-ray diffractometer (XRD-6000), Shimadzu, Japan] XRD-6000. BARNSTEAD/Thermolyne furnace (Barnstead International, United States) operated up to 1,200°C was used to anneal the composites under inert atmosphere.
Adsorption Isotherms
In the current study, effects of concentration, temperature, and amount of loaded oxides on Co retention were investigated while keeping pH, mass of adsorbent, and contact time at specified levels. Concentration-variation isotherms were carried out as described elsewhere (Al-Degs et al., 2012). Briefly, A 5.0 mg (±0.0001 g) of dried nano-adsorbent was contacted with 10.0 ml solution containing various concentrations of cobalt (1, 2, 3, 4, 5, 7.5, 10, 15, 20, 25, 30, 35 and 40 mg/L) in 30 ml screw caps vials to prevent solvent vaporization. The vials were agitated in a water bath shaker for 24.0 h. The equilibrium time (24.0 h) was measured from separate kinetic runs, which was found reasonable for all adsorbents. After completion of thermostat shaking (±1°C), mixtures were left to settle for another 1 h at the selected temperature to get a clean suspension solution. Then, a 3.0 ml of clean supernatant was withdrawn for Co quantification bythe flame atomic absorption spectrometer. Co removal by all adsorbents was carried out at pH 6.4 (±0.2) to avoid serious precipitation with OH− ions and prevent possible leaching of Fe or Ti ions from the modified surface in the solution which would limit the practical application the surfaces (Oliveira et al., 2002). Adsorption isotherm was measured at three temperatures (30.0, 40.0, and 50.0°C) to study the thermodynamic of the process. To ensure the reliability of the data, blank samples were prepared (without adding nano-adsorbent) and handled in parallel for each test. The pH experiments were performed in the same procedure described above at a cobalt concentration of 20 mg/L and temperature of 30 ± 1°C. In summary, 33 isotherms were measured to study the effect of concentration, temperature, and loaded oxides on Co removal.
Modeling Co Retention from Solution: Isothermal and Thermodynamic Behaviors
The amount of Co adsorbed qe (mg/g) was estimated from equilibrium concentration in solution Ce (mg/L) as following:
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Where Co, V, and m stand for initial concentration of Co (mg/L), volume of solution (ml), and m is the mass of adsorbent (g). For more validation of the proposed procedure, certain isotherms were repeated and a relative error of 2–5% was reported indicating the acceptable repeatability of the procedure. Five isotherms were used to represent equilibrium data points including Langmuir (Allen et al., 2004), Freundlich (Freundlich, 1906), Langmuir-Freundlich (Jeppu and Clement, 2012), Temkin (Temkin and Pyzhev, 1940), and Dubinin-Radushkevich (El-Sheikh et al., 2011). The parameters of the models were estimated following nonlinear regression analysis using Origin lab 8® computer program. Modeling of isotherms and estimation of thermodynamic parameters are outlined in Supplementary Material.
Multivariate Analysis of Co Retention From Solution: Combined Influence of Factors
Unlike univariate analysis (Section Modeling Co Retention From Solution: Isothermal and Thermodynamic Behaviors), multivariate analysis can handle large size of adsorption data to uncover the interaction between factors. Adsorption of Co was tested using 11 adsorbents while changing five factors with a total of 429 tests.
As a multifactor process, Co retention by all tested adsorbents and at different factors would be presented by the empirical equation:
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Where b0, (b1–b5), (b11–b55), and (b12–b45) represented the intercept, coefficients of linear terms, coefficients of quadratic (non-linear) terms, and interaction terms, respectively. As indicated in Eq. 4, modeling Co retention while changing other factors is a complex process as linear, quadratic, and interaction terms are included to handle the process. Linear terms assign the factor(s) that are linearly dependent on Co retention regardless of the variations in the levels of other factors. The quadratic terms are also necessary to account for nonlinear behavior that may involve in the process, for example, retention of Co by Ti-CNTs may not be linearly correlated with loaded amounts (i.e, non-linear correlation). Interaction terms are also necessary to account for any synergetic influence among factors, for example, better Co removal would achieve when the surface is highly loaded with Ti-oxides but at high temperature. The experimental design was placed in matrix C while the dependent factor (Co retention values) was placed in vector q to build the following equation (Brereton, 2004):
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The dimensions of q, C, and b were 429 × 1, 429 × 22, and 22 × 1, respectively (429 tests and 22 coefficients related to the significance of factors on the process). Using PCA, matrix C was decomposed into smaller matrices which were then used to find b and build the model the complex of the relationship between C and q and finally to find the coefficients of Eq. 4 (Brereton, 2004). Initially, Eq. 4 was solved by including linear terms only (b1-b5 besides intercept b0). In the next step, the model was created by adding quadratic terms and finally by adding interaction terms. The best model was the one that accurately predicts Co-retention from the experimental design. PCA was carried out using home-made codes based on the algorithm outlined in the literature (Brereton, 2004). The quality of fit for models was estimated by finding relative error of prediction (Brereton, 2004):
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Where qmeasur, qprd, and m, are the measured Co retention value (mg/g), the predicted Co retention value (mg/g) by PCA, and the number of tests, respectively. Before running PCA, the levels of factors were properly coded to get a uniform significance of all factors on Co retention and to end up with an accurate estimation of the coefficients (Brereton, 2004). Retention values were (429 data) were also mean-centered prior to PCA.
RESULTS AND DISCUSSION
Physicochemical Properties of CNTs and Modified Forms
For a better assessment of the surfaces, detailed characterization tests were carried out which was necessary to evaluate the nature of interaction with cobalt in solution. Table 1 summarizes the main physicochemical parameters along with Co retention for each adsorbent.
TABLE 1 | Physicochemical parameters of tested absorbents along with maximum affinities toward Co retention from solution.
[image: Table 1]Upon oxidation, the contents of acidic groups were increased, and the maximum increase was seen in phenolic content. For O-CNTs, the role of acidic groups for Co retention was not significant as only 5% of the carboxylic groups would involve in the process assuming 1:1 complexation with Co2+ ions. In fact adding Fe and Ti to CNTs has ended up with selective surfaces able to attract more Co ions. The involvement of functional groups for attracting the particles Ti and Fe oxides was highly possible as supported by the lower contents of functional groups with loaded oxides (Chiang et al., 2011; Martínez et al., 2011). For Fe-CNTs, the load of Fe% was increased up to 48.2% leading to a reduction of 50% in original acidity while the content of basic groups was increased from 1.88 to 2.82 mmol/g. In fact, the large reduction in acidity upon Fe deposition may support the selective interaction between ionisable carboxylic groups with the particles of Fe3O4. The same behavior seems to be repeated with TiO2 particles where a mix of 90.2% Ti resulting in a 70% reduction in the acidity while total basicity was unchanged.
All surfaces exhibited a lower surface area against O-CNTs due to the accumulation of oxides and blocking the micropores, filling up the gaps between CNTs and clogging nanotube openings, thereby reducing the nanocomposite surface area as theorized elsewhere (Gao et al., 2009; Lio et al., 2011). Interestingly, pure Fe and Ti oxides have a modest affinity which supported the fact that spreading both oxides particles (especially TiO2) over CNTs has improved Co. Heterogeneity index (Table 1), indicated a better homogeneity of modified surfaces. Ti-oxide has generated better surfaces for Co with maximum retention of 29.80 mg/g at loadings of 90.2%. On the other hand, more Fe-oxide was loaded (48.2%) to reach Co retention of 20.32 mg/g.
The adsorption capacity of Ti-CNTs (90.2%) was notably higher than other adsorbents reported in the literature. Retention values of 8.84, 8.78, 16.26, 72.43 mg/g were reported for iron oxide-MWCNTs (Wang et al., 2011), polyacrylic-MWCNTs (Chen et al., 2012), hydroxyapatite-MWCNTs (Liu et al., 2013), and β-cyclodextrin-graphene oxide (Song et al., 2013), respectively.
IR Measurement and XRD Pattern of the Active Composites
IR analysis was made to most effective surfaces as shown in Figure 1.
[image: Figure 1]FIGURE 1 | IR spectra of oxides-loaded-CNTs beside original substrates.
Two IR bands appeared in CNTs which positioned at 3,420 and 1,624 cm−1 and mainly attributed to aromatic phenolic and carboxylic surface groups. Upon oxidation, the earlier bands were increased indicating a more acidic surface. The short band that appeared at 2,921 cm−1 was attributed to vibrations of -OH in a carboxylic acid. In general, the spectra of oxides-modified-CNTs exhibited a decrease in the intensity of absorption peaks over 1,630–1,780 cm−1 and 3,200–3,550 cm−1 against the original substrate which obviously reflected the special linkage between particles of oxides with carboxylic/phenolic surface groups. The IR spectra of Ti-CNTs showed a low intensity of 1,113 cm−1, which was assigned to the Ti-O-C bond (Wang et al., 2011). For Fe-CNTs, the sharp two peaks that appeared at 581 and 459 cm−1were evidenced by the vibrations of the Fe-O bond [26]. On other hand, the intensity of absorption peaks at 400–700 cm−1were increased upon adding more oxides.
Identification of both oxides was further studied by XRD. Figure 2 shows XRD patterns of main samples.
[image: Figure 2]FIGURE 2 | XRD of some main oxides-modified-CNTs surfaces and O-CNTs.
As indicated in Figure 2, the characteristic peaks of O-CNTs were seen at 2θ 26.04 and 42.80° which are assigned to (002) (100) planes of reflection, respectively (Chen et al., 2011). Upon loading Fe-oxides, the following peaks of variable intensities were observed: 26.12, 30.20, 35.64, 42.96, 53.96, 57.20, and 62.84°. The intrinsic XRD peaks of O-CNTs still detected even after loading large amounts of the oxide. The other diffraction peaks are consistent with the JCPD standard XRD patterns for magnetite Fe3O4 with cubic crystal system (Wang et al., 2011) (89–3,854, 2θ = 30.088, 35.439, 43.07, 53.432, 56.958, 62.546°), and gamma hematite (γ-Fe2O3) (89–5,892, 2θ = 30.266, 35.651, 43.332, 53.766, 57.319, 62.949°). However, the XRD pattern of iron oxide (not provided) alone cannot distinguish between hematite and magnetite phases where both have practically indistinguishable patterns (Sun et al., 2005; Wang et al., 2011). It should realize that the peak intensities of O-CNTs decrease after combining with Fe3O4 nanoparticles. For TiO2, many sharp peaks were centered at: 25.46, 37.88, 48.16, 53.96, 55.06, 62.8, 68.8, 70.34, and 75.08°. The strong peaks were seen at 25.46 and 48.16° supporting the formation of anatasephase (Lu et al., 2013; Zhang et al., 2015). The XRD pattern of CNTs loaded with TiO2 indicating the following peaks at 2θ: 26.14, 37.62, 42.66, 48.00, 53.92, 62.58, and 69.86°. As was the case in CNTs-Fe, the characteristic peaks of the substrate are still seen, however, the main anatase peak (25.46°) may overlap with the intense peak of O-CNTs (26.04o). The average crystallite size was estimated from the corresponding intensive diffraction peak using Scherrer’s equation (Scherrer, 1918): [image: image], where ß is the full width at half maximum intensity in radians,θ is the diffraction angle of the XRD peak in degrees, and K is the Scherrer’s constant (0.91) (Liu et al., 2013). The results indicated that all adsorbents were in nano-size with diameter of 5.64, 6.33, and 7.32 nm for O-CNTs, Fe-CNTs, and Ti-CNTs, respectively. As indicated from the diameters, deposition of oxides has increased the diameter of the original substrate, however, it remains in the nano-range (1–100 nm). Due to the intense overlap between the O-CNTs (26.04°) and TiO2 (25.46°), the average crystallite size of the Ti-CNTs was then calculated based on the peak at position 48.16°, which has negligible interference the substrate. The results showed that the average crystallite size of the composites was less than that of pure TiO2 (average diameter 16.5 nm) indicating that the presence of CNTs in the nanocomposites hinders the particle growth and leads to a smaller TiO2 nanocrystallite size (Gao et al., 2009; Li et al., 2011; Wang et al., 2011).
Adsorption Isotherms: Isothermal and Thermodynamic Behavior
pH and Optimum Co Retention
Initial studies indicated that pH has a significant influence on Co removal and this was noticed for all surfaces. For better comparison, all isotherms were carried out at certain pH. Figure 3 shows the removal behavior of Co over the pH range (2.0–12.0).
[image: Figure 3]FIGURE 3 | Influence of solution pH on Co removal (Conditions: mass 5.0 mg, Co level 20 mg/L, temp = 30°C, and shaking time 24 h).
The removal of cobalt (%) increases slowly at pH ≤ 4.0, then quickly at pH 6.0–10.0, sustains a steady or slight increase at pH ≥ 10.0. At low pH (<4.0), both cobalt species and the surface of the nanocomposite are positively charged, which explains the low removal efficiency of the nanocomposite. Over the range of 4.0–9.0, the surface of the nanocomposite becomes more negatively charged depending on the functional groups being ionized, and the electrostatic interaction between cobalt ions and nanocomposite surface increases, leading to more adsorption. At pH > 9, retention is mainly governed by precipitation in the form of cobalt hydroxide as theorized elsewhere (Wang et al., 2011; Hongqin et al., 2012; Li et al., 2013; Chen et al., 2015; Wang et al., 2015).
Co Retention and Loadings of Oxides: Univariate Analysis
As indicated in Figure 4, retention of Co ions from solution was significantly improved upon adding Ti and Fe oxides to CNTs. Retention of Co as a function of loaded oxides was studied at different temperatures, and the main results are depicted in Figure 4.
[image: Figure 4]FIGURE 4 | Co retention as a function of loaded oxides and at different temperatures (Conditions: Co level 40 ppm, mass 5.0 mg, pH 6.4, and shaking time 24 h).
As indicated in Figure 4A, retention of Co by loaded surfaces is influenced by the loaded amount. In general, to get better Co uptake, the surface should be loaded with amounts higher than 30%. The interesting point in Figure 4A was the reduction in Co uptake by Fe-CNTs (18.9%) and at 50.0°C. For all tested surfaces, uptake of Co improved at higher temperature and best efficiency was observed at surface oxide loading of 48.2%. In fact, the relationship between Co uptake and loaded oxides is not purely linear and this would be attributed to the involvement of other factors like nature of interaction with composites, the extent of pore-filling, and mode of distribution of nanoparticles by the surface. For Ti-CNTs, better linearity between Co retention with loaded amounts was observed. In all cases, Co retention was increased with loaded TiO2 and the maximum uptake was 34.7 mg/g at surface loading of 90.2%. The main conclusion that drawn from Figure 4 is that Ti-CNTs outperformed Fe-CNTs for Co uptake and more Fe-oxide was needed to get better Co retention. Comparable behavior was in the literature on the synergistic influence of metal oxides-CNTs toward adsorption from solution (Oliveira et al., 2002; Wang et al., 2007; Hu et al., 2010; Li et al., 2011; Wang et al., 2011). For example, Li et al. (Li et al., 2011) reported that the presence of CNTs in the composites enhanced the textural properties of the CNTs/TiO2 composites compared to pure TiO2 aggregated particles, and by providing an open structure and high surface area support for the formation of metal oxide films. Table 2 shows a comparison of the maximum cobalt retention of the prepared nanocomposites with other adsorbents in the literature.
TABLE 2 | Comparison of Co retention of prepared nanocomposites and the previous studies in the literature.
[image: Table 2]The remarkable affinity of Ti-CNTs over the Fe-CNTs toward cobalt species can be explained by the difference in the surface properties of the metal oxides such as crystal lattice structure, particle size, morphology, the quantity of the oxide, and functional groups (mainly hydroxyl), which probably results in the penetration of different amounts of Co ions from the surface into aggregates of the nanoparticles (Tamura et al., 1997). had reported that the adsorption ability of a series metal oxides for cobalt ions in solution increases in this order Al2O3 < Fe2O3 < TiO2 < Fe3O4< MnO2. They reported a positive correlation between cobalt adsorption capacities and increasing the electronegativity of the metal cation in the oxide lattice structure, which enhances the acid surface hydroxyl group deportation before bonding with Co2+.
Isotherms and Thermodynamic Parameters
Measurement of Co isotherms at different temperatures provides crucial information about the physiochemical properties of nanocomposites and instant insights on the sorption process. The experimental data (Ce and qe) were analyzed by different isotherms and at three temperatures to find thermodynamic parameters. The number of measured isotherms was high (33 isotherms), however, the analysis was limited to Ti-CNTs (90.2%) as the best efficiency was reported for this material. For comparison purposes, adsorption isotherms of Co by CNTs were also included. Typical isotherms are depicted in Figure 5 while isotherms and other thermodynamic parameters are presented in Table 3.
[image: Figure 5]FIGURE 5 | Adsorption isotherms A: Co ions adsorption by CNTs and Ti-CNTs (90.2%) B: Adsorption isotherms of Co by Ti-CNTs (90.2%) at different temperatures (Lines passing through experimental points representing Langmuir-Freundlich modeling).
TABLE 3 | Parameters of the tested isotherms and thermodynamic values of Co retention by CNTs and Ti-CNTs.
[image: Table 3]As shown in Figure 4, the typical L2-shape of isotherms was obtained based on Giles and Smith classification of isotherms (Giles et al., 1974). In L2 isotherm, surface concentration is steeply raised at low Co content in solution and then increased at the higher concentrations (Giles et al., 1974). This may indicate the high affinity between Co ions and the surface. Indicial L2-shapes were reported for Co and other heavy metals retention by natural silicate minerals (Giles et al., 1974). In general, L2-type isotherms are often reported for ionic solutes adsorption with weak-solvent-competition (Giles et al., 1974). The parameters of isotherms and quality of fit X2 are provided in Table 3. In general, Langmuir and Langmuir-Freundlich isotherms were workable for presenting retention behavior of Co by CNTs and Ti-CNTs with X2 values 0.2–1.0. The maximum retention values (qm) of Co that predicted by the Langmuir model were slightly higher for CNTs and notably higher for Ti-CNTs when compared to those depicted in Figure 5A. However, Langmuir-Freundlich isotherm was reasonably predicted maximum retention values indicating the workability of the model which can account for the presence of homogeneous and heterogeneous surfaces (Jeppu and Clement, 2012).
The magnitudes of qm also confirmed the enhancement of Co retention upon modification, 13.86 and 29.83 mgCo/g CNTs and Ti-CNTs, respectively. In the same line, both KL and KLM reflected the higher affinity of Co to the surface after deposition of Ti-oxides. Although Langmuir and Langmuir-Freundlich isotherms were workable for presenting Co retention from solution, checking the workability of other isotherms is still necessary. As indicated in Table 3, Freundlich isotherm was not effective as observed for the earlier isotherms for presenting Co retention. X2 values were 1.7 and 4.0 for CNTs and Ti-CNTs, respectively. The limited application of Freundlich isotherm was expected as this model works well for highly heterogeneous surfaces. Although the model was not highly applicable in this case, KF indicated a favorable Co retention by both surfaces (KF > 1). Temkin isotherm, in fact, was found acceptable for presenting Co retention by both surfaces as indicated from X2 values (2.2–3.5). Moreover, the variation in adsorption energy in the model (i.e., b parameter) was positive for both systems which indicated that Co retention from solution was an endothermic process. The three-parameter isotherm (Dubinin-Radushkevich) was also workable for presenting Co retention by both surfaces with acceptable X2 values, however, qm values were not in agreement with experimental ones. For example, the predicted qm of Co retention by CNTs was 10.2 mg/g and this value is lower than the experimental value 13.0 mg/g (Figure 5). In fact, Langmuir-Freundlich isotherm was more accurate in predicting qm Co retention in both systems. The energy parameter of Dubinin-Radushkevich isotherm (B) also confirmed the better affinity of Co toward Ti-CNTs. In fact, binding energies of Co with surfaces were 4.8 and 4.3 kJ/mol for CNTs and Ti-CNTs, respectively. Thermodynamic parameters provide valuable information about the spontaneity, randomness and heat change in the sorption process (Liu, 2009; Anastopoulos and Kyzas, 2016). By plotting a graph of lnK vs. (1/T) (K may be taken as Langmuir or Langmuir-Freundlich constants), thermodynamic parameters were estimated and presented in Table 3. The positive enthalpy change (10.56–33.37 kJ/mol) suggests that Co retention was endothermic, and this was reported for all surfaces. The values of ΔG° are negative (about −23 kJ/mol), which reveal a spontaneous and thermodynamically favorable process. The positive ΔS (102.1–174.3 J/k.mol) revealed high randomness at the solid-liquid interface. Similar results were also reported for Co removal by other adsorbents (Wang et al., 2011; Hongqin et al., 2012; Song et al., 2013; Wang et al., 2015). Thermodynamic and isotherms parameters would be used to elucidate the nature of the interaction of Co with nanocomposite. The heat of Co adsorption is taken as the sum of three energies: the energy needed to break the intermolecular forces between Co and solvent molecules, the energy needed to break the intermolecular forces between Co ions, and the released energy due to bond formation between Co ions and the composite. Accordingly, the following equation would be provided: ΔHprocess = ΔHCo-H2O + ΔHCo-Co + ΔHCo-composite. The first two terms are positives (endothermic processes) while the last one is negative (exothermic process). From Table 3, ΔHprocess and ΔHCo-composite were (33.37 and 4.8 kJ/mol) for Co retention by CNTs and (10.56 and 4.3 kJ/mol) for Co retention by Ti-CNTs. Accordingly, the sums of ΔHCo-H2O+ ΔHCo-Co were 28.57 and for 6.26 kJ/mol, respectively. Simply, 85 and 60% of total energy were used to break down the forces between Co-H2O and Co-Co interactions. In fact, interactions between Co ions are not high compared with Co-H2O due to the low content of the ion. Both Harkin-Jura and Halsey isotherms were also found of limited application for presenting Co retention by both surfaces and this was excluded the formation of multilayer of Co by the surface.
Multivariate Analysis of Co Retention
The combined influence of all factors on Co retention will be analyzed by PCA to uncover the interaction between factors or to exclude unnecessary factors from the process. The combined influence of factors on Co removal would be anticipated from the final outputs of PCA analysis. Co retention by different adsorbents and conditions is presented using Eq. 7:
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The value of intercept (bo) gives an average value of all terms, linear, quadratic, and interaction terms. The coefficients of linear terms (1.25, 1.47, −1.38, −6.03, −5.03) allow for a direct relationship between uptake and a given factor. Quadratic terms (−0.01, 0.12, −0.55, −1.53, −3.44) allow to balance out linear terms and this is necessary for certain systems when the optimum uptake is achieved at a specific level (i.e, nonlinear behavior). Interaction terms (0.17, 0.07, 0.07, 0.10, 0.21, 0.10, 0.17, −1.67, −1.45, −4.11) allow to assess the influence of two factors on uptake and this influence is rarely independent. Value of coefficient, in fact, can tell how significant the factor (or combination of factors) is. For linear terms, the high coefficient of a certain factor indicated its linear influence on Co uptake. If the interaction coefficient of two factors is high, then a higher response would be achieved when these factors are maintained at their higher limits and vice versa. Once the coefficients of Eq. 7 were estimated, then the exact influence of factors on Co retention would be ascertained.
As indicated in Eq. 7, the coefficient of concentration and temperature factors were high and positive (1.25 and 1.47) indicating their positive and linear effect on Co uptake under the tested operational factors. The high and positive values of the earlier factors reflected the high correlation between Co retention and concentration/temperature regardless of the variations in the levels of other factors. Simply, an intense increase in Co retention at higher concentrations is expected whether the temperature is high (323 K) or low (303 K).
For the rest of the factors (CNTs%, Ti%, and Fe%), the high and negative coefficients (−1.38, −6.03, and −5.03) indicating anti-correlation with Co. uptake from solution. Regarding the effect of Ti% and Fe% on Co retention, the high and negative coefficients (−6.03 and −5.03) excluding any positive linearity in the process. In fact, including other terms (quadratic and interaction terms) was necessary at this stage to build the model. Among quadratic terms, the high coefficients of Ti% and Fe% indicated a strong nonlinear correlation between these significant factors and Co retention from solution while changing other factors. The interesting point was the modest linear and quadratic relationship between Co retention and CNT% and this may be attributed to the inner-dependency between CNTs% and amount of loaded oxides.
The interaction among factors has a higher influence on Co retention and this was obvious from the high and negative coefficients of interaction terms, −4.11, −1.67, and −1.45 for Ti% × Fe%, CNT% × Ti%, and CNT% × Fe%, respectively. Moreover, positive coefficients (0.07–0.17) between concentration and other factors were found indicating a high Co retention would be obtained by keeping concentration and other factors at their higher limits. The positive interaction of concentration with other factors was expected due to the strong linear correlation with Co retention. As predicted by PCA, the maximum interaction was between Ti% and Fe% (−4.11) indicating that the best Co retention should be achieved when both factors at their opposite limits (i.e., either at high Ti and low Fe or vice versa). The same behavior is true between CNTs-TI and CNTs-Fe. With high coefficients (0.17–0.21), PCA analysis of the 429 tests predicted favourable Co retention when temperature, concentration, and CNTs maintained at their upper limits. The interaction between CNTs/concentration, Ti/concentration seems to be not promising as indicated by their corresponding coefficients (0.07).
The higher coefficient of Fe/concentration (0.10) compared to Ti/concentration (0.07) would reflect the importance of Fe compared to Ti for better Co retention. In general, the coefficient of Conc × Temp was not high (0.17) which makes the increasing temperature (from 303 to 323) may be unnecessary. The best effect of temperature was noticed at higher CNTs with a positive coefficient of +0.21. Moreover, better Co uptake is expected at high temperature and Fe (+0.17) compared to Ti (+0.10).
Figure 6 depicts the influence of adding linear, quadratic, and interaction terms on modeling Co retention in all tests and the final REP% are presented in Table 4.
[image: Figure 6]FIGURE 6 | Prediction of Co retention by PCA. A: Linear terms, B: Quadratic terms, C: Interaction terms.
TABLE 4 | Prediction of Co retention (%REP) by principal component regression while including all possible interactions.
[image: Table 4]As indicated in Figure 6A, modeling Co retention using linear terms has ended up with a high REP% value of 26% reflecting the complex process and possible interaction between factors. As viewed in Figure 6A, a poor prediction of Co retention particularly at lower retention values (<5.0 mg/g) and negative values were also observed. This observation would be attributed to the significant interaction between factors making linear terms not workable to model the process. A small improvement (Figure 6B) was observed upon including quadratic coefficient (which would help to account for nonlinear correlations) but the overall fitness was modest with R2 = 0.8493 and REP% of 22%. Again, the PCA model was not workable for predicting Co retention at lower retentions and this was attributed to the intense interaction between factors. The optimum prediction of Co retention was accomplished when interaction terms were included in the model. Figure 6C confirmed the workability of PCA for simulating Co retention even at low retentions with R2 = 0.8852 and REP% of 19%.
Experimentally, the maximum Co retention was 22.4 mg/g and accomplished at the following operational conditions (40.0 ppm, 323 K, CNT 9.8%, and Ti 90.2%). In fact, the high Co affinity at aforementioned conditions agrees with PCA as the levels of Co, Ti, and temperature were at their upper limits and assured the importance of the positive interaction between factors. Although Co retention was relatively high, results indicated that 29% of the ultimate capacity (80 mg/g) was utilized. Accordingly, other experimental factors like pH and ionic strength should be tested for better Co retention from the solution.
CONCLUSION
The potential application of many modified nano-adsorbents to remove Co ions from solution was demonstrated. The large size of adsorption tests was analyzed using both univariate and multivariate procedures to model Co retention from the solution. Univariate analysis indicated that Co retention increased with initial concentration, loaded oxides, pH, and temperature. All isotherms were fairly presented using Langmuir-Freundlich isotherm as the model predicted the maximum retention of Co. Thermodynamic studies indicated that Co interaction by all surfaces was a spontaneous and endothermic process. Incorporation of CNTs with TiO2 and Fe3O4 has a synergic impact on Co removal as confirmed by multivariate analysis.
PCA analysis uncovers the interaction among factors that can improve Co retention from solution. The negative coefficients of Ti/Fe with CNTs (1.45–4.11) indicated better Co retention at higher Ti/Fe loads and lower mass of adsorbent. Moreover, the analysis indicated that Ti and Fe should be at their opposite limit to get high Co uptake from solution.
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Topological invariants are the significant invariants that are used to study the physicochemical and thermodynamic characteristics of chemical compounds. Recently, a new bond additive invariant named the Mostar invariant has been introduced. For any connected graph [image: image], the edge Mostar invariant is described as [image: image], where [image: image] is the number of edges of [image: image] lying closer to vertex g (or x) than to vertex x (or g). A graph having at most one common vertex between any two cycles is called a cactus graph. In this study, we compute the greatest edge Mostar invariant for cacti graphs with a fixed number of cycles and n vertices. Moreover, we calculate the sharp upper bound of the edge Mostar invariant for cacti graphs in [image: image], where s is the number of cycles.
Keywords: topological invariants, Mostar invariant, edge Mostar invariant, cacti graphs, graph theory
1 INTRODUCTION
Let [image: image] be a simple, undirected, and connected graph with the vertex set [image: image] and the edge set [image: image]. The degree of [image: image], represented as [image: image], is described as the number of edges directly linked with g. The neighbors of a vertex g in [image: image] is the set of all of its adjacent vertices in [image: image]. For [image: image], the number of edges in the shortest path between two vertices g and x is called the distance between them and is expressed as [image: image]. A pendent vertex p in [image: image] is a vertex with degree one, and an edge having one pendent vertex as one of its end vertices is called a pendent edge. The set of all pendent vertices of [image: image] is represented as [image: image], and the set of all pendent vertices adjacent to a fix vertex g is represented as [image: image]. An edge in [image: image] is presented as a cut edge if, by deleting that edge, the graph is converted into exactly two components. Let [image: image], [image: image], and [image: image] be used for the representation of the path, the cycle, and the star with order n.
In the fields of chemical sciences, mathematical chemistry, chemical graph theory, and pharmaceutical science, topological invariants are of significant importance because of their definitional use. The physicochemical properties of chemical structures can be forecasted by using topological invariants. A numerical value related to biological activity, chemical reactivity, and physical properties of chemical structures is known as a topological invariant. Topological invariants are mainly separated into different manners like degree, distance, eccentricity, and spectrum. A distance-based invariant is a topological invariant based on the distance between the vertices or edges of a given graph. The Wiener invariant (Wiener, 1947) is the most significant oldest topological invariant that belongs to distance-based invariants, and the Harary invariant (Mihalić and Trinajstić, 1992) and the Balaban invariant (Zhou and Trinajstić, 2008) also belong to distance-based invariants. Degree-based invariants are another well-studied group of invariants. The first degree-based invariant was introduced as the Randić invariant (Randic, 1975). A rich theory of distance- and degree-based invariants is mentioned in (Li and Shi, 2008; Gutman, 2013; Knor et al., 2014; Knor et al., 2015). The recently introduced Mostar invariant (Došlić et al., 2018) belongs to bound additive invariants as they capture the relevant properties of a graph by summing up the contributions of individual edges (Vukičević and Gašperov, 2010; Vukičević, 2011). Peripherality is one such property that could be of interest. An edge is a peripheral edge if there are many more vertices closer to one of its end vertices than to the other one. In short, for an edge [image: image] in [image: image], the greatest value of absolute difference of the cardinality of vertices closer to g than to x, presented by [image: image], and the cardinality of vertices closer to x than to g, denoted by [image: image], indicates a peripheral position of [image: image] in [image: image]. The Mostar invariant of a graph [image: image] is defined as follows:
[image: image]
and this represents a global measure of peripherality of a graph [image: image]. Došlić et al. (2018) determined the Mostar invariant of the benzenoid system. Tratnik proved that the Mostar invariant of the weighted graph can be deduced in the form of the Mostar invariant of quotient graphs (Tratnik, 2019). Arockiaraj et al. (2019) introduced the edge Mostar invariant as follows:
[image: image]
where [image: image] is the cardinality of edges closer to g (or x) than to x (or g).Akhter et al. (2021) computed the Mostar indices for the molecular graphs of SiO2 layer structures and the melem chain with the help of the cut method. Liu et al. (2020) found the extremal values of the edge Mostar invariant of cacti graphs. Imran et al. (2020) found the edge Mostar invariant of chemical structures and nanostructures using graph operations. Arockiaraj et al. (2020) calculated the weighted Mostar indices of molecular peripheral shapes with applications in graphene, graphyne, and graphdiyne nanoribbons. Liu et al. (2020) determined the maximum edge Mostar index of cacti graphs with the following given conditions.
Theorem 1.1.Let[image: image]be a connected graph:
• if[image: image]and[image: image], then[image: image]with equality if and only if[image: image],
• if[image: image]and[image: image], then[image: image]with equality if and only if[image: image],
• if[image: image], then[image: image]with equality if and only if[image: image], and
• if[image: image], then[image: image]with equality if and only if[image: image].
Liu et al. (2020) determined the second maximum edge Mostar index of cacti graphs with the following given conditions.
Theorem 1.2.Let[image: image]with[image: image]and[image: image]:
• [image: image]for[image: image]with equality if and only if[image: image],
• [image: image]for[image: image]with equality if and only if[image: image], and
• [image: image]with equality if and only if[image: image].
For more results related to Mostar and edge Mostar invariants, see (Hayat and Zhou, 2019a; Akhter, 2019; Tepeh, 2019; Akhter et al., 2020; Dehgardi and Azari, 2020; Deng and Li, 2020; Ghorbani et al., 2020; Huang et al., 2020; Deng and Li, 2021a; Deng and Li, 2021b). A connected graph is a cactus if all its blocks are either edges or cycles, that is, any two of its cycles have at most one common vertex. Until now, many results in chemistry and graph theory related to the cacti have been acquired. The first three smallest Gutman invariants among the cacti have been determined by Chen (2016). Using the Zagreb invariants, Li et al. (2012) found the upper and lower bounds of the cacti. The bounds of the Harary invariant related to cacti have been found by Wang and Kang (2013). The extremal cacti having the greatest hyper-Wiener invariant have been characterized by Wang and Tan (2015). The extremal graphs with the greatest and smallest vertex PI invariants among all cacti with a fixed number of vertices have been determined by Wang et al. (2016). The sharp upper bound of the Mostar invariant for cacti of order n with s cycles has been given by Hayat and Zhou (2019b), and they also found the greatest Mostar invariant for all n-vertex cacti. For more results related to cacti graphs, see (Liu et al., 2016; Wang and Wei, 2016; Wang, 2017). Motivated by the results of chemical invariants and their applications, it may be interesting to characterize the cacti with the greatest and smallest edge Mostar invariants for some fixed parameters. In this study, we consider the cacti with a fixed number of cycles and find the greatest edge Mostar invariant for all the n-vertex cacti. In the end, we give a sharp upper bound of the edge Mostar invariant for these cacti.
2 MAIN RESULTS
Let [image: image] be the set of all cacti graphs of order [image: image] and [image: image] be the set of all cacti graphs of order [image: image] with the number of cycles s. Let [image: image] be the n-vertex cactus, for [image: image], [image: image] and for [image: image], [image: image], consisting of s number of [image: image] and [image: image] pendent edges such that every [image: image] and pendent edge has exactly one vertex in common (see Figure 1).
[image: Figure 1]FIGURE 1 | Graph [image: image], for [image: image], [image: image] and for [image: image], [image: image].
In this section, we derive the greatest value of cacti graphs for the edge Mostar invariant. First of all, some basic lemmas are proved so that the main result can be proved easily.
Proposition 2.1. (Imran et al., 2020) The edge Mostar invariant of a path[image: image]and a cycle[image: image]with n vertices is[image: image]and[image: image], respectively. In Lemma 2.1, we establish a graph [image: image] by converting a cut edge [image: image] into a pendent edge [image: image] in [image: image], such that the new graph [image: image] has a greater edge Mostar invariant.
Lemma 2.1: Consider two connected graphs[image: image]and[image: image]such that they are connected to each other by an edge[image: image], where[image: image]and[image: image], and acquired the graph[image: image]. Now, we construct the graph[image: image]by deleting the cut edge[image: image]and attaching a pendent edge[image: image]at vertex u in[image: image] (seeFigure 2). Then[image: image].
[image: Figure 2]FIGURE 2 | Graphs [image: image] and [image: image] of Lemma 2.1.
Proof : Let [image: image] and [image: image] be the subgraphs of [image: image], as shown in Figure 2. By the construction of [image: image], the number of closer edges of the end vertices of a fixed edge of [image: image] and [image: image] in [image: image] remains the same in [image: image], respectively. Therefore, for an edge [image: image], where [image: image], we have the following:
[image: image]
For the cut edge [image: image] in [image: image] and the pendent edge [image: image] in [image: image], we have the following:
[image: image]
[image: image]
Using the definition of the edge Mostar invariant and substituting the values from Eqs 3, 4 , we acquire the following:
[image: image]
There are two cases:
1. if [image: image], then we get [image: image]
2. if [image: image], then we get [image: image].
In either case, we acquire [image: image].This completes the proof. ∎Next, we establish a new [image: image] graph from [image: image] by moving all pendent edges, all [image: image] cycles, and all [image: image] cycles from different vertices of a fixed cycle [image: image] to a unique vertex, such that the new graph has a larger edge Mostar invariant.
Lemma 2.2: Let[image: image]be a cyclic graph constructed by attaching[image: image], for[image: image], number of pendent vertices,[image: image], for[image: image], number of[image: image]cycles and[image: image], for[image: image], number of[image: image]cycles, at the vertices[image: image], for[image: image], of[image: image], where[image: image]. Consider a graph H having a common vertex[image: image]with[image: image]and present it by[image: image]. We construct[image: image]from[image: image]by removing all the pendent vertices,[image: image]’s, and[image: image]’s of[image: image]and attaching them at v (seeFigure 3). Then, we have[image: image].
[image: Figure 3]FIGURE 3 | Graphs [image: image] and [image: image] of Lemma 2.2.
Proof: Suppose that the vertices of [image: image] are [image: image] and there are [image: image] number of pendent edges, [image: image] number of [image: image] cycles, and [image: image] number of [image: image] cycles rooted at [image: image], for [image: image], in [image: image]. By the construction of [image: image], the number of closer edges of the end vertices of a fixed edge of H in [image: image] remains the same in [image: image]. Therefore, for any edge [image: image], we have the following:
[image: image]
For the pendent edges [image: image] rooted on [image: image], for [image: image] and [image: image], in [image: image], we have the following:
[image: image]
For every [image: image] cycle rooted on a fixed vertex [image: image], for [image: image], the edge set is [image: image], and then, there are the following cases:
1. For [image: image], [image: image], we have [image: image] and [image: image].
2. For [image: image], we have [image: image] and [image: image].
3. For [image: image], we have [image: image] and [image: image].
For every [image: image] cycle rooted on a fixed vertex [image: image], for [image: image], the edge set is [image: image], and then, there are the following cases:
1. For [image: image], we have [image: image] and [image: image].
2. For [image: image], we have [image: image] and [image: image].
3. For [image: image], we have [image: image] and [image: image].
Suppose [image: image] is an even cycle; then there are the following cases:
1. For [image: image], we have [image: image] and [image: image].
2. For [image: image], where [image: image], we have [image: image] and [image: image]
3. For [image: image], where [image: image], we have [image: image] and [image: image].
4. For [image: image], we have [image: image] and [image: image].
5. For [image: image], where [image: image], we have [image: image] and [image: image].
6. For [image: image], where [image: image], we have [image: image] and [image: image].
7. For [image: image], we have [image: image] and [image: image].
Substituting the values from Eqs 5, 6 and the information from all the cases above in the definition of the edge Mostar invariant, we acquire the following:
[image: image]
The proof for an odd cycle [image: image] is similar to that above; therefore, we omit it here.This completes the proof. ∎In Lemma 2.3, we establish a new graph [image: image] from a given graph [image: image] by replacing [image: image] with [image: image] and attaching [image: image] pendent edges in [image: image] such that the new graph has a greater edge Mostar invariant.
Lemma 2.3: Consider a graph H having a common vertex[image: image]with[image: image]such that[image: image]and[image: image], and denote it as[image: image]. Let[image: image]be the graph acquired from[image: image]by replacing[image: image]with[image: image]and attaching[image: image]pendent edges at[image: image](seeFigure 4). Then, we have[image: image].
[image: Figure 4]FIGURE 4 | Graphs [image: image] and [image: image] of Lemma 2.3.
Proof:  Let H be a subgraph of [image: image] and the vertices of [image: image] be [image: image], as shown in Figure 4. By the construction of [image: image], the number of closer edges of the end vertices of a fixed edge of H in [image: image] remains the same in [image: image]. Therefore, for any edge [image: image], we have the following:
[image: image]
Suppose q is even; then there are three cases:
1. For [image: image], where [image: image], we have [image: image] and [image: image].
2. For [image: image], where [image: image], we have [image: image] and [image: image].
3. For [image: image], we have [image: image] and [image: image].
Suppose q is odd; then there are three cases:1. For [image: image], where [image: image], we have [image: image] and [image: image].
2. For [image: image], where [image: image], we have [image: image] and [image: image].
3. For [image: image], we have [image: image] and [image: image]
 In [image: image], for any pendent edge [image: image], where [image: image], rooted at v, we have the following:
[image: image]
For [image: image] in [image: image], there are the following cases:
1. For [image: image], [image: image], we have [image: image] and [image: image].
2. For [image: image], we have [image: image] and [image: image].
3. For [image: image], we have [image: image] and [image: image].
Case 1: When q is even, using the definition of the edge Mostar invariant and substituting the values from Eqs 7, 8 and the cases above, we get the following:
[image: image]
Case 2: When q is odd, using the definition of the edge Mostar invariant and substituting the values from Eqs 7, 8 and the cases above, we get the following:
[image: image]
[image: image]
This completes the proof. ∎
Lemma 2.4: Consider a graph H having a common vertex[image: image]with[image: image]and at least one pendent edge[image: image], and this graph is presented as[image: image]. Let[image: image]be the graph obtained from[image: image]by replacing[image: image]and[image: image]with[image: image](seeFigure 5). Then, we have[image: image].
[image: Figure 5]FIGURE 5 | Graphs [image: image]. and [image: image] of Lemma 2.4.
Proof:  By the construction of [image: image], the number of closer edges of the end vertices of a fixed edge of H in [image: image] remains the same in [image: image]. Therefore, for any edge [image: image], we have the following:
[image: image]
There are the following cases in [image: image]:
1. For pendent edge [image: image], we have [image: image] and [image: image].
2. For [image: image], we have [image: image] and [image: image].
3. For [image: image], we have [image: image] and [image: image].
4. For [image: image], we have [image: image].
By the construction of [image: image], we have the following:
1. For [image: image], we have [image: image] and [image: image].
2. For [image: image], we have [image: image] and [image: image].
3. For [image: image], we have [image: image] and [image: image].
4. For [image: image], we have [image: image] and [image: image].
Using the definition of the edge Mostar invariant and substituting the values from cases, we get the following:
[image: image]
[image: image]
This completes the proof. ∎
Theorem 2.1:  Among all the cacti graphs in[image: image], the cactus[image: image], for[image: image],[image: image]and for[image: image],[image: image], shown inFigure 1has the largest edge Mostar invariant. Thus, for any cactus[image: image], we have[image: image].
Proof:  Let [image: image] be a cactus graph where [image: image] and [image: image]. If [image: image] and [image: image] has a cut edge, then repeatedly applying Lemma 2.1, we get a sequence of new cacti graphs [image: image], where [image: image] is a cactus without any cut edge, such that [image: image]. Now, if [image: image] and [image: image] have a cyclic subgraph [image: image] that is constructed by attaching [image: image], for [image: image], number of pendent vertices, [image: image], for [image: image], number of [image: image] cycles and [image: image], for [image: image], number of [image: image] cycles, at the vertices [image: image], for [image: image], of [image: image], where [image: image], then by applying Lemma 2.2 repeatedly, we acquire a sequence of cacti graphs [image: image] satisfying [image: image], where [image: image] is a cactus graph such that every vertex of cycles of [image: image] has degree 2 except common vertices. If [image: image] and [image: image] have a cycle [image: image], for [image: image], then by applying Lemma 2.3 repeatedly, we acquire a sequence of cacti graphs [image: image] satisfying [image: image], where [image: image]. If [image: image] has a triangle [image: image] and at least one pendent edge [image: image], then by using Lemma 2.4, we construct a cactus graph [image: image] with a cycle [image: image] and get the greatest Mostar invariant and then [image: image]. This completes the proof. ∎ By Theorem 2.1 and simple calculation, we have the following results:
Corollary 2.1. Let[image: image]be a cactus graph with[image: image]and number of cycles s; then we have the following:
[image: image]
equality holds if [image: image].
3 CONCLUSION
The ongoing direction of numerical coding of the fundamental chemical structures with topological descriptors has been substantiated as completely victorious. This approach substantiates the contrast, quarry, renewal, interpretation, and swift troupe of chemical structures within enormous particularities. Eventually, topological descriptors can lead to productive measures for quantitative structure–activity relationships (QSARs) and quantitative structure–property relationships (QSPRs), which are imitations that identify chemical structures with chemical reactivity, physical properties, or biological activity. The edge Mostar index is a newly proposed quantity; it has not been used in physicochemical or biological research. Recently, a work (Imran et al., 2020) has been completed in this direction for chemical structures and nanostructures using graph operations. The authors have found the edge Mostar indices of nanostructures. Motivated by these results, we have studied the maximum edge Mostar invariant of the n-vertex cacti graphs with a fixed number of cycles in this study. For this, we have proved some lemmas in which we use the transformation of graphs and some calculations. In future, we want to find the largest and smallest edge Mostar invariants of the n-vertex cacti graphs with some fixed parameters other than the number of cycles.
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In this study, 17 novel pyrimidine derivatives containing an amide moiety were synthesized. Then their in vitro antifungal activities against Botryosphaeria dothidea (B. dothidea), Phomopsis sp., and Botrytis cinereal (B. cinereal) were determined. A preliminary biological test showed that compounds 5-bromo-2-fluoro-N-(2-((2-methyl-6-(trifluoromethyl)pyrimidin-4-yl)oxy)phenyl)benzamide (5f) and 5-bromo-2-fluoro-N-(3-((2-methyl-6-(trifluoromethyl)pyrimidin-4-yl)oxy)phenyl)benzamide (5o) exhibited higher antifungal activity against Phomopsis sp., with an inhibition rate of 100% compared to that of Pyrimethanil at 85.1%. In particular, compound 5o exhibited excellent antifungal activity against Phompsis sp., with the EC50 value of 10.5 μg/ml, which was even better than that of Pyrimethanil (32.1 μg/ml). As far as we know, this is the first report on the antifungal activities against B. dothidea, Phomopsis sp., and B. cinereal of this series of pyrimidine derivatives containing an amide moiety.
Keywords: pyrimidine, amide, synthesize, antifungal activity, kiwifruit soft rot disease
INTRODUCTION
Plant fungal diseases pose serious threats to crop production and caused huge economic losses throughout the world (Strange and Scott, 2005). In recent years, crop cultivators continually battle with plant fungal diseases affecting crops. The available traditional fungicides used for plant fungal diseases control represent a danger to the living system by killing not only the target fungi but also affecting beneficial living systems (Patel et al., 2014). To protect crops from fungal diseases, commercial agriculture relies heavily on the inputs of chemical pesticides. The resistance of plant fungal diseases against fungicides is rapidly becoming a serious problem. Therefore, the development of novel and promising fungicides is urgently required.
Pyrimidines are important substances in the synthesis of various active molecules that are extensively used in the intermediate skeleton of agrochemicals (Chen et al., 2015; Wu et al., 2015) and have attracted more and more attention due to their extensive biological activities (Sun et al., 2006), including antiviral (Wu et al., 2016a), antibacterial (Wu et al., 2016b), antifungal (Wu et al., 2019, 2020), and insecticidal (Liu et al., 2017; Wu et al., 2020) activities. For example, Zan et al. reported pyrimidine derivatives bearing a dithioacetal moiety as effective antiviral agents for controlling the tomato chlorosis virus (ToCV) (Zan et al., 2021). Zhang et al. found a series of arylpyrazole pyrimidine ether derivatives with promising bioactivity for combating cucumber downy mildew (Zhang et al., 2019). Li and coworkers showed that pyrimidine thiourea derivatives had good herbicidal activities against Digitaria adscendens and Amaranthus retroflexus (Li et al., 2021a). In the past few years, several pyrimidine compounds have been commercialized as fungicides (such as Pyrimethanil, Fenarimol, Diflumetorim, and Mepanioyrim) for controlling plant fungal diseases, such as cucumber gray mold (Wang et al., 2021), grape downy mildew (Huang et al., 2018), kiwifruit leaf spot (Shi et al., 2021), and so on. Due to the excellent features of low toxicity, the fact that it is easily synthetized and derived, and considering pyrimidine as a parent compound, the development of promising agrochemical candidates will soon become a reality. Meanwhile, amine, a key moiety in heterocyclic chemistry, play a leading role in pesticide chemistry due to their potent bioactivities including antifungal (Cheng et al., 2020; Chen et al., 2021a), antibacterial (Chen et al., 2021a), antiviral (Tang et al., 2020), herbicidal (Sun et al., 2020), and insecticidal (Chen et al., 2021b; Li et al., 2021b) activities. In our previous work, we reported a series of novel pyrimidine derivatives containing an amine moiety (Figure 1) and found that the target compounds revealed certain antifungal, insecticidal, and antiviral activities (Wu et al., 2016a: Wu et al., 2020).
[image: Figure 1]FIGURE 1 | Structures of pyrimidine derivatives containing an amide moiety reported in our previous works.
This study aimed to design and synthesize a series of novel pyrimidine derivatives containing an amide moiety, and investigate their in vitro antifungal activities against Botryosphaeria dothidea (B. dothidea), Phomopsis sp., and Botrytis cinereal (B. cinereal). A biological test showed that compound 5-bromo-2-fluoro-N-(3-((2-methyl-6-(trifluoromethyl)pyrimidin-4-yl)oxy)phenyl)benzamide (5o) exhibited excellent antifungal activity against Phompsis sp., with an EC50 value of 10.5 μg/ml, which is even better than Pyrimethanil (32.1 μg/ml).
MATERIALS AND METHODS
General Information
The melting points of the products were determined on an XT-4 binocular microscope (Beijing Tech Instrument Co., China) and were not corrected. 1H and 13C NMR (solvent DMSO-d6) spectra were recorded on a Bruker AVANCE HD 600 MHz Digital NMR Spectrometer (Bruker Company, Billerica, MA, United States) at room temperature using TMS as an internal standard. High-resolution mass spectrometry (HRMS) was carried out on an Agilent Technologies 6540 UHD Accurate-Mass Q-TOF LC/MS (Agilent Technologies, Palo Alto, CA, United States). All anhydrous solvents were dried and purified according to standard techniques before use. Unless otherwise noted, all common reagents and solvents were used as obtained from commercial supplies without further purifications.
Synthesis
General Procedure for the Preparation of the Intermediates 2–4
As shown in Scheme 1, to a 250 ml round bottom flask, trifluoroacetoacetate (1, 0.05 mol), acetamidine hydrochloride (0.05 mol), sodium methoxide (0.075 mol), and ethanol (100 ml) were added and refluxed for 10 h. After that, the mixture was acidified with dilute HCl to pH 7. The crude products were extracted using ethyl acetate to produce intermediate 2. Then, intermediate 2 (0.05 mol), POCl3 (0.1 mol), and CH3CN (120 ml) were added to a 250 ml round bottom flask to react for 0.5 h at a reflux temperature and then diisopropylethylamine (0.06 mol) was added dropwise. After continuously refluxing for 8 h, excess POCl3 and CH3CN were distilled and then ice water (60 ml) was added. Finally, the mixture was alkalified with dilute NaOH to pH 9 and extracted using CH2Cl2 to give intermediate 3.
[image: Scheme 1]SCHEME 1 | Synthetic routes of the target compounds 5a–5q.
To a 50 ml three-necked round-bottomed flask equipped with a magnetic stirrer, the key intermediate 3 (0.01 mol) was dissolved in acetone (50 ml), Cs2CO3 (0.012 mol), and 3-aminophenol or 2-aminophenol (0.01 mol) were added. The reactions reacted for 5–6 h at room temperature, and the solvent was removed. The residue was added with water, the precipitate formed was filtered off and recrystallized from ethanol to give the intermediate 4.
General Procedure for the Preparation of the Target Compounds 5a-5q
To a 50 ml three-necked round-bottomed flask equipped with a magnetic stirrer, the key intermediate 4 (0.02 mol), aromatic acid (0.02 mol), and dimethylaminopyridine (0.0002 mol) dissolved in dichloromethane (10 ml), and 1-(3-dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride (0.03 mol) were added. The reactions were reacted for 8–10 h at room temperature. The solvent was then dried under vacuum and recrystallized from ethanol to give the pure target compounds 5a–5q.
The structures were confirmed by 1H NMR, 13C NMR, and HRMS. 1H NMR, 13C NMR, and HRMS spectral data for the target compounds 5a–5q are reported in the Supplementary Material. In the 1H NMR spectra of 5a–5q, one singlet at δ 9.70–10.74 ppm were attributed to the -CONH-. A singlet at δ 6.90–7.54 ppm demonstrated the presence of the proton of the pyrimidine fragment. A singlet at δ 2.31–2.54 ppm integrating for three protons was assigned to Pyrimidine-CH3 protons. The structure of 5a–5q was also confirmed by its HRMS spectral data. In all HRMS spectrum, the molecular ion peak was noticed m/z for ([M + H]+) corresponding to all of the target molecular weight.
N-(2-((2-methyl-6-(trifluoromethyl)pyrimidin-4-yl)oxy)phenyl)benzamide (5a). White solid; yield 75%; m.p. 173–175°C; 1H NMR (DMSO-d6, 600 MHz, ppm) δ: 9.72 (s, 1H), 7.96 (d, 2H, J = 7.8 Hz), 7.76 (d, 1H, J = 7.2 Hz), 7.71 (t, 1H, J = 8.4 Hz), 7.53 (t, 2H, J = 9.0 Hz), 7.41–7.31 (m, 3H, Ph-H), 6.90 (s, 1H), 2.32 (s, 3H); 13C NMR (DMSO-d6, 150 MHz, ppm) δ: 168.66, 164.39, 162.11, 152.99 (q, J = 33.6 Hz), 144.29, 134.43, 130.75, 130.08, 129.35, 129.22, 126.84, 126.40, 125.99, 124.06, 122.24 (q, J = 272.85 Hz), 100.17, 25.75; HRMS (calcd.) for C19H14F3N3O2 (M + H)+ 374.1107, found 374.1107.
2-Chloro-N-(2-((2-methyl-6-(trifluoromethyl)pyrimidin-4-yl)oxy)phenyl)benzamide (5b). White solid; yield 49%; m.p. 157–158°C; 1H NMR (DMSO-d6, 600 MHz, ppm) δ: 9.73 (s, 1H), 7.93 (d, 1H, J = 7.8 Hz), 7.82 (d, 1H, J = 6.0 Hz), 7.66–7.63 (m, 2H), 7.49–7.46 (m, 1H), 7.43 (d, 1H, J = 7.8 Hz), 7.40–7.33 (m, 2H), 6.91 (s, 1H), 2.38 (s, 3H); 13C NMR (DMSO-d6, 150 MHz, ppm) δ: 168.75, 162.96, 162.24, 153.25 (q, J = 33.6 Hz), 144.14, 134.62, 133.51, 132.34, 131.70, 130.75, 128.70, 127.80, 127.14, 126.60, 123.97, 122.28 (q, J = 272.55 Hz), 120.46, 100.24, 25.86; HRMS (calcd.) for C19H13ClF3N3O2 (M + H)+ 408.0721, found 408.0720.
N-(2-((2-methyl-6-(trifluoromethyl)pyrimidin-4-yl)oxy)phenyl)-2-(trifluoromethyl)benzamide (5c). White solid; yield 46%; m.p. 148–150°C; 1H NMR (DMSO-d6, 600 MHz, ppm) δ: 9.77 (s, 1H), 7.94 (t, 2H, J = 6.0 Hz), 7.86–7.81 (m, 3H), 7.41–7.36 (m, 3H), 6.92 (s, 1H), 2.39 (s, 3H); 13C NMR (DMSO-d6, 150 MHz, ppm) δ: 168.75, 163.97, 162.25, 153.52 (q, J = 33.6 Hz), 144.03, 133.33, 133.21, 131.22, 130.77, 129.50, 128.33, 128.11 (q, J = 31.95 Hz), 127.52, 127.36, 126.57, 124.65 (q, J = 272.1 Hz), 123.45, 122.25 (q, J = 272.7 Hz), 120.45, 100.23, 25.85; HRMS (calcd.) for C20H13F6N3O2 (M + H)+ 442.0985, found 442.0979.
N-(2-((2-methyl-6-(trifluoromethyl)pyrimidin-4-yl)oxy)phenyl)-3-(trifluoromethyl)benzamide (5d). White solid; yield 68%; m.p. 138–140°C; 1H NMR (DMSO-d6, 600 MHz, ppm) δ: 9.81 (s, 1H), 8.30 (d, 1H, J = 7.8 Hz), 8.14 (s, 1H), 8.09 (d, 1H, J = 7.8 Hz), 7.82 (t, 1H, J = 7.8 Hz), 7.78 (d, 1H, J = 7.2 Hz), 7.48 (d, 1H, J = 8.4 Hz), 7.41–7.35 (m, 2H), 6.91 (s, 1H), 2.30 (s, 3H); 13C NMR (DMSO-d6, 150 MHz, ppm) δ: 168.66, 163.13, 162.04, 153.33 (q, J = 34.2 Hz), 144.11, 134.06, 130.82, 130.77, 130.60, 130.55, 130.16 (q, J = 31.65 Hz), 127.09, 126.44, 126.08, 126.00, 124.92 (q, J = 270.9 Hz), 124.18, 123.10 (q, J = 270.6 Hz), 100.10, 25.60; HRMS (calcd.) for C20H13F6N3O2 (M + H)+ 442.0985, found 442.0979.
2,3-Dimethoxy-N-(2-((2-methyl-6-(trifluoromethyl)pyrimidin-4-yl)oxy)phenyl)benzamide (5e). White solid; yield 50%; m.p. 130–131°C; 1H NMR (DMSO-d6, 600 MHz, ppm) δ: 7.63 (s, 1H),7.54 (d, 1H, J = 7.6 Hz), 7.46 (t, 1H, J = 7.4 Hz), 7.41 (d, 1H, J = 8.1 Hz), 7.35–7.33 (m, 2H), 7.06 (d, 1H, J = 8.1 Hz), 6.97 (t, 1H, J = 7.9 Hz), 6.92 (d, 1H, J = 7.6 Hz), 3.76 (s, 3H), 3.69 (s, 3H), 2.40 (s, 3H); 13C NMR (DMSO-d6, 150 MHz, ppm) δ: 169.52, 168.91, 162.84, 156.21 (q, J = 35.25 Hz), 152.54, 147.60, 145.80, 132.19, 131.54, 130.54, 127.24, 124.32, 124.10, 121.66 (q, J = 273.45 Hz), 115.48, 108.51, 103.05, 61.44, 56.28, 25.56; HRMS (calcd.) for C21H18F3N3O4 (M + H)+ 434.1322, found 434.1318.
3,4,5-trimethoxy-N-(2-((2-methyl-6-(trifluoromethyl)pyrimidin-4-yl)oxy)phenyl)benzamide (5g). White solid; yield 58%; m.p. 127–128°C; 1H NMR (DMSO-d6, 600 MHz, ppm) δ: 9.74 (s, 1H), 7.72 (d, 1H, J = 7.8 Hz), 7.40–7.35 (m, 3H),7.21 (s, 2H, Ph-H), 6.89 (s, 1H),3.78 (s, 6H), 3.75 (s, 3H) 2.33 (s, 3H); 13C NMR (DMSO-d6, 150 MHz, ppm) δ: 168.77, 163.92, 153.21 (q, J = 34.6 Hz), 153.18, 142.77, 130.66, 126.93, 124.22, 120.40 (q, J = 272.3 Hz),107.36, 60.67, 56.37, 25.76; HRMS (calcd.) for C22H20F3N3O5 (M + H)+ 464.1428, found 464.1420.
2-Chloro-N-(3-((2-methyl-6-(trifluoromethyl)pyrimidin-4-yl)oxy)phenyl)benzamide (5h). White solid; yield 62%; m.p.136–139°C; 1H NMR (DMSO-d6, 600 MHz, ppm) δ: 10.74 (s, 1H), 7.75 (s, 1H), 7.62–7.58 (m, 3H), 7.54–7.52 (m, 2H), 7.49–7.45 (m, 2H), 7.04 (dd, 1H, J1 = 1.3 Hz, J2 = 8.0 Hz), 2.54 (s, 3H); 13C NMR (DMSO-d6, 150 MHz, ppm) δ: 170.52, 169.76, 165.62, 156.54 (q, J = 34.65 Hz), 155.83, 152.36, 140.85, 137.16, 131.74, 130.56, 130.40, 130.18, 129.43, 127.78, 123.67 (q, J = 273.45 Hz), 117.52, 117.46, 112.91, 103.46, 25.94; HRMS (calcd.) for C19H13ClF3N3O2 (M + H)+ 408.0721, found 408.0716.
4-Fluoro-N-(3-((2-methyl-6-(trifluoromethyl)pyrimidin-4-yl)oxy)phenyl)benzamide (5i). White solid; yield 85%; m.p. 136–139°C; 1H NMR (DMSO-d6, 600 MHz, ppm) δ: 9.72 (s, 1H), 8.06–8.04 (dd, 2H, J1 = 5.4 Hz, J2 = 8.4 Hz), 7.79 (d, 1H, J = 7.2 Hz), 7.41–7.35 (m, 5H), 7.31 (t, 1H, J = 7.8 Hz), 6.91 (s, 1H), 2.37 (s, 3H); 13C NMR (DMSO-d6, 150 MHz, ppm) δ: 168.67, 167.65, 165.07, 163.46, 162.07, 153.20 (q, J = 33.75 Hz), 144.08, 133.11, 130.74, 126.87, 126.30, 125.99, 125.89, 124.18, 122.23 (q, J = 272.85 Hz), 116.48, 100.25, 25.75; HRMS (calcd.) for C19H13F4N3O2 (M + H)+ 392.1017, found 392.1013.
N-(3-((2-methyl-6-(trifluoromethyl)pyrimidin-4-yl)oxy)phenyl)-2-(trifluoromethyl)benzamide (5j). White solid; yield 73%; m.p. 140–142°C; 1H NMR (DMSO-d6, 600 MHz, ppm) δ: 10.80 (s, 1H), 7.87 (d, 1H, J = 7.7 Hz), 7.82 (t, 1H, J = 7.3 Hz), 7.75–7.72 (m, 3H), 7.58 (d, 1H, J = 7.9 Hz), 7.52 (s, 1H), 7.47 (t, 1H, J = 8.2 Hz), 7.05 (d, 1H, J = 7.7 Hz), 2.54 (s, 3H); 13C NMR (DMSO-d6, 150 MHz, ppm) δ: 170.48, 169.75, 166.26, 156.33 (q, J = 33.6 Hz), 152.36, 140.81, 136.36, 133.14, 130.55, 129.02, 126.84, 126.46 (q, J = 31.05 Hz), 123.32 (q, J = 271.8 Hz), 121.84 (q, J = 272.85 Hz), 117.50, 112.97, 103.46, 25.91; HRMS (calcd.) for C20H13F6N3O2 (M + H)+ 442.0985, found 442.0982.
N-(3-((2-methyl-6-(trifluoromethyl)pyrimidin-4-yl)oxy)phenyl)-3-(trifluoromethyl)benzamide (5k). White solid; yield 73%; m.p. 101–103°C; 1H NMR (DMSO-d6, 600 MHz, ppm) δ: 10.65 (s, 1H), 8.30 (s, 1H), 8.27 (d, 1H, J = 7.8 Hz), 7.97 (d, 1H, J = 7.7 Hz), 7.81–7.79 (m, 2H), 7.71 (d, 1H, J = 8.1 Hz), 7.50 (s, 1H), 7.48 (d, 1H, J = 8.2 Hz), 7.05 (d, 1H, J = 8.0 Hz), 2.53 (s, 3H); 13C NMR (DMSO-d6, 150 MHz, ppm) δ: 170.56, 169.79, 164.71, 156.34 (q, J = 33.6 Hz), 152.29, 140.81, 136.01, 132.35, 130.22, 130.02, 129.81 (q, J = 31.8 Hz), 128.74, 125.31 (q, J = 271.8 Hz), 124.75, 123.52, 121.82 (q, J = 273.0 Hz), 118.39, 117.52, 113.84, 103.36, 25.91; HRMS (calcd.) for C20H13F6N3O2 (M + H)+ 442.0985, found 442.0983.
N-(3-((2-methyl-6-(trifluoromethyl)pyrimidin-4-yl)oxy)phenyl)-4-(trifluoromethyl)benzamide (5l). White solid; yield 80%; m.p. 94–96°C; 1H NMR (DMSO-d6, 600 MHz, ppm) δ: 10.66 (s, 1H), 8.15 (d, 2H, J = 8.4 Hz), 7.94 (d, 2H, J = 7.8 Hz), 7.79 (t, 1H, J = 1.8 Hz), 7.69 (d, 1H, J = 9.6 Hz), 7.52 (s, 1H), 7.49 (t, 1H, J = 8.4 Hz), 7.06 (d, 2H, J = 7.8 Hz), 2.53 (s, 3H); 13C NMR (DMSO-d6, 150 MHz, ppm) δ: 170.59, 169.80, 165.13, 156.34 (q, J = 34.6 Hz), 152.31, 140.83, 138.99, 132.11 (q, J = 31.62 Hz),130.52, 129.16, 125.98, 125.31(q, J = 273.25 Hz), 120.05 (q, J = 272.51 Hz), 118.35, 117.61 103.48, 25.98; HRMS (calcd.) for C20H13F6N3O2 (M + H)+ 442.0985, found 442.0978.
2,3-Dimethoxy-N-(3-((2-methyl-6-(trifluoromethyl)pyrimidin-4-yl)oxy)phenyl)benzamide (5m). White solid; yield 52%; m.p. 108–109°C; 1H NMR (DMSO-d6, 600 MHz, ppm) δ: 10. 47 (s, 1H), 7.78 (s, 1H), 7.62 (d, 1H, J = 7.9 Hz), 7.51 (s, 1H), 7.45 (t, 1H, J = 8.2 Hz), 7.22–7.17 (m, 2H), 7.13 (dd, 1H, J1 = 1.4 Hz, J2 = 7.3 Hz), 7.02 (dd, 1H, J1 = 1.3 Hz, J2 = 8.0 Hz), 3.87 (s, 3H), 3.82 (s, 3H), 2.54 (s, 3H); 13C NMR (DMSO-d6, 150 MHz, ppm) δ: 170.55, 169.79, 165.59, 156.31 (q, J = 34.8 Hz), 153.05, 152.35, 146.32, 141.05, 131.70, 130.46, 124.72, 121.85 (q, J = 273.45 Hz), 120.45, 117.54, 117.10, 115.23, 112.91, 103.40, 61.57, 56.42, 25.92; HRMS (calcd.) for C21H18F3N3O4 (M + H)+ 434.1322, found 434.1318.
3-Bromo-4-chloro-N-(3-((2-methyl-6-(trifluoromethyl)pyrimidin-4-yl)oxy)phenyl)benzamide (5n). White solid; yield 68%; m.p. 143–145°C; 1H NMR (DMSO-d6, 600 MHz, ppm) δ: 10.56 (s, 1H), 8.35 (d, 1H, J = 1.9 Hz), 7.97 (dd, 1H, J1 = 2.1 Hz, J2 = 8.3 Hz), 7.80 (d, 1H, J = 8.4 Hz), 7.76 (s, 1H), 7.68 (d, 1H, J = 8.1 Hz), 7.54–7.52 (m, 2H, Ph-H), 7.49–7.46 (m, 2H), 7.04 (dd, 1H, J1 = 1.4 Hz, J2 = 8.0 Hz), 2.53 (s, 3H); 13C NMR (DMSO-d6, 150 MHz, ppm) δ: 170.54, 169.79, 163.71, 156.33 (q, J = 34.8 Hz), 152.27, 140.74, 137.07, 135.34, 133.25, 131.05, 130.42, 129.12, 122.11, 121.81 (q, J = 273.3 Hz), 118.31, 117.51, 113.76, 103.37, 25.92; HRMS (calcd.) for C19H12BrClF3N3O2 (M + H)+ 485.9826, found 485.9822.
5-Bromo-2-fluoro-N-(3-((2-methyl-6-(trifluoromethyl)pyrimidin-4-yl)oxy)phenyl)benzamide (5o). White solid; yield 52%; m.p.147–149 °C; 1H NMR (DMSO-d6, 600 MHz, ppm) δ: 10.74 (s, 1H), 7.89–7.87 (m, 1H), 7.79–7.77 (m, 1H, Ph-H), 7.73 (s, 1H), 7.60 (d, 1H, J = 7.9 Hz), 7.50 (s, 1H), 7.47 (t, 1H, J = 8.2 Hz), 7.38 (t, 1H, J = 9.3 Hz), 7.05 (dd, 1H, J1 = 1.4 Hz, J2 = 8.0 Hz), 2.53 (s, 3H); 13C NMR (DMSO-d6, 150 MHz, ppm) δ: 170.52, 169.76, 161.91, 159.46, 157.80, 156.32 (q, J = 34.65 Hz), 152.34, 140.55, 135.67, 132.64, 130.58, 127.15, 121.83 (q, J = 273.15 Hz), 119.24, 117.66, 116.63, 113.19, 103.42, 25.92; HRMS(calcd.) for C19H12BrF4N3O2 (M + H)+ 470.0122, found 470.0117.
2-Bromo-5-fluoro-N-(3-((2-methyl-6-(trifluoromethyl)pyrimidin-4-yl)oxy)phenyl)benzamide (5p). White solid; yield 60%; m.p.152–153 °C; 1H NMR (DMSO-d6, 600 MHz, ppm) δ: 10.78 (s, 1H), 7.78 (q, 1H, J = 5.0 Hz), 7.72 (s, 1H), 7.59–7.58 (m, 2H), 7.52 (s, 1H), 7.48 (t, 1H, J = 8.2 Hz), 7.34 (dd, 1H, J1 = 3.0 Hz, J2 = 8.6 Hz, Ph-H), 7.06 (dd, 1H, J1 = 1.4 Hz, J2 = 8.0 Hz), 2.54 (s, 3H); 13C NMR (DMSO-d6, 150 MHz, ppm) δ: 170.49, 169.75, 165.15, 162.38, 160.74, 156.31 (q, J = 34.65 Hz), 152.36, 140.82, 140.64, 135.16, 130.60, 121.84 (q, J = 273.15 Hz), 118.87, 117.59, 116.63, 114.21, 112.98, 103.49, 25.94; HRMS(calcd.) for C19H12BrF4N3O2 (M + H)+ 470.0122, found 470.0118.
3,4,5-trimethoxy-N-(3-((2-methyl-6-(trifluoromethyl)pyrimidin-4-yl)oxy)phenyl)benzamide (5q). White solid; yield 78%; m.p.116–117 °C; 1H NMR (DMSO-d6, 600 MHz, ppm) δ: 10.31 (s, 1H), 7.73 (s, 1H), 7.69 (d, 1H, J = 7.8 Hz), 7.51 (s, 1H), 7.48 (t, 1H, J = 7.8 Hz), 7.28 (s, 2H), 7.03 (d, 1H, J = 7.8 Hz), 3.87 (s, 3H), 3.74 (s, 3H), 2.51 (s, 3H); 13C NMR (DMSO-d6, 150 MHz, ppm) δ: 170.59, 169.79, 165.58, 156.31 (q, J = 34.65 Hz), 153.11, 152.27, 141.07, 140.90, 130.37, 130.23, 120.02 (q, J = 272.85 Hz), 118.41, 117.19, 113.82, 105.78, 103.35, 60.58, 56.55, 25.92; HRMS(calcd.) for C22H20F3N3O2 (M + H)+ 464.1428, found 464.1425.
In Vitro Antifungal Activity Test
The antifungal activities of all synthesized compounds at the concentration of 50 μg/ml were evaluated for their in vitro antifungal activities against the pathogenic fungi, including B. dothidea, Phompsis sp., and B. cinerea by the poison plate technique (Min et al., 2016). All the compounds were dissolved in 1 ml dimethyl sulfoxide (DMSO) before mixing with 90 ml potato dextrose agar (PDA). Mycelia dishes of approximately 5 mm diameter were cut from the culture medium and then picked up with a germfree inoculation needle and inoculated in the middle of the PDA plate aseptically. The inoculated plates were fostered at 27 ± 1 C for 3–4 days. DMSO in sterile distilled water served as a negative control, while Pyrimethanil acted as a positive control. For each treatment, three replicates were conducted. The inhibition rate I (%) was calculated by the following formula, where C (cm) represents the diameter of fungi growth on untreated PDA, and T (cm) represents the diameter of fungi on treated PDA.
[image: image]
RESULTS AND DISCUSSION
Antifungal Activity Test in vitro
The in vitro antifungal activities of the title compounds against the pathogenic fungi, including B. dothidea, Phomopsis sp., and B. cinereal at 50 μg/ml were tested and the results are shown in Table 1. Bioassay results showed that compounds 5i, 5l, 5n, and 5o had good inhibition rates on B. dothidea, with the inhibition rates of 82.1, 81.1, 84.1, and 88.5%, respectively, which were similar to Pyrimethanil (84.4%). Meanwhile, the inhibition rates of compounds 5f, 5n, 5o, and 5p against Phomopsis sp. were 100.0, 91.8, 100.0, and 93.4%, which were even better than Pyrimethanil (85.1%). In addition, some of the target compounds, for example compounds 5c (80.0%), 5i (79.6%), 5l (80.4%), 5m (83.6%), 5n (79.7%), 5o (84.7%), and 5q (80.5%), showed equally antifungal activity against B. cinerea to Pyrimethanil (82.8%).
TABLE 1 | | The antifungal activities of the title compounds against B. dothidea, Phomopsis sp., and B. cinereal at 50 μg/ml.
[image: Table 1]The EC50 values and antifungal diagram of the target compounds 5f, 5o, and 5p were also tested and are presented in Table 2 and Figure 2 respectively. Table 2 shows that compounds 5f, 5o, and 5p exhibited excellent antifungal activity against Phomopsis sp., with the EC50 values of 15.1, 10.5, and 19.6 μg/ml, which were superior to that of Pyrimethanil (32.1 μg/ml).
TABLE 2 | | The EC50 values of the target compounds against Phompsis sp.
[image: Table 2][image: Figure 2]FIGURE 2 | EC50 values of the target compounds 5f, 5o, and 5p against Phomopsis sp.
Structure-Function Relationship Analysis
In order to design novel and more promising active small molecules of pyrimidine derivatives, SAR analysis was also performed. The chemical structure of the target compounds indicated that the position of the amine group and the position and size of the substituent group R of the target compounds significantly influence the antifungal activities against. B. dothidea, Phomopsis sp. and B. cinereal. With the amine group at 3-position of the benzene ring and F and Br atoms at 2- and 5-position, respectively, compound 5o exhibited excellent antifungal activities against. B. dothidea, Phomopsis sp. and B. cinereal, which were even better than those of Pyrimethanil. Meanwhile, in general terms, the antifungal activities of the target compounds with the amine group at 3-position of benzene ring were better than those of the corresponding target compounds with the amine group at 2-position of the benzene ring, for example, 5h > 5b and 5k > 5d.
CONCLUSION
In conclusion, a total of 17 pyrimidine derivatives containing an amide moiety were synthesized and evaluated for their in vitro fungicidal activities against B. dothidea, Phompsis sp., and B. cinerea by the poison plate technique. Bioassay results demonstrated that compound 5-bromo-2-fluoro-N-(3-((2-methyl-6-(trifluoromethyl)pyrimidin-4-yl)oxy)phenyl)benzamide (5o) exhibited excellent antifungal activity against Phompsis sp., with the EC50 value of 10.5 μg/ml, which were even better than that of Pyrimethanil. This study provided a practical tool for guiding the design and synthesis of novel and more promising active small molecules of pyrimidine derivatives for controlling Phompsis sp., This study also demonstrated that this series of pyrimidine derivatives containing an amide moiety can be used to develop potential agrochemicals. In accordance with the pesticide registration requirements in China, further field and toxicity studies of compound 5o will be undertaken in a future study.
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*The collected parameters were obtained by fitting adoption data (C, and q) by the models following non-inear regression procedures. Condltions: 50°C, 5.0 mg adsorbent, Co range
1-40 mg/L, pH 6.4, and shaking time 24 h.
bThermodynamic parameters were estimated as outlined earfier.
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12 DMF L-proline 70-75 15 70
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Cell lines 1 2 3 4 5 6 Topotecan Docetaxel

LNcap 36 34 25 42 129 1.2 0.063
A-549 10 3.0 1.0 1.0 72 04 <0.01
P-388 08 9.4 0.7 37 16 0.1 <0.01

Compound 1, vaccaroside I; Compound 2, vaccaroside E; Compound 3, vaccaroside G; Compound 4, vaccaroside B; Compound 5, segetoside H; Compound 6, segetoside I.
LNCaP, human prostate cancer cell line; A549, human lung cancer cell line; P388, mouse leukemia cell line.
Topotecan and docetaxel were used as positive controls.
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Saponins Formulae Structure Pharmacological References
activities
Segetosides
Segetoside B CooMi0s0za Inhibition of luteal Sang et al., 2002
cell
coon,
3
H
Gron
wol g
fon
o
Segetoside C CooHesOze Unknown Sangetal., 1999
Segetoside(D-E) Common
structure
Segetoside D CeoHi0s0sa ® k2 Rs Ra Anti-cancer Giigli-Ustindag
and Mazza, 2007
GlcA(Bu ester) ? —e— Gal CHO OH Xy
Segetoside E CrzH112034 L L] R R Unknown Sang etal., 1999
GIcA(Me ester)? =— Gal  CHO H X3
Segetoside(F-l) Common
structure
coon
£
fon
om0
(24
fon
o
Segetoside F CorH104032 Ri=CHy ReH ReH Inhibition of luteal Sang et al., 2000d
cell
Segetoside G Croth10032 Ry=CH,CH,CH,CH; Ry=H Ry=H Unknown Sang et al., 2000a
Segetoside H CesH104023 RisH  R=hc  RyH Unknown Sang et al., 2000a
Segetoside | CesH104034 R Rhc  RyOH Anti-tumor activity; Sang et al., 2000b
Activation of
apoptotic
Segetoside K Cs4HssOz6 Unknown Sang et al., 2000a
Segetoside L CeoHosOzs Unknown Minfiangzou and
Ainalzo, 1999
<oon
G216 07 Y7
ReGIC(1 66" B
Vaccarosides
Vaccaroside Common
(A-C) structure
Vaccaroside A CseHesO25 R=H  R=H Unknown Sang et al., 1999
Vaccaroside B CeoHosOz9 Ho CHs Unknown Ma et al., 2008
R=H R= \H/W
o OH O
Vaccaroside C CssHasOzs Ri=glc  R2=H Unknown Koike et al., 1998
Vaccaroside D CsaHgsOzs Unknown Koike et al., 1998
Vaccaroside Common
(E-H) structure
R, Ry s
Vaccaroside E CesHi0203 o o Unknown Jaetal., 1998
Vaccaroside F CesHic202 o b Unknown Jiaetal, 1998
Vaccaroside G CosH102032 - fa Unknown Jiaetal, 1998
Vaccaroside H CesH102032 Unknown Jiaetal., 1998
Vaccaroside | CriH112037 Unknown Ma et al., 2008
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Cyclic peptide Formulae Pharmacological activities References
Segetalins A C1HasN7Os Vasorelaxant activity; Estrogen-like activity Morita et al., 2006
Segetalins B CaaHz2NeOs Estrogen-ike activity Morita et al., 1997b
Segetalins C CaoHsiNgO7 Antimicrobial activity Dahiya and Kaur,
2008

Segetalins D CarHaoN7Og Estrogen-like activity Morita et al., 1997a
Segetalins £ CuaHsoNgOs Unknown Sang et al., 2000d
Segetalins F GaaHeoN10O1a Vasorelaxant activity Morita et al., 2006

ET————
Segetalins G CasHzsNeOs g:" Estrogen-like activity; Diastolic activity Yun et al., 1997

W\‘\-?"' 9' <
X
bay

p——

Segetalins H CagHasNsOs Estrogen-iike activity; Vasodilatory activity Yun et al., 1997

o 8{:

il :g&;;

eyeholAn-PheSerGly-Tyr)
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Anti-angiogenesis and
anticancer

Anti-angiogenesis and
Anticancer

Anticancer

Anti-angiogenesis

Anticancer by
promoting apoptosis of
cancer cells

Model used

Invivo. Mice, injection
of Lewis lung cancer
cells

Invitro. MTT assay

Invivo. CAM assay;
Invivo. Mice, injection
of Matrigels.

Invivo. Mice,
subcutaneous injection
of H22 cells for solid
carcinoma model

Invitro. Cancer cell line
(A549, MCF-7, PC-3,
LNCaP)

Normal human
mammary epithelial
cells (HMECs);
Antiprolferative assay
Invivo. Mice, injection
of Matrigels.

Invitro. MTT
assay/DNA
fragmentation; In vivo.
Mice, HepG2 xenograft
Kunming

Plant part used Extract type

Seeds, Vaccaria Seeds, decocted twice,

segetalis filtered, decompressed and
condensed into concretes,
and freeze-dried to powder

Seeds, Vaccaria Seeds, decocted twice,
segetalis filtered, decompressed and
condensed into concretes,
and freeze-dried to powder

Seeds, Vaccaria Seeds, decocted twice,

segetalis filtered, decompressed and
condensed into concretes,
and freeze-dried to powder

Seeds, Vaccaria Vaccaria segetalis 70%
segetalis ethanol extract, purified by
D-101 resin column.

Seeds, Vaccaria Vaccaria segefalis water
segetalis extract

Seeds, Vaccaria Seeds, decocted twice,

segetalis filtered, decompressed and
condensed into concretes,
and freeze-dried to powder

Seeds, Vaccaria Segetoside |, standardized

segetalis by crude ethanol extract,
CH2CI2/MeOH mixture,
MeOH-H20 (RP-8 and
RP-18 columns) gradient
elution

Admin Dosage/duration

Per oral Mice were fed with the
solution (100 pg/mL)
prepared with dry
powder after the fourth

day of inoculation

Invitro Different
concentrations (ug/mi)

Injection;  Prepare the extract as

Matrigels (100 ug / ml) and treat

mixed drugs  with 10 L; 100 bl
100 pg/ml Vaccaria
segetalis extract

Intragastric  Treatment group (1,
administrate 2.5, and 5 mg/kg)

In vitro. Different concentration

(kg/mi)

Matigels ~ 0.1g extract
mixed drugs
Invitro; Diferent concentration

Intraperitoneal of segetoside I;
injection  Segetoside | (1.25, 2.5,
5 mg/kg)

Control

Baseline
control/Negative
control

Negative control

Negative control;
Baseline
control/Positive
control/negative
control

Negative
control/three
treatment groups

Treatment groups.

Negative
control/Positive
control

Negative
control/Positive
control

Results

Vaccaria segetalis extract (40 pg) reduced
tumors by 58.3%, reduced CD31
expression in peripheral endothelial cells,
and reduced the microvessel density in
surrounding tissues.

It indicated that the extract prevented
progress of estabiished tumors and
reduced angiogenesis

1Cs0 = 50pg/mL

Vaccaria segetalis extract inhibited the
migration of HMECs in a dose-dependent
manner. It suggested that the extract can
inhibit the migration of vascular
endothelial cells

The new blood vessel formation in the
extract group was significantly reduced
The extract significantly reduced the
number of invasive endothelial cells in the
Matrigel plug and inhibited

microvessel formation

The resuts suggested that mouse body
weight increased, CD31 expression in
tumor vessels decreased, and the
apoptosis in tumor cells and vascular
endothelial cells was induced. It implied
that the use of Vaccaria segetalis
improved the health of mice, and had the
effect of inhibiting tumor growth and
anti-angiogenesis

The result suggested that Vaccaria
‘segetalis had anticancer effects in vitro
and these effects are markedly greater in
various cancer cells

This experiment indicated that Vaccaria
segetalis water extract can inhibit
proliferation of cancer cell lines
Reduction of endothelial cells and
decrease of the formation of abundant
microvessels induced by basic fibroblast
growth factor (oFGF)

1Cso = 8.62 1M; Dose-dependent DNA
fragmentation and increase Bax/Bcl-2
expressions by Segetoside | (0.82, 8.2,
82 uM); Dose-dependent inhibition of
tumor growth with segetoside |
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