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Bacterial keratitis (BK) is an acute infection of the cornea, accompanied by uneven epithelium boundaries with stromal ulceration, potentially resulting in vision loss. Topical antibiotic is the regular treatment for BK. However, the incidence rate of multidrug-resistant bacteria limits the application of traditional antibiotics. Therefore, a cationic aggregation-induced emission luminogens (AIEgens) named TTVP is utilized for the treatment of BK. TTVP showed no obvious cytotoxicity in maintaining the normal cell morphology and viability under a limited concentration, and revealed the ability to selectively combine with bacteria in normal ocular environment. After light irradiation, TTVP produced reactive oxygen species (ROS), thus exerting efficient antibacterial ability in vitro. What’s more, in rat models of Staphylococcus aureus (S. aureus) infection, the therapeutic intervention of TTVP lessens the degree of corneal opacity and inflammatory infiltration, limiting the spread of inflammation. Besides, TTVP manifested superior antibacterial efficacy than levofloxacin in acute BK, endowing its better vision salvage ability than conventional method. This research demonstrates the efficacy and advantages of TTVP as a photodynamic drug in the treatment of BK and represents its promise in clinical application of ocular infections.
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1 INTRODUCTION
Bacterial keratitis (BK) is the sixth leading cause of global vision loss, accounting for 3.2% of the 36 × 106 cases in both developing and developed countries, which may be associated with trauma, contact lens wear, ocular surgery, or deficiency of corneal sensation (Davis et al., 2020; Khan et al., 2020; Blindness, 2021). BK is characterized by epithelial defect with corneal stromal inflammation and ulceration. As the progression of BK or without timely and appropriate treatment, corneal abscess, stromal lysis and corneal perforation may lead to severe visual loss ultimately (Han et al., 2020; Tuft et al., 2022). Among bacterial pathogens, Staphylococcus aureus (S.aureus) is the predominant pathogen inducing keratitis since it is a common inhabitant on ocular surface (Silva et al., 2019; Zhang et al., 2019). The cornea of rats infected by S. aureus was therefore widely utilized to perform the experimental keratitis research (Zhang et al., 2021; Zhang et al., 2022b). At present, BK is commonly administrated with topical eye drops of broad-spectrum antibiotics such as levofloxacin (LVFX), ciprofloxacin and moxifloxacin (Li et al., 2020a). The overuse and misuse of antibiotics are the most important determinant for the occurrence of antibiotics resistance, even with super bacteria occurred (Zhou et al., 2020). In BK, the prognosis of the disease is severely affected by an increasing resistant trend towards widely used empirical antibiotics, such as combinations of cephalosporin or glycopeptide and aminoglycoside (Ung et al., 2019). Besides, norfloxacin was reported to mediate apoptosis by injuring mitochondrial transmembrane and activating death proteins, and eventually leading to necroptosis through RIPK1-RIPK3-MLKL pathway (Yang et al., 2020). In this regard, there is still an urgent need to explore new targets with low incidence of drug-resistance. Therefore, the development of alternative effective antibacterial strategy is urgently needed, which favors the reduction of emergency of the resistance of bacteria.
In response to such a severe situation of drug resistance, sterilization material based on light-to-heat conversion, photocatalysis, chemocatalysis and biological extraction were performed (Huo et al., 2021; Wang et al., 2022). Among them, photodynamic therapy (PDT) utilized reactive oxygen species (ROS) generation from photosensitizers (PSs) activated with light irradiation, which has been regarded as a vital strategy to deal with drug-resistant bacterial infections under the background of post-antibiotic era (Chen et al., 2019; Qi et al., 2019; Liu et al., 2021; Zhou et al., 2021). The generation of abundant ROS could destroy bacterial cell membrane, inducing necrosis and apoptosis of bacteria (Idris et al., 2012; Han et al., 2016). Several studies have reported that PDT performed excellent anti-bacterial ability in the treatment of periodontitis (Li et al., 2021b), diabetic wound healing (Huang et al., 2021), malignant tumor (Cheng et al., 2020), immunomodulatory effects (Ayaz et al., 2020), rheumatoid arthritis (Lu et al., 2018) and bacterial ocular infection (Peng et al., 2021; Li et al., 2022). Encouragingly, PDT has advantage of excellent light transmission property, which is appropriate in the application of ocular infectious therapy (Fan et al., 2021). Thus, PDT with good antibacterial ability and biocompatibility showed a promising potential in the treatment of ocular infectious diseases. However, traditional PSs suffer from fluorescence quenching under irradiation, and generate low ROS due to π-π stacking in the aggregate state, which severely hindered their development of practical application (Liu et al., 2013; Jiang et al., 2018).
Recently, luminogens with aggregation-induced emission (AIEgens) features showed broad application prospects for theranostic applications as PSs (Hu et al., 2018; Kang et al., 2019; Dai et al., 2020; Abrahamse et al., 2022). A delightful phenomenon could be observed that AIEgens exhibited excellent fluorescence and effective ROS creation during aggregation state while showing poor emission in the monomer state, which was resulting from the restriction of intramolecular motions (RIMs) (Mei et al., 2015; Wang et al., 2018a). AIEgens performed promising characteristics of high-efficiency of ROS production, low-toxicity and high-specificity targets (Li et al., 2020b). In addition, AIEgens have been broadly applied in fluorescent bioimaging due to splendid emission efficiency and large stokes shift (Yu et al., 2017). AIEgens have been reported to possess excellent biological applications, including granulomas tracking and targeted theranostics for tuberculosis (Liao et al., 2020), specific bacterial clearance and tumor elimination (Li et al., 2020b), and accelerated reduction of refractory internalized bacteria such as methicillin-resistant Staphylococcus aureus (MRSA) (Ni et al., 2020; Li et al., 2021a). Also, Hu et al. reported that M1-DPAN showed specific AIE ability, along with outstanding photostability and biosecurity, which take advantage of visualizing the occurrence of bacterial infection. Besides, it has been reported that AIEgens could selectively identify and aim at bacteria because of cationic charge and appropriate hydrophobicity, and exhibited vision defense via activating early intraocular immune response for bacterial endophthalmitis (Li et al., 2022). Such selective discrimination was attributed to the differences in membrane potential between bacteria and mammals (Yuan et al., 2014). Inspired by the previous studies, the design of cationic AIEgens, which performed selectively elimination of bacteria over normal cells is feasible.
In this study, we designed and synthesized a cationic AIEgens named TTVP, possessing the ability of identification and photodynamic antibacterial of Gram-positive bacteria (Lee et al., 2020), for the therapeutic schedule of bacterial keratitis. For the predominant position of S. aureus in pathogen of keratitis, we work on S. aureus to evaluate the killing efficiency of TTVP both in vitro and in vivo (Scheme 1). First of all, TTVP exhibited no obvious cytotoxicity in maintaining the normal cell morphology and viability under a limited concentration, and selectively combined with bacteria rather than normal ocular cells, which confirmed its biosafety in our following research. Under white light irradiation, TTVP generated abundant ROS production, leading to the death of S. aureus. The excellent killing efficiency of TTVP to S. aureus was further assessed via in vitro antibacterial activity studies. Furthermore, TTVP was applied to treat S. aureus-induced keratitis on a rat model, and excitingly, the infection recovery treated with TTVP was faster than that with LVFX in vivo. Attracted by these results, the outstanding treatment efficiency and good biosafety make TTVP promising for the clinical treatment of bacterial keratitis.
[image: Scheme 1]SCHEME 1 | Schematic illustration of AIEgen TTVP for efficient photodynamic antibacterial therapy of BK.
2 EXPERIMENTAL SECTION
2.1 Materials and reagents
TTVP was synthesized in compling with the literature mentioned (Wang et al., 2018b). Other chemicals and reagents were bought from J&K Scientific and Sigma-Aldrich. DMEM/F12 cell medium, penicillin, streptomycin and fetal bovine serum (FBS) were obtained from HyClone (United States). Yeasen (Shanghai, China) provided cell counting kit (CCK)-8. S. aureus was acquired from China General Microbiological Culture Collection Center. SD rats were purchased from Beijing Vital River Laboratory Animal Technology Co., Ltd. (Beijing, China).
2.2 Characterization
Mother solution (5 mM) of TTVP was obtained through dimethyl sulfoxide (DMSO) initially, and then mixed with PBS to certain concentration. The aqueous dispersibility of TTVP in water, PBS and DMEM at the concentration of 5 μM was displayed excellently (Supplementary Figure S1). Ultraviolet-visible (UV-Vis) absorption and fluorescence (FL) spectra were measured by the Perkin Elmer Lambda 25 spectrophotometer and fluorescence spectrometry (Agilent Cary Eclipse), respectively.
2.3 Preparation of bacterial solution
A single S. aureus colony on solid agar plate was added to 10 ml liquid Luria broth (LB) culture medium. After incubation at 37°C overnight at 220 rpm, the bacteria were gathered by centrifugation (9,000 rpm, 3 min) and washed twice. After being resuspended with sterile normal saline, the concentrations were measured at 600 nm (1.0 OD = 108 CFU ml−1). Finally, the S. aureus suspensions were diluted with PBS for further use.
2.4 In vitro antibacterial analysis
A standard plate counting method was carried out to evaluate sterilization effect of TTVP in vitro at concentrations of 0, 0.02, 0.05, 0.1 and 0.2 μM. The mixture was exposed to white light lamp for certain min (5, 10, 15 and 30 min), while the control group was exposed in dark. The treated bacterial suspension was diluted (1:5000) and incubated on the agar plate at 37°C for 24 h, followed by quantification and photo taking.
2.5 Assay for reactive oxygen species
ROS accumulation of TTVP was assessed According to a given standard protocol. The mixture of TTVP (0.1 μM) and DCFH-DA was incubated under a white light lamp (20 mW/cm2 power) for 15 min. The fluorescence intensity was recorded via a microplate reader before irradiation and every 1 min interval for 16 times (λex = 480 nm, λem = 525 nm). Meanwhile, OD values of DCFH-DA solution and PBS were recorded as control.
2.6 Zeta potential measurement
S. aureus was collected and resuspended with PBS, followed by incubating with different concentrations of TTVP (0, 0.02, 0.05, 0.1 and 0.2 μM) for 15 min. Then Zeta potential was measured via a Malvern Zetasizer.
2.7 Co-culture of bacteria and cells
S. aureus was co-cultured with human corneal epithelial cells (HCECs) to test the selective affinity of TTVP against bacteria. S. aureus suspension was added to pre-cultured adherent HCECs, along with different concentrations (0, 0.02, 0.05, 0.1 μM) of TTVP for 15 min. The slides were sealed and photographed using a fluorescence microscope.
2.8 In vitro cytotoxicity
The possible cytotoxicity of TTVP is a crucial issue to be examined before application. In general, cell viability, cell morphology and live/dead staining were performed to evaluate the biosafety of TTVP in vitro. In order to explore the biosafety of TTVP in keratopathy, research based on normal cells of ocular surface was necessary. Hence, HCECs were selected to evaluate the toxicity of TTVP.
Adherent HCECs were cultured in 96-well plates, being divided into irradiation group (20 mW/cm2, group a) and dark group (group b). After co-cultured with TTVP (0–1.0 μM) for 15 min, HCECs were placed in light or dark environment during the following 15 min. HCECs were continued culturing in the incubator for 24 h after removal of TTVP. Also, the cells were incubated for 24 h at the same concentration of TTVP in dark (group c) to detect the intrinsic cytotoxicity. Afterward, CCK-8 reagent was incubated for 2 h to obtain the fluorescence intensity at 450 nm. In addition, the cellular morphology of HCECs after incubation for 24 h was also recorded via optical microscopy.
For the live/dead staining analysis, HCECs were intervened with TTVP (0, 0.05, 0.1, 0.2 μM) for 24 h. Live and dead cells were labeled with calcein AM and PI, which excited green and red fluorescence under microscope, respectively.
2.9 Hemolysis assay
The hemocompatibility of TTVP was detected through hemolysis assay. Saline was added to the whole blood to wash several times until the supernatant was colorless. After diluting with saline to 2% red cell suspension, different TTVP concentrations (0, 0.02, 0.05, 0.1, and 0.2 μM) were added to the above red cell suspension, and heated at 37°C for 1 h. After centrifugation (3,000 rpm, 5 min), the images were captured and the ratio of hemolysis was calculated by the absorbance of supernatants at 540 nm recorded by a microplate reader. The erythrocytes treated with distilled water were regarded as positive control.
2.10 Animal experiments of antibacterial test
2.10.1 In vivo antibacterial test on infected keratitis
The animal procedures involved were in accordance with the Association for Research in Vision and Ophthalmology Statement of Shanghai Tenth People’s Hospital. Six weeks of SD male rats were used to simulate the occurrence of BK as previously described with minor adjustments (Josyula et al., 2021). After general anesthetization by chloraldurate, 0.5% proparacaine hydrochloride ophthalmic solution was performed for local anesthesia. Prior to any operation, the images of rat corneas were captured. The operative eye was then scratched using a blade, and then S. aureus suspension (50 μl, 1 × 108 CFU/ml) was placed over the ocular surface.
After being inoculated for 24 h, the rats were classified into four groups: 1) S. aureus-infected eyes treated by PBS, 2) S. aureus-infected eyes treated by TTVP under dark condition, 3) S. aureus-infected eyes treated by TTVP with light irradiation (20 mW/cm2 power, 15 min), and 4) S. aureus-infected eyes treated by LVFX. Photographs of the ocular surface were captured before treatment, as well as 1, 3 and 7 days after intervention to observe the infection and inflammation. The clinical inflammatory scores were calculated to qualify the severity. Seven days after treatment, eyeballs were fixed for H&E staining, Masson staining and immunohistochemistry staining analysis, or homogenized for spread plate assay.
2.10.2 Clinical inflammatory scores
Clinical inflammatory scores of anterior segments, including size of corneal opacity area (grades 1–4, less than 25% to more than 75%), opacity density of cornea (grades 1–4, slightly misty to dense opacity) and hypopyon (grades 1 and 2, paracentral cornea involved or not) were performed to evaluate the severity of BK as previously reported (Zhang et al., 2019). Thus, the score of normal cornea was 0, while that of different groups was between 0 and 10.
2.10.3 Spread plate test
The isolated corneas were homogenized in 0.5 ml of sterile PBS, diluted and cultured on agar plates for 24 h, followed by quantification and photo taking.
2.10.4 HE, Masson and immunohistochemistry staining analysis
Eyeballs were fixed 7 days after infection for H&E and Masson staining to describe the bacterial histopathological reaction. Meanwhile, tumor necrosis factor-α (TNF-α) is the common primary inflammatory protein. Immunohistochemical staining of TNF-α was performed to display the inflammation at the site of the infected corneal lesions at 7 d follow-up. All photos were collected under the optical microscope.
2.11 In vivo biosafety
2.11.1 Organ structure
At the end time points, the rats were sacrificed to harvest the heart, spleen, kidney, liver and lung for histopathology in vivo. After being fixed overnight, the tissues were embedded, sectioned, and stained with H&E, following standardized protocol. Neutral gum was applied to immobilize the sections, then the slides were imaged under an optical microscope.
2.11.2 Serological assay
Whole blood of rats was reversed and centrifuged to obtain serum. Functions were measured according to the instructions. Liver and kidney functions including alanine aminotransferase (ALT) and aspartate aminotransferase (AST) and creatinine (CRE) were measured. Total cholesterol (T-CHO) and triglyceride (TG) reflected blood lipids, while potassium (K+), calcium (Ca2+), and chlorine (Cl-) represented electrolytic levels.
2.12 Statistical analysis
SPSS 23.0 software and GraphPad Prism 5 were utilized for statistical analyses. ImageJ version 1.48 was used for quantification of bacterial colonies. One-way ANOVA was carried out between multiple groups. p < 0.05 were identified as statistically significant.
3 RESULTS AND DISCUSSIONS
3.1 Optical property
The synthesis and purification of TTVP were under the guidance to the previous study (Wang et al., 2018b). As represented in Figure 1, UV—Vis and FL spectra were performed to verifythe optical characteristics of TTVP. After incubating TTVP in S. aureus for 15 min, red fluorescence was obviously visible under 365 nm UV irradiation, indicating that TTVP had a remarkable bioimaging effect on S. aureus (Figure 1A). Afterward, as shown in Figure 1B, TTVP solutions alone photoexcited by 489 nm showed no obvious difference in FL intensity under different concentrations. After a mixture with S. aureus at room temperature for 15 min, FL intensity showed the emission maximum wavelength at around 620 nm under concentration-dependent manner. The phenomenon might be due to the change of TTVP aggregation states of TTVP in response to S. aureus. TTVP has a strong affinity for S. aureus and may become a valuable visualization reagent for bacterial research.
[image: Figure 1]FIGURE 1 | (A) The picture of S. aureus incubated with TTVP at different concentrations for 15 min under 365 nm UV light. (B) FL spectra of TTVP with or without incubation with S. aureus for 15 min (Excitation wavelength = 489 nm). The insert was the photograph of TTVP solution (5 mM) dissolved in DMSO.
3.2 In vitro antibacterial test
The antibacterial property in vitro was tested through traditional spread plate method, and the bacteriostasis was evaluated intuitively by comparing the number of viable bacteria (Zhang et al., 2022a). The bacterial growth in the plate was recorded and the antimicrobial rate of TTVP was calculated. First of all, as shown in Figure 2A, TTVP exerted negligible toxicity without light irradiation process after various concentrations of TTVP intervened. Next, the S. aureus incubated with TTVP was irradiated in an intensity of 40 mW/cm2 for 15 min, showing good bactericidal ability at the concentration of 0.02 μM. In order to optimize the illuminance, we halved the light intensity of 20 mW/cm2 and performed at different durations including 5, 10, 15 and 30 min. As shown in Figure 2A, the antibacterial effect of TTVP exhibited a dose-dependency feature, and enhanced gradually along with the increased concentrations ranging from 0 to 0.2 μM. Amazingly, S. aureus was killed effectively with irradiation (20 mW/cm2) for 15 min, along with 0.1 μM TTVP co-cultured (Figure 2B). In order to better bactericidal effect, this intervention method was applied for further experiments.
[image: Figure 2]FIGURE 2 | (A) Representative photographs of S. aureus treated by TTVP at different concentrations and irradiation conditions. (B) The surviving colony count of S. aureus treated by TTVP in light condition (20 mW/cm2) for 15 min. (C,D) Cell viability and Live/dead staining images of HCECs treated with TTVP, (a) with light after incubation with TTVP for 15 min and (b) without light after incubation with TTVP for 15 min (c) treated by TTVP for 24 h without light (scale bar: 100 μm). *for comparison among different concentrations of TTVP (0.02, 0.05, 0.1, 0.2, 0.5 and 1 μM) versus TTVP (0 μM) in light and dark conditions. *p < 0.05, **p < 0.01, ***p < 0.001 and ****p < 0.0001.
3.3 Antibacterial mechanisms of TTVP
Under light irradiation (20 mW/cm2), we further explored the mechanisms of TTVP killing S. aureus by measuring the ROS generation ability within 15 min. As shown in Figure 3, Supplementary Figure S2, abundant ROS was generated by TTVP at the concentration of 0.1 μM under white light irradiation, which demonstrated that AIEgens could generate efficient ROS in an aggregation state. The possible mechanism was the block of energy consumption by the way of non-radiative channels and aggregation-induced intersystem crossing (AI-ISC), inducing the transfer of facilitated energy state between singlet (S1) and triplet (T1) (Xu et al., 2015b; Yang et al., 2016). What’s more, our previous research has shown a terrific generation of singlet oxygen in the aggregation state, inducing the antibacterial ability of TTVP (Lee et al., 2020). Thus, TTVP was expected to be a meaningful photosensitizer for PDT evolvement.
[image: Figure 3]FIGURE 3 | ROS generation of TTVP at 0.1 μM under light irradiation (20 mW/cm2) for 15 min.
3.4 Imaging of HCECs cells and S. aureus mixure
The zeta potential value of pure S. aureus was −25.31 ± 0.54 mV, while the values were increased to −21.76 ± 1.04, −21.06 ± 1.13, −20.71 ± 0.90 mV, and −18.99 ± 1.50 mV after incubated with TTVP (0.02, 0.05, 0.1 and 0.2 μM), which verified the affinity of TTVP to S. aureus (Supplementary Figure S3). The co-culture method of HCECs and S. aureus was further employed to verify the selective killing ability of TTVP. As shown in Supplementary Figure S4, in a co-culture system of HCECs and S. aureus, red fluorescence was observed in S. aureus (area circled) and extremely weak in HCECs. TTVP could bind S. aureus specifically under certain concentrations for the surface charge discrepancy. Such a high selectivity reduced the damage on the normal corneal cells, thus implying promising application in BK treatment.
3.5 Biocompatibility evaluation
The biocompatibility of AIEgens should be taken into serious consideration prior to biological application. Since TTVP was administrated on the cornea, HCECs were performed to evaluate the biosafety. In Figure 2C, no significant difference was observed in cell viability of HCECs incubated with TTVP at concentrations under 0.1 μM in dark and light condition. Meanwhile, the cellular morphology and density were observed visually by optical microscope. In Supplementary Figure S5, no obvious cell morphology change and density decrease were observed after TTVP incubation. What’s more, live/dead staining of HCECs was performed to evaluate the cytotoxicity of TTVP. As shown in Figure 2D, the results showed no meaningful differences between live and dead fluorescence after being treated with TTVP (0–0.2 μM) under dark or light condition (20 mW/cm2, 15 min), indicating low cytotoxicity of TTVP. In general, a hemolysis ratio no more than 10% was considered safe and acceptable for biological application (Xu et al., 2015a). It was found that the hemolysis rates were less than 1% after TTVP was added to blood, and calculated to be 0.27% ± 0.001% at the concentration of 0.2 μM (Supplementary Figure S6). Therefore, TTVP in our study was expected to be a promising option in vitro for further application.
3.6 In vivo treatment of BK
3.6.1 Clinical observation
Encouraged by the high antibacterial activity, we employed TTVP to treat severe BK, which is prone to relapse and often leads to refractory ocular damage and blindness. Based on the promising antibacterial efficacy and reliable security of TTVP, we established an experimental keratitis rat model to investigate whether TTVP could be applied for bacterial keratitis treatment. As shown in Figure 4A, after inoculation for 24 h, all rats appeared conjunctival congestion, corneal opacity and decreased corneal transparency to the same extent. Then, after different treatments, obvious differences in ocular manifestation were observed in these groups. In the PBS and TTVP under dark condition groups, the infection worsened severely over time. Three days after infection, the rat cornea exhibited prominent clinical manifestations of edema and muddiness at the damaged lesions. On the contrary, in TTVP with light group (20 mW/cm2 power, 15 min) and LVFX group, the severity of infection was well-controlled, while the TTVP under light condition exhibited better antibacterial efficacy. At day 7, the groups treated with PBS and TTVP without light irradiation showed severe bacterial infection, displaying a more pyknotic corneal opacity. Amazingly, the eye symptoms were alleviated and the transparency of the ocular surface was enhanced in the TTVP with light irradiation group, which was superior to the LVFX groups.
[image: Figure 4]FIGURE 4 | (A) Representative photographs of rat eyes before and at 1, 3 and 7 days after treatment. (B) The bacterial cultures on agar plates from the corresponding cornea. (C) Clinical score of rat eyes after different treatments; (D) the number of surviving S. aureus in corneas after different treatments at 7 days. # for group PBS versus group Normal, *for group TTVP + Dark, TTVP + Light, LVFX versus group PBS, *p or #p < 0.05, **p or ##p < 0.01, ***p or ###p < 0.001, ****p or ####p < 0.0001, and NS for not significant.
In Figure 4C, the groups treated by TTVP with light irradiation showed significantly lower clinical scores than dark or PBS groups. This demonstrates that light activation of TTVP could effectively reduce the degree of infection, which was consistent with the photographs of rats’ corneas. The strengthened antibacterial ability may be attributed to the ROS potency after light irradiation.
In addition, the corneal tissues were isolated from each group, and then homogenized and distributed on the spread plate to quantitatively evaluate the surviving bacterial colonies. The plates displayed nearly no colony formation in TTVP with light irradiation group, which showed better therapeutic effects than LVFX, further indicating the remarkable therapeutic efficacy of TTVP against BK (Figures 4B, D). Due to the incidence of bacteria resistance after antibiotics application, the sterilization process of TTVP under light condition showed great potential for the treatment of S. aureus-infected keratitis.
3.6.2 Histopathological analysis
Figure 5 displayed photomicrographs of corneal tissue sections stained with H&E, Masson and immunohistochemistry staining of different groups. The normal cornea is composed of five layers, with continuous corneal epithelium and endothelial layer, as well as stromal connective tissue layer with no inflammatory-cell infiltration (Bharti and Kesavan, 2017). Masson staining is used to display the fibers in the tissue and visualize the structure of collagen in the stromal tissue (Meng et al., 2019). However, in PBS and TTVP without light irradiation groups, the epithelial layer was dense and stratified, the stromal layer was apparent edema and massive inflammatory infiltration, and the endothelial layer was focally dense. In comparison with these two groups, TTVP under light irradiation group revealed less severity of corneal edema and reduced inflammatory cell infiltration, which could be attributed to rapid sterilization via ROS generation to alleviate inflammatory response. And the groups treated with LVFX showed less antibacterial ability than TTVP with light irradiation. Next, immunohistochemistry staining of TNF-α was performed to assess the therapeutic efficacy, which was a vital index to evaluate the Inflammation levels. The results showed that the cornea treated with TTVP under light condition exhibited a significant reduction in inflammation levels. All the histopathological results were consistent with the ocular manifestations.
[image: Figure 5]FIGURE 5 | (A) H&E staining (scale bar: 100 μm), (B) Masson staining (scale bar: 25 μm), and (C) Immunohistochemistry staining of TNF-α (scale bar: 100 μm) of cornea in different groups.
3.7 In vivo biosafety
In order to assess the biosafety of TTVP in vivo, H&E staining was conducted on heart, liver, spleen, lung and kidney to detect the structural damage, while several biochemical indexes were applied to test the major functions of organs. H&E staining and biochemical indexes are extensively used to visually appraise the structural and functional change respectively (Abdelhalim et al., 2018; Zhang et al., 2018; Nguyen et al., 2019). As shown in Figure 6, no histomorphological changes were revealed in main organs in vivo, which proved the safety of TTVP in organ structure. Meanwhile, no obvious discrepancy was shown in the content of AST, ALT, TG, T-CHO, CRE, K+, Ca2+ and Cl− among all groups, which indicated excellent liver and renal functions, lipid levels, and electrolyte stabilization in this study (Figure 7). TTVP was thus expected to be a promising option in vivo for BK application.
[image: Figure 6]FIGURE 6 | H&E staining of main visceral organs at 7 days post treatment (heart, liver, spleen, lung and kidney, scale bar: 100 μm).
[image: Figure 7]FIGURE 7 | Blood biochemistry examination analysis of rats after different treatments. (A) AST (B) ALT (C) TG (D) T-CHO (E) CRE (F) K+ (G) Ca2+ (H) Cl−. Group Normal (1), Group PBS (2), Group TTVP + Dark (3), Group TTVP + Light (4) and Group LVFX (5) (NS, not significant).
4 CONCLUSION
To sum up, a TTVP-mediated and ROS-induced PDT therapy was estimable in bactericidal research of BK. TTVP displayed low toxicity and excellent biocompatibility, ensuring further biological applications. TTVP could selectively combine with S. aureus over corneal cells. TTVP possessed excellent ROS release capacity, and showed specific antibacterial function without apparent cytotoxicity. TTVP exhibited vital status of photodynamic antibacterial therapy over BK injury. Our findings demonstrated that TTVP showed promising possibility as antimicrobials, which may take advantage of clinical application of BK treatment. This work will stimulate extensive application of TTVP as a novel therapy against BK infection.
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A new type of chirality, orientational chirality, consisting of a tetrahedron center and a remotely anchored blocker, has been discovered. The key structural element of this chirality is characterized by multiple orientations directed by a through-space functional group. The multi-step synthesis of orientational chiral targets was conducted by taking advantage of asymmetric nucleophilic addition, Suzuki-Miyaura cross-coupling and Sonogashira coupling. An unprecedented catalytic species showing a five-membered ring consisting of C (sp2)-Br-Pd-C (sp2) bonds was isolated during performing Suzuki-Miyaura cross-coupling. X-ray diffraction analysis confirmed the species structure and absolute configuration of chiral orientation products. Based on X-ray structures, a model was proposed for the new chirality phenomenon to differentiate the present molecular framework from previous others. DFT computational study presented the relative stability of individual orientatiomers. This discovery would be anticipated to result in a new stereochemistry branch and to have a broad impact on chemical, biomedical, and material sciences in the future.
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1 INTRODUCTION
Chirality and its control have been among the most active topics in science, technology, and public society for over a century (Wang et al., 1983; Dunitz, 2001; Ojima, 2010; Taniguchi et al., 2011; Bao et al., 2020; Bryliakov, 2020; Zhang and Kürti, 2021). Chirality widely exists in functional biomolecules, such as peptides/proteins, DNA/RNA, and carbohydrates, and has been heavily involved in biological mechanisms in human beings, animals, and plants on the Earth (Wagner and Musso, 1983; Pace and Scholtz, 1998; Williams and Perlmutter, 2013). It has been becoming increasingly important since a large number of modern drugs and their building blocks exhibit chirality in their structures and subunits. The chirality of molecular medicine often governs medical treatments in regard to potency and selectivity of drugs in regard to reducing dosages and unwanted side effects (Lung et al., 1995; Hruby et al., 1997; Markwell, 2008; Rouh et al., 2022). In modern materials science, the control of chirality is necessitated so as to achieve challenging optoelectronic properties (Huang et al., 2018; Feng et al., 2019; Li et al., 2020; Zhao et al., 2020; Liu et al., 2021; Oki et al., 2021). It is worth noting that the progress of aforementioned fields should be greatly attributed to achievements made in asymmetric synthesis and catalysis (Dai et al., 2003; Zeng and Chemler, 2007; Cui et al., 2011; Zhou, 2011; Lorion et al., 2017; Song et al., 2017; Liao et al., 2018; Wang and Tan, 2018; Guo et al., 2019; Chen et al., 2020; Ge et al., 2020; Liu et al., 2020; Ma et al., 2020; Zhang et al., 2020; Huang et al., 2021; Wang et al., 2021; Zhao et al., 2021).
Chirality is commonly divided into the following categories: central (Zhao et al., 2021), axial (Wang and Tan, 2018; Zhang et al., 2020), spiral (Zhou, 2011), metallic (Dai et al., 2003) and organo (Wu et al., 2019; Liu Y. et al., 2020) sandwich-type, rigid helical (Shen and Chen, 2012; Shirakawa et al., 2016) and flexible folding (Wu, et al., 2019; Wu et al., 2020; Tang et al., 2022; Wang et al., 2022) multilayered chirality (Figure 1). Among these categories, C2 symmetry has been occupying a special position concerning chirality control, catalyst design and applications (Zhou, 2011; Zhao et al., 2021). Meanwhile, pseudo or quasi C2 symmetry has also become an interesting and important addition to chirality documents. For instance, organo sandwich chirality shows unique “S” and “Ƨ” (anti S) patterns of pseudo C2 symmetry (Tang et al., 2022b; Jin et al., 2022), and their chiral aggregates displayed various spectroscopic properties (Figure 2).
[image: Figure 1]FIGURE 1 | Targets of multilayer folding chirality.
[image: Figure 2]FIGURE 2 | Pseudo C2 symmetry in multilayer folding chirality (A) and (B).
Very recently, we reported a new chirality pattern stabilized by aromatic/aromatic interaction (w in Figure 3), as proven by X-ray diffraction analysis (Wu et al., 2021). Interestingly, the new target showed a new chiral subunit containing a pseudo chiral center (x in Figure 3) and orientational axis (y in Figure 3A). The pseudo chiral center on the phosphorus atom was directly connected to naphthalenyl ring and two Ph groups which are differentiated by internally paralleled packing. This pseudo phosphorous center would be extended to other similar centers of tetrahedron (e.g., C and Si) or polyhedron. The atropisomerism along the C-P axis would be made possible not only by Ar-Ar interaction, but also by the special arrangement of the layered phenyl ring on the bottom. Concurrently, Sparr and Jørgensen labs have successfully designed and achieved asymmetric catalytic approaches to stable atropisomers containing C (sp2)−C (sp3) σ bonds as axes [y in Figures 3B, C] (Wu X. et al., 2021; Bertuzzi et al., 2022). In fact, the tetrahedron-plane based rotamers had not become atropiosmers until when the aforementioned labs were involved in this research (Wu X. et al., 2021; Wu et al., 2021; Bertuzzi et al., 2022), this is due to the fact that rotational barriers around the tetrahedron-plane axis is not large enough.
[image: Figure 3]FIGURE 3 | Targets with pseudo chiral center (A) and orientational axis (A–C).
While continuing the project on multi-layer folding chirality, we found a new pattern of chirality–orientational chirality in which both the chiral center and stereochemical blocker are remotely anchored. The orientational chiral isomers have been stabilized and asymmetrically synthesized through structural analysis and design. Herein, we would like to report our preliminary results of this discovery.
2 DISCUSSION AND RESULTS
This project was initiated by our vision that chirally layered structures would lead to asymmetric control of synthetic reactions by taking advantage of through-space asymmetric induction. For instance, using a chirally attached para-carbon center on the right phenyl ring would generate stereospecific control for reactions on mesitylene subunit nearby. 8-(Mesitylethynyl)naphthalen-1-yl)phenyl-derived sulfonamide was thus generated in the formation of crystalline solids. We pleasingly found that two different rotamers co-exist in their crystals, as revealed by X-ray diffraction analysis (Figure 4). This observation would indicate the possibility of achieving individual atropisomers centered on sp3 carbon. It is worth noting that this atropisomerism is based on four independent flexible motifs on sp3 carbon, which made the present atropisomerism to be differentiated from previous systems containing cyclized rigid substituents centered on sp3 carbon (Wu X. et al., 2021; Bertuzzi et al., 2022).
[image: Figure 4]FIGURE 4 | Two differentiated orientantional isomers of (IA) and (IB).
This encouraging observation inspired us to conduct the structural analysis, design and synthesize derivatives of (IA) or (IB) to increase energy barriers to prevent individual isomers from rotating. To our pleasant, the stable orientatiomers were successfully achieved through structural design, as shown in Figure 5. The first crystals of IA showed the co-existence of two rotamers in a ratio of 1:1, in which n-butyl- and sulfinyl-amino groups are directed away from the shielding mestyl plane, respectively. This indicates that low energy barriers led to freely rotating along sp2-sp3 σ bond in solution prior to forming crystals. Rotational barriers heavily depend on the distance between two anchored levers/arms on 1,8-positions of naphthalene which is opened wider gradually toward the two ends on top of the structural framework. While the p-methyl group on the mesityl ring plays a crucial role in controlling rotation along sp2-sp3 σ bond, its 2,5-methyl groups widen the distance between two levers/arms (Figure 6); this is attributed to sp3 hybridization of methyl groups appearing as two round balls connected on two sides of aromatic ring symmetrically. For this reason, we utilized the p-methylphenyl group to replace its mesityl counterpart to avoid the steric effects by two symmetric round balls on the left arms/levers. (R)-2-Methyl-N-((R)-1-phenyl-1-(4-(8-(p-tolylethynyl)naphthalen-1-yl)phenyl)pentyl)propane-2-sulfinamide (IIA) was thus designed and synthesized to give crystalline solids. X-ray diffraction analysis of single crystals has proven the aforementioned hypothesis, i.e., removing the two methyl groups on mesityl ring did shorten the distance of Ph-to-Ph (phenyl rings’ center-to-center) from 4.939 Å to 4.661 Å, and sp3 chiral center to the left phenyl ring center from 5.124 Å to 5.095 Å, respectively (Figure 6). The shortened distance enabled the steric effect by tolyl blocker to be large enough leading to the formation of an atropisomer (IIA). In this atropisomer, the sulfinyl amino group is directed away from the p-tolyl plane of the left lever.
[image: Figure 5]FIGURE 5 | Stabilized individual orientantional isomers (IIA) and (IIIA).
[image: Figure 6]FIGURE 6 | Models and distances of orientational isomers (IA) and (IIA).
Next, we make efforts to replace 1-ethynyl-4-methylphenyl lever by using (R)-4-N-(1-phenylethyl)benzamide counterpart, which has been widely employed for multi-layer chirality investigation. Similarly, the stable atropisomer (IIIA) has been designed, synthesized, and analyzed by X-ray diffraction analysis. In this atropisomer, the sulfinyl amino group is also pushed away from the blocking group, (R)-4-N-(1-phenylethyl)amide on benzene ring of the left arm (Figure 5).
Lines were drawn and measured between two centers of phenyl rings on two arms/levers parallel to the line between 1,8-positions of naphthalenyl anchor. The distance from two ring centers of (IIIA) was measured to be 3.960 Å. Similar lines of (IA) and (IIA) were drawn for the comparing purpose, which is also nearly parallel to that between 1,8-positions of naphthalenyl ring. These two lines were measured to be 3.544 Å and 3.488 Å, respectively. Interestingly, the two levers/arms in (IIIA) are more widely opened than those in (IA) and (IIA), but chiral carbon’s free rotation cannot occur in (IIIA). This is due to the fact that (R)-4-N-(1-phenylethyl)amide is much bulkier than the methyl group, particularly, the phenyl ring on the amide group is directed toward the chiral center side. This phenyl ring could partially shield groups on sp3 carbon, making it even more difficult to rotate (Figure 7).
[image: Figure 7]FIGURE 7 | Comparison of distances of anchor centers.
3 ORIENTATIONAL CHIRALITY MODEL
The conformationally stable architectures containing axial C (sp2)− C (sp3) stereogenic axis was achieved via asymmetric catalytic [2 + 2 + 2] cyclotrimerization leading to forming one of six rotamers (Wu X. et al., 2021). The resulting axial C (sp2)−C (sp3) atropisomers have been proven by X-ray diffraction analysis to follow Felkin-Ahn-type model, i.e, one of the three groups on C (sp3) is arranged perpendicularly to C (sp2) plane (Figure 8A). There are six energy barriers existing during the rotating process. This multi-fold chirality is focused on the dialog relationship between two adjacent blocking C(sp2) and chiral C(sp3) scaffolds. However, in our chirality framework, there is no direct controlling force between chiral C (sp3) stereogenicity and blocking C (sp2) subunit.The remotely anchored aromatic ring is the only functional group that blocks rotation along C (sp2)− C (sp3) axis (Figure 8B). Therefore, the present orientational chirality is focused on the dialog relationship between C(sp3) center and a remotely anchored functional group. Since there is only a single interaction (the heavy black line in the model, Figure 8B) existing in each of the three atropisomers, there are three energy barriers instead of six in the previous atropisomerism to be expected.
[image: Figure 8]FIGURE 8 | Orientantion chirality models: previous I-III and present 1-3.
It should be pointed out that the nomenclature of previous molecular architectures follows the Cahn−Ingold−Prelog (CIP) rules (Tang et al., 2022b; Jin et al., 2022). However, finding a nomenclature rule for the present chirality framework seems difficult. The relationship among three atropisomers (I, II and III in Figure 8A) would not belong to the classical enantiomeric or diastereomeric isomerism. For comparison, a representative example is given in Figure 8B for three atropisomers, (1)–(3). In these cases, there exist three pairs of enantiomers and six pairs of diastereomers, which is very rare in stereochemistry.
Consequently, the stereochemical measurements for the atropisomers, (1), (2) and (3), would not fit the classical ee/er or de/dr descriptions. Therefore, new descriptions would be temporally suggested for measuring outcomes of asymmetric synthesis and catalysis for assembling these three chiral atropisomers, e.g, orientatiomeric selectivity of orientatiomeric excess (oe) and orientatiomeric ratios (or) would be utilized, respectively.
4 ASYMMETRIC SYNTHESIS
Asymmetric syntheses of atropisomers IIA are represented by assembling (R)-2-Methyl-N-((R)-1-phenyl-1-(4-(8-(p-tolylethynyl)naphthalen-1-yl)phenyl)pentyl)propane-2-sulfinamide ((R)-6a) (Scheme 1). The preparation of (R)-2-methyl-N-(1-phenylpentylidene)propane-2-sulfinamide ((R)-3a) was performed by dehydration of 1-phenylpentan-1-one (1a) with (R)-2-methylpropane-2-sulfinamide ((R)-2) by using Ti(OEt)4 in dry THF at 75°C to room temperature to give 93% yield (Zhang et al., 2019). 1,4-Dibromobenzene was converted into (4-bromophenyl)lithium precursor via the treatment with n-BuLi in THF at the same temperatures followed by reacting with (R,Z)-2-methyl-N-(1-phenylpentylidene)propane-2-sulfinamide ((R)-3a) to give (R)-N-((R)-1-(4-bromophenyl)-1-phenylpentyl)-2-methylpropane-2-sulfinamide ((R)-5a, 75% yield), which was then transformed into its BPin derivative ((R)-6a) by reacting with B2Pin2 in the presence of PdCl2(dppf) as the catalyst and KOAc as an additive in 1,4-dioxane to give a yield of 58%.
[image: Scheme 1]SCHEME 1 | Asymmetric synthesis of orientational chirality with different anchors.
1,8-Dibromonaphtalene was subjected to Sonogashira coupling reaction (Sonogashira, 2002) with 1-ethynyl-4-methylbenzene in the presence of PdCl2(PPh3)2 and Cu(I) iodide as co-catalysts in Et3N solution to afford 1-bromo-8-(p-tolylethynyl)naphthalene (8a) in 74% chemical yield. Suzuki-Miyaura cross-coupling (Miyaura and Suzuki, 1995) of 1-bromo-8-(p-tolylethynyl)naphthalene (8a) with (R)-2-methyl-N-((R)-1-phenyl-1-(4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl)pentyl)propane-2-sulfinamide ((R)-6a) resulted in the final product, (R)-2-methyl-N-((R)-1-phenyl-1-(4-(8-(p-tolylethynyl)naphthalen-1-yl)phenyl)pentyl)propane-2-sulfinamide (IIA) in a yield of 67%.
Atropisomers IIIA was assembled from three building blocks (Scheme 2): (R)-N-(1-phenylethyl)-4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)benzamide (12a), 1,8-dibromonaphtalene, and (S)-2-methyl-N-((S)-1-phenyl-1-(4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl)pentyl)propane-2-sulfinamide ((S)-6a). The synthesis of (S)-2-methyl-N-((S)-1-phenyl-1-(4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl)pentyl)propane-2-sulfinamide ((S)-6a) is similar to that described above for IIA. (R)-4-(8-Bromonaphthalen-1-yl)-N-(1-phenylethyl)benzamide (13a) was obtained by reacting (R)-N-(1-phenylethyl)-4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)benzamide (12a) with 1,8-dibromonaphtalene under the Suzuki-Miyaura cross-coupling condition (Miyaura and Suzuki, 1995). The precursor (12a) was generated by treating (R)-4-bromo-N-(1-phenylethyl)benzamide with B2Pin2 in the presence of PdCl2(dppf) as the catalyst and KOAc as an additive in 1,4-dioxane to give a yield of 54%.
[image: Scheme 2]SCHEME 2 | Asymmetric synthesis of orientational chirality with two aryl anchors.
According to the above procedures, the derivatives of IIA and IIIA were synthesized as the two pairs of IIB/IIC and IIIB/IIIC, respectively (Figure 9). Not only p-MeO substituent on benzene ring is anticipated to block the rotation along the C (chiral sp3)-C (sp3) bond as p-Me group does, but also the none-substituent benzene group (p-H) still can perform blocking as revealed by spectra analysis. For cases IIIB and IIIC in which n-butyl group in IIIA was replaced by propyl and isopropyl groups, respectively, showed stable rotamers as expected.
[image: Figure 9]FIGURE 9 | Targets of orientational chirality: (IIA-IIC) and (IIIA-IIIC).
During the Suzuki-Miyaura cross-coupling involving 1,8-dibromonaphtalene, a key catalytic species was successfully isolated. Its x-ray diffraction analysis revealed that this metal-ligand species displays a five-membered ring system consisting of C (sp2)-Br-Pd-C (sp2) bonds (Figure 10), which has not been documented in the literature to the best of our knowledge. A CSD search revealed that there has been only one similar catalytic species of five-membered ring complex formed during the catalytic synthesis of tetrahydrobenzo [b]azepines (THBAs), but it is based on C (sp3)-Br-Pd-C (sp3) bonds (Liu X. et al., 2021). We believe this new catalytic complex would find applications in future, especially, when two phosphine ligands are replaced by their chiral counterparts (Figure 10).
[image: Figure 10]FIGURE 10 | X-ray structure of a new catalytic species.
5 COMPUTATIONAL STUDIES
5.1 Computational details
The quantum chemical calculations have been performed at density functional theory (DFT) level using the Becke, 3-parameter, Lee–Yang–Par (B3-LYP functional including the D3 dispersion correction (Becke, 1993; Grimme et al., 2010) and the 6-31G* basis set (Hariharan and Pople, 1973). Calculations were performed for a solvent consisting of a 1:1 mixture of tetrahydrofuran and water with an average dielectric constant ε of 42.89. The crystal structure of Structure IB (Figure 11) was used as starting geometry for a full geometry optimization. Starting from this geometry, the torsional angle τ defined in Figure 11 was increased in steps of 20° to obtain an energy profile on the different rotated structures. Keeping τ fixed for each value, the remaining geometry was optimized, and potential energy curves (PECs) were computed. Using the geometries of the minima in the PEC as starting points, full geometry optimizations were performed. The PEC for structure IIA (Figure 11) in which the mesityl group was replaced by the p-methylphenyl group (see also structure 9aa, Figure 5) has been obtained in an analogous way. All calculations were carried out using the Gaussian 09 program suite (Gaussian 09 Citation, 2022).
[image: Figure 11]FIGURE 11 | The two initial structures, (IB) and (IIA), used for geometry optimization and the definition of the torsional angle τ(a,b,c,d) used for the calculation of the rotational potential energy curves.
5.2 Theoretical results
The PEC (Supplementary Figures S1, S2 of the Supplementary Material S1) for the torsion around the bc bond (Figure 11) for structure IB shows an energy profile with several minima. The most stable ones are found for τ values of -25° and -165°. Another one is located at 55° with a relative energy of ∼3.5 kcal/mol. The region with positive τ values shows a broad peak with a height of around 6–8 kcal/mol and a shallow minimum at 55°. The structures corresponding to these three minima are displayed in Supplementary Figure S2. The analogous PEC for structure II (Supplementary Figure S3) looks similar with the difference that the broad region of positive torsional values has only shallower formation of two minima.
For structure IB, the three geometries obtained by restricted optimization were used as starting points for complete optimization without any restriction in the torsional angle τ. This optimization led to the final three rotamer structures displayed in Figure 12. The corresponding energetic stabilities are given in Figure 13. The most stable structure is IB(b) where the butyl and sulfamide groups interact with the opposite benzene ring and the phenyl ring is turned to the outside. The next stable structure (at relative energy of 2.3 kcal/mol) is IB(a) showing the interaction of the t-butyl group and the phenyl ring in contact with the opposite benzene ring. Finally, the least stable structure at 4.6 kcal/mol is the one with the butyl and phenyl ring oriented toward the opposite benzene ring.
[image: Figure 12]FIGURE 12 | Fully optimized structures of the three rotamers of structure IB (A–C).
[image: Figure 13]FIGURE 13 | Relative energies of the three fully optimized geometries for Structure (IB).
The PEC for structure IIA shows a similar, but slightly more extended manifold of energetic minima and structures (Supplementary Figures S3, S4). Full geometry optimization of these structures shows a similar, but slightly more extended manifold of energetic minima (Figure 14). Structures IIA (a-c) resemble closely the three structures IB cases. Structure IIA(b) is the most stable structure (Figure 15), followed by structures IIA(a) and IIA(c). The fourth structure IIA(d), is slightly higher in energy than IIA(c).
[image: Figure 14]FIGURE 14 | Fully optimized structures of the four rotamers of structure IIA.
[image: Figure 15]FIGURE 15 | Relative energies of the four fully optimized geometries for structure IIA.
For both structures IB and IIA, the most stable structure is of type (b) where the polar S=O bond is directly oriented toward the opposite phenyl ring, interacting with its aromatic π system. In both cases, the second stable structure involves the sulfinyl-amino group as well; it is, however, not directly oriented toward the opposing phenyl ring. In the least stable structures, the sulfinyl-amino group is oriented completely away from this phenyl ring. Selected non-bonded distances are displayed in Figures 12, 14 as well. Most interesting is the comparison of the distance of the mesityl group to the opposing ring in comparison to case where two of the methyl groups had been removed. For the most stable structures (a) and (b), the distance between the two rings, as measured by the C···C distances shown in Figures 12, 14, is larger for the mesitylene substitution (4.32 Å vs. 4.25 Å for structures (a), and 4.16 Å vs. 4.11 Å for structures (b) indicating the repulsive effect of the bulkier methyl groups pushing the two aromatic rings a bit farther away. This structural opening up due to the methyl groups agrees well with the widening between the two levers/arms as shown in Figure 6 for the X-ray structures.
6 SUMMARY
We have discovered the orientational chirality showing that multiple orientations can be controlled by remotely anchored and through-space functional blockers. The multi-step synthesis of several orientational chiral targets were achieved by conducting asymmetric nucleophilic addition, Suzuki-Miyaura cross-coupling and Sonogashira coupling reactions. Single orientational atropisomers were obtained in modest to good yields as crystalline solids. A novel catalytic complex was isolated during performing Suzuki-Miyaura cross-coupling, and analyzed by X-ray diffraction analysis displaying a five-membered ring consisting of C (sp2)-Br-Pd-C (sp2) bonds. The present orientational chirality is focused on the dialog relationship between C (sp3) center and a remotely anchored functional group. X-ray structures of orientational chiral targets leads to a conceptually new stereochemistry model which is differentiated from the previous Felkin-Ahn-type of models containing adjacent C (sp2)-C (sp3) σ bonds. In this new model, there are three main energy barriers during orientational rotation instead of six barriers in previous multi-fold systems. DFT computational study was carried out, and present the relative stability with rotating of individual orientatiomers. This discovery would be anticipated to result in a new stereochemistry area, and to have a broad impact on chemical, biomedical and material sciences in future.
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Three new hexadepsipeptides (1–3), along with beauvericin (4), beauvericin D (5), and four 4-hydroxy-2-pyridone derivatives (6–9) were isolated from the endophytic fungus Fusarium sp. CPCC 400857 that derived from the stem of tea plant. Their structures were determined by extensive 1D and 2D NMR, and HRESIMS analyses. The absolute configuration of hexadepsipeptides were elucidated by the advanced Marfey’s method and chiral HPLC analysis. Compounds 4, and 7–9 displayed the cytotoxicity against human pancreatic cancer cell line, AsPC-1 with IC50 values ranging from 3.45 to 29.69 μM, and 7 and 8 also showed the antiviral activity against the coronavirus (HCoV-OC43) with IC50 values of 13.33 and 6.65 μM, respectively.
Keywords: Fusarium sp., hexadepsipeptides, 4-hydroxy-2-pyridone, advanced Marfey′s method, anti-coronavirus activity
INTRODUCTION
Fusarium, a common genus of filamentous fungi, is considered as a treasure trove of bioactive secondary metabolites. About 280 compounds, including alkaloids, peptides, amides, terpenoids, quinones, and pyranones have been discovered from the Fusarium genus (Li J. et al., 2020; Zhen et al., 2021; Chen et al., 2022; Gu et al., 2022; Zhao et al., 2022). These compounds exhibited a broad spectrum of bioactivities, such as antibacterial, antifungal, antiviral, anti-angiogenic, phytotoxic, and cytotoxic effects (Li M. et al., 2020). Hexadepsipeptides, including typical amide bonds and at least one or two ester bonds, is a typical class of constituents of this genus (Xu et al., 2007; Urbaniak et al., 2020). Beauvericins represent a kind of conventional cyclo-hexadepsipeptides, being composed of three N-methyl amino acids and three hydroxy acid moieties, and displaying a variety of biological activities, such as cytotoxic (Ivanova et al., 2006), antifungal (Fukuda et al., 2004; Zhang et al., 2007), and insecticidal (Urbaniak et al., 2020) activity. Among of them, the beauvericin not only can be used as a co-drug to enhance the antifungal activities of ketoconazole (Nilanonta et al., 2002; Supothina et al., 2004; Zhang et al., 2007), but also exhibited the growth inhibition of human-pathogenic bacteria (Meca et al., 2010). In addition, 4-hydroxy-2-pyridone alkaloids bearing the central 4-hydroxy-2-pyridone moiety linked to two additional substituents at C-3 and C-5 positions are widely distributed in the genus Fusarium (Zhan et al., 2007; Jessen et al., 2010). Examples such as (−)-sambutoxin (Kim et al., 1995), (−)-4,6′-anhydrooxysporidinone (Zhan et al., 2007), (−)-oxysporidinone (Jayasinghe et al., 2006), funiculosin (Ando et al., 1969), sambutoxins A and B (Yang et al., 2021), and related annalogues displayed a range of biological activities including antibacterial, antifungal, antiviral, and antitumor properties.
During our ongoing search for the bioactive products from the special habitat fungi (Chen et al., 2019; Li J. et al., 2020; Chang et al., 2022; Wang et al., 2022), Fusarium sp. CPCC 400857, an endophytic fungus isolated from a stem of tea plant, was investigated. A chemical investigation on the fungus led to three new hexadepsipeptides (1–3), along with six known compounds including beauvericin (4), beauvericin D (5), and four 4-hydroxy-2-pyridinone derivatives (6–9). The absolute configurations of hexadepsipeptides were assigned by the advanced Marfey’s method and chiral HPLC analysis. Herein, the isolation, structural elucidation, and their cytotoxic and anti-coronavirus activity of the compounds 1–9 are described.
RESULTS
Structural elucidation of the isolated compounds
Secobeauvericin A (1) was obtained as a white amorphous powder. Its molecular formula was assigned as C45H59N3O10 by the positive HR-ESI-MS ion [M + H]+ at m/z 802.4282 (calcd. For C45H60N3O10 802.4279), corresponding for 18 degrees of unsaturation. The NMR spectrum of 1 (Table 1) displayed resonances of three monosubstituted benzenes, three pairs of vicinal methyls, three N-methyl groups, three methylenes, nine methines involving six peptidic α-methines, together with six amide and/or ester carbonyl carbons (δC 168.7, 168.9, 169.5, 169.7, 171.6, 173.8). A comparison of the molecular composition and NMR data of compounds 1 and beauvericin (4) revealed that compound 1 could be a linear hexadepsipeptide (Yuan et al., 2021).
TABLE 1 | 1H NMR (600 MHz) and13C NMR (150 MHz) Data for Compounds 1-3 in DMSO-d6 (δ in ppm, J in Hz).
[image: Table 1]Comprehensive analysis of 2D NMR spectra (Figure 1) revealed the presence of three hydroxyisovaleric acids (Hiv) and three N-methyl phenylalanine (N-Me-Phe) moieties. HMBC correlations from N-CH3-10 to C-10, H-11 to C-15, N-CH3-24 to C-24, H-25 to C-29, and N-CH3-38 to C-38 established the sequence of Hiv-(N-Me-Phe)-Hiv-(N-Me-Phe)-Hiv-(N-Me-Phe), which was supported by NOESY correlations from N-CH3-10 to H-11, H-11 to H-17, N-CH3-24 to H-25, H-25 to H-31, and N-CH3-38 to H-39. Furthermore, the connection of these hydroxy acid and amino acid residues was confirmed by the HR-MS/MS fragments at m/z 663.3252 [M–(N-Me-Phe)+OH + Na]+, 563.2729 [M–(N-Me-Phe)–Hiv + OH + Na]+, 402.1890 [M–(N-Me-Phe)–Hiv-(N-Me-Phe)+OH + Na]+, 302.1373 [M–(N-Me-Phe)–Hiv–(N-Me-Phe)–Hiv + OH + Na]+ and 141.0530 [M–(N-Me-Phe)–Hiv–(N-Me-Phe)–Hiv–(N-Me-Phe)+OH + Na]+ (Figure 2). Thus, the planar structure of 1 was determined as shown in Figure 1.
[image: Figure 1]FIGURE 1 | Structures of compounds 1-9.
[image: Figure 2]FIGURE 2 | 1H–1H COSY, HMBC, and NOESY correlations of compounds 1–3.
After acid hydrolysis, the absolute configuration of Hiv in 1 was determined to be R (Supplemnentary Figure S4; Supplementary Table S2) by chiral HPLC analysis in comparison to the authentic R/S Hiv units, while the advanced Marfey’s analysis of the hydrolysate of 1 revealed the N-Me-Phe residues was L-configuration (Supplementary Figure S1) (Tripathi et al., 2009; Wang et al., 2017). Therefore, the structure of compound 1 was determined and designated as secobeauvericin A (Figure 3).
[image: Figure 3]FIGURE 3 | Fragments observed for compounds 1–3 b y HR-ESI-MS/MS.
Beauvericin M (2) was determined as C43H53N3O9, based on the HRESIMS peak at 756.3886 [M + H]+ (calcd for C43H54N3O9, 756.3860), implying 19 degrees of unsaturation. The NMR data of 2 was closely correlated with beauvericin (4). The extensively analysis of the NMR data (Table 1) revealed that two N-CH3 in beauvericin were replaced to NH in 2, which were verified by 1H–1H COSY correlations of NH-24/H-16/H-17, NH-38/H-30/H-31, together with the HMBC correlations from NH-24 to C-16 and C-24, NH-38 to C-30 and C-38. The above related information shows that compound 2 contained two phenylalanine residues. In addition, the HMBC correlations from N-CH3-10 to C-10, H-11 to C-15, NH-24 to C-24, H-25 to C-29, NH-38 to C-38, and H-39 to C-1 indicated that the cyclic structure of 2 was Hiv-Phe-Hiv-Phe-Hiv-(N-Me-Phe). This connection was confirmed by cross peaks in the NOESY spectra with the correlations N-CH3-10 to H-11, NH-24 to H-25 and NH-38 to H-39. The cleavage method of the MS/MS spectrometer further verified the above connection of groups (Figure 2). The absolute configuration of N-Me-Phe, Phe, and Hiv units were determined as L, L, and R by advanced Marfey’s method and chiral HPLC (Supplementary Figures S2, S4).
Beauvericin N (3) was obtained as the white amorphous powder. On the basis of (+)-HRESIMS data, the formula of 3 was established as C43H53N3O9. The comparison of NMR data of 3 and 4 suggested that an Hiv unit in 4 was replaced by a 2-hydroxypropionic acid (HL) moiety in 3, which was verified by the 1H–1H COSY correlations of H-25/H-26, together with the HMBC correlations from H-26 to C-24. The connection of those α-amino acids and α-hydroxy acids in 3 was deduced by the HMBC correlations from N-CH3-10 to C-10, H-11 to C-15, N-CH3-24 to C-24, H-25 to C-29, N-CH3-38 to C-38 and H-39 to C-1, as well as NOESY correlations and HRESIMS/MS analysis (Figures 1, 2). The absolute configurations of the α-hydroxy acids were determined as R-Hiv, R-HL by using the chiral HPLC, and the amino acids were assigned as L-N-Me-Phe by the advanced Marfey’s method. Accordingly, compound 3 was corroborated and named as beauvericin N (Figure 3).
Secobeauvericin A (1) is assembled from three R-Hiv-N-methyl-L-Phe acid dipeptidol monomers. Beauvericin M (2) is formed as cyclic combined with two R-Hiv-L-Phe acid dipeptidol monomers and one R-Hiv-N-methyl-L-Phe acid monomer, while beauvericin N (3) is formed as cyclic with two R-Hiv-N-methyl-L-Phe acid dipeptidol monomers and one R-HL-N-methyl-L-Phe acid monomer (Urbaniak et al., 2020) (Figure 4).
[image: Figure 4]FIGURE 4 | Postulated biogenetic pathway of 1–3.
The known compounds 4–9 were identified as beauvericin (Isaka et al., 2011), beauvericin D (Fukuda et al., 2004), (–)-sambutoxin (Kim et al., 1995), (–)-oxysporidinone (Jayasinghe et al., 2006), fusapyridon A (Wijeratne et al., 2011), and (–)-fusoxypyridone (Jayasinghe et al., 2006) by comparison of MS and 1D NMR data in the literature, respectively.
Physicochemical properties and spectroscopic data of compounds 1-3
Secobeauvericin A (1): White amorphous powder; mp. 90°C–91°C; [α] –73.3 (c .4, MeOH); UV (LC): 210 nm; IR νmax: 3441, 2966, 2933, 2876, 1739, 1659, 1633, 1456, 1285, 1091, 1023, 828, 748, 700 cm−1; 1H (600 MHz) and 13C NMR (150 MHz), see Table 1; HRESIMS m/z [M + H]+ 802.4282 (calcd for C45H59N3O10, 802.4279).
Beauvericin M (2): White amorphous powder; mp. 85°C–86°C; [α] +6.7 (c .2, MeOH); UV (LC) 217 nm; IR νmax: 3358, 3279, 2927, 1742, 1679, 1457, 1421, 1203, 1134, 1026, 802, 722, 700 cm−1; 1H (600 MHz) and 13C NMR (150 MHz), see Table 1; HRESIMS m/z [M + H]+ 756.3886 (calcd for C43H53N3O9, 756.3860).
Beauvericin N (3): White amorphous powder; mp. 82°C–83°C; [α] +13.3 (c .2, MeOH); UV (LC) 217 nm; IR νmax: 3400, 3306, 2967, 2935, 1738, 1664, 1640, 1457, 1422, 1203, 1134, 1083, 1029, 835, 722, 700 cm−1; 1H (600 MHz) and 13C NMR (150 MHz), see Table 1; HRESIMS m/z [M + H]+ 756.3830 (calcd for C43H54N3O9, 756.3860).
Cytotoxicity and anti-coronavirus activity compounds 1–9
Beauvericins and 4-hydroxy-2-pyridones were shown to display potent cytotoxic activity against different human cell lines. Therefore, compounds 1-9 were evaluated the cytotoxic activity in vitro. Compounds 4, and 7–9 showed the cytotoxicity against human pancreatic adenocarcinoma cell line AsPC-1 with IC50 values of 3.45, 17.62, 29.69, and 18.81 μM, respectively, while compounds 1–3, 5, and 6 were inactive at 90 μM (Table 2). Compared with the positive drug, compounds 4, and 7–9 exhibited weaker cytotoxicity than the gemcitabine. In addition, funiculosin could inhibited both the RNA and DNA virus in previous report (Ando et al., 1969). Therefore, the 4-hydroxy-2-pyridones (6–9) were tested for the inhibition against the coronavirus (HCoV-OC43). Compounds 7 and 8 displayed the antiviral activity against the coronavirus (HCoV-OC43) with IC50 values of 13.33 and 6.67 μM, and SI values of 1.7 and 1.7, respectively, and showed slightly better than the positive drug ribavirin (Table 3).
TABLE 2 | Cytotoxicity of compounds 1–9
[image: Table 2]TABLE 3 | Anti-coronavirus (HCoV-OC43) activity of compounds 7–9.
[image: Table 3]MATERIALS AND METHODS
Fungal materials
The fungus Fusarium sp. CPCC400857 was isolated from a stem of tea plant collected from Shaanxi Province, China. The strain was deposited in the China Pharmaceutical Culture Collection (Institute of Medicinal Biotechnology, Chinese Academy of Medical Sciences and Peking Union Medical College, No. CPCC 400857).
Fermentation and extraction
The fungal strain was cultured on slants of potato dextrose agar (PDA) at 25°C for 7 days. Subsequently, the spores were used to inoculate in 500 ml Erlenmeyer flasks, each containing 100 ml of potato dextrose broth at 25°C (180 rpm) for 4 days to obtain the seed culture. The large-scale fermentation proceeded in 30 Erlenmeyer flasks (500 mL) containing 100 g of rice and 100 ml of distilled water, which were autoclaved at 121°C for 15 min. After being cooled to room temperature, each flask was inoculated with 5 ml of seed culture and incubated at 25°C for 30 days.
The fermented material was extracted with 95% EtOH (12 L for 2 times) and with 50% EtOH (12 L for 1 time). The solution was combined and evaporated under the reduced pressure to yield an aqueous suspension (4.0 L). The aqueous suspension was partitioned with EtOAc (3 × 4.0 L). The organic solution was concentrated to dryness, and yielded a dark brown extract (124.3 g).
Isolation and purification
The EtOAc extract (124.3 g) was subjected to silica gel column chromatography using CH2Cl2/MeOH gradient elution (50:1, 35:1, 25:1, 20:1, 15:1, 10:1, 1:1, and 1:0) to afford 10 fractions (Fr.1−Fr.10).
Fr. 2 (890 mg) was fractionated by Sephadex LH-20 column chromatography with CH2Cl2/MeOH (1:1) to afford three subfractions (Fr. 2-1–Fr. 2–3). Fr. 2–2 (41.0 mg) was further purified by reversed-phase semipreparative HPLC (Capcell Pak PFP column, 5 μm, 10 × 250 mm, 1.5 mL/min, 60% CH3CN/H2O) to yield 2 (3.1 mg).
Fr. 5 (1.7 g) was separated to seven subfractions (Fr. 5-1–Fr. 5–7) with reversed-phase (RP) flash column chromatography (5 mL/min, 5%–100% MeOH/H2O), then Fr. 5–3 (27 mg) was further purified by reversed-phase semipreparative HPLC (Capcell Pak PFP column, 5 μm, 10 × 250 mm, 1.5 mL/min, 66% CH3CN in 0.1% trifluoroacetic acid) to yield 1 (4.1 mg). Subsequently, the purification of Fr. 5–7 (192 mg) with Sephadex LH-20 column chromatography (CH2Cl2/MeOH, 1:1) yielded to seven subfrations (Fr. 5-7-1–Fr. 5-7-7). Then, the compound 4 (46.6 mg) was purified by reversed-phase semipreparative HPLC (Capcell Pak PFP column, 5 μm, 10 × 250 mm, 1.5 mL/min, 80% CH3CN/H2O containing 0.1% TFA) from the subfraction Fr. 5-7-1 (72 mg). The subfraction of Fr. 5-7-5 (51 mg) was further isolated by reversed-phase semipreparative HPLC (Capcell Pak MGⅡ column, 5 μm, 10 × 250 mm, 1.5 mL/min, 78% CH3CN/H2O) to yield 3 (2.7 mg), 5 (2.5 mg), and 9 (3.7 mg).
Fr. 10 (1.3 g) was fractionated by reversed-phase (RP) flash column chromatography with 5–100% MeOH to obtain 8 (3.1 mg) and six subfractions. Then Fr. 10–3 (33 mg) was isolated by reversed-phase semipreparative HPLC (Capcell Pak MGⅡ column, 5 μm, 10 × 250 mm, 1.5 mL/min, 69% CH3CN in 0.1% trifluoroacetic acid) to get 6 (9.6 mg), and 7 (4.2 mg).
Advanced Marfey’s method (Tripathi et al., 2009; Wang et al., 2017)
Each of the compounds 1–3 (2 mg) in 1 mL of 6 M HCl were heated at 110°C for 18 h. The crude hydrolysate was divided into three portions and evaporated to dryness separately. Two of them were added to 50 μL of 1% (w/v) L and L/D-FDLA (Marfey’s reagent) and 100 μL 1 M NaHCO3 solution, respectively, and the mixtures were incubated at 40°C for 1 h. After being cooled to the room temperature, the reactions were quenched by additional 100 μL 1 M HCl, and diluted with 250 μL MeOH. The L- and L/D-FDLA derivatives were analyzed by LC/MS on an Agilent 1100 LC/MSD spectrometer using the following conditions: Capcell Pak MGⅡ column (3 μm, 2.0 × 100 mm); column temperature at 30°C; mobile phase, solvent A (.1% FA in H2O) and solvent B (0.1% FA in CH3CN); flow rate, 0.5 mL/min; UV detection at 340 nm; compounds 1 and 3, under isocratic relatio of A/B (34:66); compound 2, under a linear gradient elution mode (5–100% B for 30 min). The retention times of the corresponding L/D-FDLA derivatives (m/z 474) for 1 and 3 were 23.6 min (L-N-Me-Phe-L-FDLA) and 28.7 min (L-N-Me-Phe-D-FDLA), respectively, while the L -FDLA derivatives for 1 and 3 were 23.6 min. The retention times of the corresponding L/D-FDLA derivatives for 2 were 5.6 min (L-N-Me-Phe-L-FDLA, m/z 474), 9.5 min (L-N-Me-Phe-D-FDLA, m/z 474), 4.6 min (L-Phe-L-FDLA, m/z 460), and 14.0 min (L-Phe-D-FDLA, m/z 460), respectively, while the L -FDLA derivatives for 2 were 5.6 min (L-N-Me-Phe-L-FDLA, m/z 474) and 4.6 min (L-Phe-L-FDLA, m/z 460), respectively. Consequently, the absolute configuration of the N-Me-Phe and Phe moieties in 1–3 were assigned as L (Supplementary Figures S1, S3).
Chiral HPLC analysis of the hydrolyzate
Above the third portion of hydrolysate was performed by HPLC analysis using a ligand-exchange-type chiral column: MCI gel CRS10W, 4.6 × 50 mm, 5 μm; fow rate 1 mL/min, eluent 2 mM aqueous CuSO4, UV detection at 254 nm (Chen et al., 2018). Standard R-Hiv, S-Hiv, R-HL and S-HL were used co-injection experiments and their retention times (tR, min) were as follows: R-Hiv (43.4), S-Hiv (69.7), R-HL (5.9), S-HL (7.8). These results of the HPLC analysis established the R-configuration for Hiv and HL units in 1–3 (Supplementary Figure S4).
Cytotoxic activity assessment (Chen et al., 2018)
The cytotoxic effects of all compounds against human pancreatic cancer cell line (ASPC-1) were evaluated by CCK-8 method. The gemcitabine (IC50, 1.53 μM) was used as the positive drug.
Antiviral activity assessment (Song et al., 2022)
Briefly, the H460 cells were inoculated into 96 well culture plates and cultured at 35°C under 5% CO2 condition, and infected by HCoV-OC43 virus with 100 times 50% tissue culture infective dose (TCID50) 24 h later; then the positive control drugs and test compounds were added. The half inhibitory concentration (IC50) and the half toxic concentration (TC50) were determined by the Reed and Muench method. The selectivity index (SI) was calculated as the ratio of TC50/IC50. The ribavirin (IC50, 19.24 μg/mL; SI, 5.2) was used as the positive drug.
CONCLUSION
In conclusion, three undescribed hexadepsipeptides, together with six known compounds were separated from the fungus Fusarium sp. CPCC400857. Their structures including the absolute configuration were determined by the extensive analysis of spectroscopic data, advanced Marfey’s method, and chiral HPLC analysis. Pancreatic cancer is one of the most difficult and invasive tumors of digestive system, with low resection rate (Wang et al., 2022). But recent years, few active molecules have been found for pancreatic cancer from microorganisms. Leucinostatin Y, a peptaibiotic isolated from the entomoparasitic fungus Purpureocillium lilacinum selectively suppressesed the growth of human pancreatic cancer cells, including PANC-1, BxPC-3, PSN-1, and PK-8 (Momose et al., 2019). Two benzophenone derivatives, pestalones C and E were found to suppress the pancreatic cancer cell line PANC-1 with IC50 values of 7.6 and 7.2 μM, respectively (Wang et al., 2019). In our previous study, we have found secoemestrin C, an epipolythiodioxopiperazine compound, displayed significant cytotoxicity against several pancreatic adenocarcinoma cells, and enhanced the endoplasmic reticulum stress by a unique mechanism with downregulation of the YAP via the destruction complex (YAP-Axin-GSK-βTrCP) (Wang et al., 2022). Beauvericin (4) had shown cytotoxicity to the hepatocellular carcinoma-line Hep G2 and fibroblast-like foetal lung cell line MRC-5 in previous report (Ivanova et al., 2006). In this work, compounds 4, and 7–9 exhibited moderate cytotoxicity against the human pancreatic cancer cell ASPC-1, which indicated that beauvericins and 4-hydroxy-2-pyridones may be used as the leading molecules of anti-pancreatic cancer, providing clues for pharmaceutical chemists and pharmacologists. Comparison of the cytotoxicity of 1–5 demonstrated that the cyclo-form and nitrogen methylation at L-phe residue are important for the cytotoxic activity. Compounds 7–9 showed more cytotoxic than 6 indicating that the 5-aromatic ring may decrease the toxicity to the ASPC-1 cell.
The global outbreak of the COVID-19 pandemic has caused serious public health and social problems. Although several drugs, such as remdesivir, molnupiravir, nirmatrelvir/ritonavir, and azvudine have been successively approved (Zhang et al., 2021; Zhang et al., 2022), the effective anti-COVID-19 drugs is still one of the major researches focuses. Here, we firstly discovered compounds 7 and 8 displayed the antiviral activity against the coronavirus (HCoV-OC43), but this type of compounds would need further structural modification, to lower toxicity and improve their values of selectivity index (SI).
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Introduction: Psidium cattleianum Sabine is a Brazilian native shrub cultivated for its edible fruit araçá (strawberry guava). P. cattleianum is recognized for health and food applications, although the essential oils (EOs) from the Egyptian inhabitant are not fully explored. The current study investigated the anti-inflammatory and cytotoxic activities of EOs from P. cattleianum leaves and flowers.
Materials and methods: The EOs were obtained by three different methods viz; the conventional hydro-distillation, microwave assisted hydro-distillation, and supercritical fluid extraction, while their analysis was accomplished using GC/MS. The derived EOs were screened for their anti-inflammatory activity in the 5-lipoxygenase, COX-1, and COX-2 enzyme based assays, while the anticancer potential was deduced from MTT cytotoxic assay, cell cycle, and western blotting analysis.
Results and discussion: Among other methods, supercritical fluid extraction offered the highest EO yield, 0.62% (leaves) and 1.4% (flowers). GC/MS identified β-caryophyllene and α-humulene in both organs with high but variable percentages. The leaves demonstrated strong activity in inhibiting the 5-lipoxygenase enzyme (IC50 2.38), while the flowers, in inhibiting COX-2 (IC50 2.575). Moreover, the leaves showed potent, selective cytotoxicity to MCF-7 cells (IC50 5.32) via apoptosis by modulating the p53/Bax/Bcl2 axis. The deduced activities are possible due to the synergism between the volatile components that endorses P. cattleianum leaves’ EOs in the management of breast cancer and inflammatory disorders.
Keywords: anti-inflammatory, caryophyllene, cytotoxicity, MCF-7, Psidium cattleianum, supercritical fluid extraction
1 INTRODUCTION
Essential oils (EOs) are presently attracting interest in the scientific community, owing to their imperative pharmacological activities (Amorim et al., 2009). They have been traditionally used by ancient cultures as a complementary holistic health approach, which was later termed aromatherapy, as they possess an array of unique health-fostering benefits. Currently, hundreds of EOs have been identified as commercially important crude drugs in the therapeutic, horticultural, cosmetic, and food industries (Shakeri et al., 2016). In addition, their unique chemical framework is accredited to a variety of effective biological activities, such as antioxidant, antimicrobial, antinociceptive, anti-inflammatory, and anticancer activities (Amorim et al., 2009; Singh et al., 2013). To date, species of the family Myrtaceae are among the recognized plants that provide many valuable products including EOs (Arain et al., 2019). Notably, Psidium is one of the economically important genera because of its distinguished edible, essential oil-rich species such as P. guajava L. and P. cattleianum Sabine (Beltrame et al., 2021). P. cattleianum Sabine is a Brazilian native shrub, where it is commonly known as “araçá” (Faleiro et al., 2016); however, it is cultivated through the tropics and subtropics for its juicy, purple-red fruits known as strawberry guava or Cattley guava (Patel, 2012). The fruit has a strawberry-like flavor with a spicy touch and is rich in vitamin C, which is 3–4 times more than citrus fruits (Chalannavar et al., 2013). The characteristic flavor is due to the presence of essential oils (EOs), which were previously extracted by the hydro-distillation method from P. cattleianum grown in different countries and extensively studied by several researchers (Chalannavar et al., 2013; Soliman et al., 2016; dos Santos et al., 2018; Chrystal et al., 2020; Silvestre et al., 2022). On the other hand, only one report was conducted on the EOs from Egyptian species (Soliman et al., 2016). The relevant literature stated that the EOs derived from P. cattleianum leaves possessed significant in vitro antioxidant, antimicrobial, anti-inflammatory, and anticancer activities (Castro et al., 2015; Chrystal et al., 2020; de Souza et al., 2021). To the best of our knowledge, no prior study has investigated the volatile metabolites from the flowers; hence, it is interesting to investigate the chemical nature of its derived EOs in comparison with those obtained from the leaves, in an attempt, to discover a new active essential oil-based remedy for the management of cancer and inflammatory disorders.
Cancer is considered one of the most severe diseases worldwide and is expected to increase due to the lifestyle adopted nowadays (Bray and Moller., 2006). The World Health Organization (WHO) revealed that cancer was responsible for nearly 30% of deaths from non-chronic diseases among adults in 2020. Drug resistance to cancer and the toxicity of available chemotherapeutic agents are currently the main limitations in its treatment. So, the discovery of innovative and safe treatments is considered a big challenge (Abdullaev, 2001). However, this mission is not impossible with natural products. Natural products have played a pivotal role in cancer chemotherapy and chemoprevention for over half a century and established anticancer drugs, e.g., camptothecin, doxorubicin, paclitaxel, vinblastine, and vincristine (Sarker et al., 2020). Hence, the discovery of new anticancer hits derived from natural sources is a feasible strategy and is in dire need.
The functional correlation between inflammation and cancer is not new. It is now becoming clear that the cancer micro-environment, which is largely composed of inflammatory cells, is an indispensable participant in neoplastic development, encouraging proliferation, survival, and migration. COX-1 and COX-2 are two important isoforms of the cyclooxygenase family in which COX-2, the inducible isoform of COX, has developed as the key enzyme in the regulation of inflammation and cancer (Agrawal and Mishra, 2010). Other reports mentioned the disposition of COX-2 and lipoxygenases (LOX) in the regulation of different normal physiological processes and inflammation, in addition to cancer (Wang and Du Bois, 2010). These insights are raising new anti-inflammatory therapeutic approaches for the development of cancer. Natural products play a significant role in human health in relation to the prevention and treatment of inflammatory conditions witnessed by curcumin, cucurbitacins, and 1,8-cineole, in which the latter is an essential oil-derived terpene oxide (Juergens et al., 2020). Hence, searching for new anti-inflammatory active agents derived from natural products or even essential oils is a propitious approach.
In continuation to our research into the discovery of anti-inflammatory and anticancer bioactive hits from natural sources, we aimed to identify the chemical composition of the EOs obtained from P. cattleianum leaves and flowers cultivated in Egypt for the first time using three different techniques. Moreover, it was deemed of interest to validate their cytotoxicity potential in different cancer cell lines and unravel their detailed underlying mechanisms in terms of cell cycle analysis and apoptosis-related proteins. Furthermore, the inhibitory activities of the derived EOs to 5-LOX, COX-1, and 2 were investigated to expand the conception that inflammation may be a serious factor in cancer progression.
2 MATERIAL AND METHODS
2.1 Plant material
Both leaves and flowers of Psidium cattleianum Sabine were collected at the fruiting stage from March to April 2021 from Mazhar Botanic Garden, Cairo, Egypt. The plant was identified by Dr. Trease Labib, Senior Botanist at Mazhar Botanic Garden, Cairo, Egypt. Plant voucher samples (01Pca/2021) were represented at the herbarium of Pharmacognosy Department, Faculty of Pharmacy, Helwan University, Cairo, Egypt.
2.2 Extraction of essential oils of flowers and leaves
2.2.1 Conventional hydro-distillation method
Small pieces of fresh leaves (200 g) and flowers (50 g) were mixed with double distilled water before hydro-distillation (HD) using Clevenger apparatus for 4 h.
2.2.2 Microwave-assisted hydro-distillation method
The microwave-assisted hydro-distillation (MAHD) was achieved using a microwave oven (CEM Corporation, Matthews, NC, United States) and a model (MARS 240/50, No. 907511, 1,200 W) operated at a frequency of 2,450 MHz. In brief, small pieces of fresh leaves (200 g) and flowers (50 g) were placed in 1L- and 500-mL flask and mixed with 500 and 250 mL deionized water, respectively. After that, the Clevenger apparatus was set up within the microwave oven cavity, while the cooling system connected to the outside of the oven to condense the distillate volatiles continuously. The microwave oven was operated at an 800-W power level for 60 min (Ghazanfar et al., 2020).
2.2.3 Supercritical fluid extraction
The supercritical fluid extraction (SFE) using supercritical carbon dioxide was accomplished as per the procedure described by Suetsugu et al. (2013) using Speed TM SFE-2/4, applied separations, and constructed in conjunction with the USDA1-USA. About 200 g and 50 g of dried and milled leaves and flowers were extracted at 40°C and 15.0 MPa. First, the apparatus was operated in a static mode for 60 min and then in dynamic mode for 60 min with a final total processing time of 180 min. The main drawback of SCE is its low polarity; this problem is overcome by employing polar modifiers by the addition of absolute ethanol with a flow rate of 0.2 mL/min as a co-solvent to alter the polarity and increase its solvating power. The oil obtained from the three methods was dried in anhydrous Na2SO4 and stored in amber, sealed bottles at 4°C until GC/MS analysis.
Moreover, the oil percentage was calculated as an essential oil volume (mL)/100 g of fresh plant material.
2.3 Gas chromatography coupled with mass spectrometry analysis
Gas chromatography-mass spectrometry (GC/MS) investigation was conducted using Shimadzu GCMS-QP2010 (Kyoto, Japan) coupled with quadrupole mass spectrometer (Shimadzu Corporation, Kyoto, Japan). Separation of oil compounds was achieved using an Rtx-5MS column (30 m × 0.25 mm i.d. × 0.25-µm film thickness, Restek, United States) with a flame ionization injector. The temperature of the column was kept at 50°C for 3 min in the beginning (isothermal), then planned to increase it to 300°C at a rate of 5°C/min, and then continuously kept for 10 min at 300°C (isothermal). The temperature of the injector was adjusted to 280°C. The flow rate of the helium carrier gas is 1.37 mL/min for HD and MAHD samples, while that of SCE sample is 1.41 mL/min. The mass spectra were recorded as follows: the temperatures of the interface and ion source are 280°C and 200°C, respectively; the mode of electron ionization is 70 eV with a scanning range of 35–500 amu. The split mode (1: 15) was used for injecting the oil samples (1 μL).
2.4 Identification of volatile oil components
The obtained volatile constituents were identified by comparing their Kovats retention indices (RI) with that of standard n-alkane series (C8–C28) and their mass spectra with those reported in the NIST (National Institute of Standards and Technology) and Wiley mass spectral databases (similarity index >90%) (Adams, 2005).
2.5 In vitro biological evaluation
All in vitro assays were accomplished on the EOs isolated from P. cattleianum leaves and flowers using the SFE method as this extraction method offered the highest oil yield.
2.5.1 Enzyme-based anti-inflammatory assays
2.5.1.1 5-Lipoxygenase inhibitory screening assay
It was performed using a BioVision 5-lipoxygenase inhibitor screening assay kit (catalog no. K980-100; Milpitas, CA, United States). Four concentrations of the EOs (0.1, 1, 10, and 100 μL/m) were prepared in DMSO (Sigma-Aldrich, Steinheim, Germany). Then, 2 μL of each EO stock solution, 5-LOX enzyme (enzyme control), DMSO (negative control), or zileuton (positive control) were added separately to a 96-well plate; then, 38 μL of LOX buffer was added. Subsequently, 40 μL of the reaction mixture (34 μL LOX buffer, 2 μL LOX probe, and 4 μL 5-LOX enzyme) was added to each well except for the enzyme control well, which will receive a reaction mixture composed of 38 μL LOX buffer and 2 μL LOX probe only. The plate was incubated for 10 min at room temperature before the addition of 20 μL of 5% LOX substrate (prepared in LOX buffer) to each well. The experiment was performed recurrently in triplicate, and the percentage inhibitions of EOs were measured fluorometrically using the following equation:
% Inhibition = [(slope of enzyme control−slope of tested EO)/slope of enzyme control] x 100.
IC50 represents the EO concentration that causes 50% enzyme inhibition from the dose-response curve using non-linear regression analysis.
2.5.1.2 COX-1 and COX-2 inhibitory screening assays
It was accomplished using BioVision COX-1 and 2 inhibitor screening assay kits (catalog no K548-100 and K547-100, respectively; Milpitas, CA, United States), according to the manufacturer’s instructions. Briefly, four different concentrations of EOs (0.1, 1, 10, and 100 μL/mL) were prepared in DMSO. Thereafter, in a 96-well plate, 10 μL of each EO stock solution or assay buffer was added separately to the wells that were assigned as sample screen [SC] and enzyme control [EC], respectively. Thereafter, 80 μL of the reaction mixture (76 μL COX assay buffer, 1 μL COX probe, 2 μL COX cofactor, and 1 μL COX-1) was added to each well, and then, 10 μL of arachidonic acid/NaOH was added. SC560 (COX-1 inhibitor), celecoxib (COX-2 inhibitor), and indomethacin (non-steroidal anti-inflammatory drug) were considered as standard control drugs. The inhibition percentage of tested EOs was measured fluorometrically and calculated as follows:
% Inhibition = [(slope of EC–slope of SC)/slope of EC] x 100.
IC50 represents the concentration of EOs that causes 50% enzyme inhibition deduced from the dose-response curve using non-linear regression analysis.
2.5.2 Anticancer assays
2.5.2.1 Cell lines and culture conditions
The human hepatocellular (HepG2), breast (MCF-7), and immortalized myelogenous leukemia (K562) cancer cell lines and the normal fibroblast lung cells (WI-38) were supplied from the company for biological products and vaccines (VACSERA, Egypt). The HepG2 and MCF-7 cells were sustained in Dulbecco’s modified Eagle’s medium (DMEM), K562 in Roswell Park Memorial Institute medium (RPMI-1640), and WI-38 were preserved in Eagle’s Minimum Essential Medium (EMEM). All media were supplemented with 10% fetal calf serum (FCS), 2 mM glutamine, 100 U/mL penicillin, and 100 μg/mL streptomycin at 37°C at 5% CO2 (v/v) atmosphere.
2.5.2.2 Cytotoxicity assay
Cell viability was evaluated using the MTT reagent (3-(4, 5-dimethyl thiazolyl-2)-2,5-diphenyltetrazolium bromide, Sigma–Aldrich, Steinheim, Germany) colorimetric assay (Papadimitriou et al., 2019). Briefly, MCF-7, HepG2 and K562, and WI 38 cell lines were added to a 96-well culture plate (1.2–1.8 x 103 cells/well). The cells were incubated for 24 h and then treated with an increasing concentration of tested EOs (3.125, 6.25, 12.5, 25, and 100 μL/mL) for 48 h. Then, the supernatant of the culture was removed followed by the addition of 40 µL of an MTT solution. The formazan crystals of MTT were dissolved by the addition of DMSO (180 µL). Finally, color absorbance was measured using a microplate reader at λ570 nm (Sunrise, TECAN, Inc, United States), and doxorubicin® (Sigma Company, Suffolk County, NY, United States) was used as a standard cytotoxic agent. Triplicate repeats were performed, and the cell viability percentage was measured as follows:
Cell viability percentage = (treated cell absorbance/control cell absorbance) x 100.
IC50 was calculated by non-linear regression analysis.
2.5.2.3 Cell cycle analysis
Since the EO of P. cattleianum leaves displayed potent cytotoxic activity toward the MCF-7 cell line, the following assays were carried out to extensively evaluate its mode of cytotoxicity and identify the downstream signaling pathway. So, to assess the leaves' EO effects on MCF-7 cell distribution via different stages of the cell cycle, the DNA content of the propidium iodide (PI)-stained nuclei was evaluated by flow cytometry, according to Ormerod (1994). The cells were treated with a dose equivalent to the IC50 of the EOs of the leaves (IC50 5.32 μL/mL) for 48 h, followed by washing with ice-cold phosphate-buffered saline (PBS) twice and then collected by centrifugation. Then, the cell pellets were mixed with ethanol (75%, −20°C) and stained with the kit of PI flow cytometry (ab139418, Abcam, United States), according to the manufacturer’s instructions. Cell cycle distribution was recognized using a FACSCalibur flow cytometer (BD Biosciences, San Jose, CA) and measured using CellQuest software (Becton Dickinson Immunocytometry Systems, San Jose, CA).
2.5.2.4 Apoptosis assay
Necrosis cell populations and early and late apoptosis were measured using the annexin V-FITC/PI apoptosis/necrosis kit (Cat No: K101; BioVision, Inc., United States) to evaluate the effects of leaves’ EOs on programmed cell death. Briefly, MCF-7 cells were treated for 48 h with the IC50 concentration of EOs of leaves (5.32 μL/mL) and then collected by trypsinization, washed twice with ice-cold PBS, re-suspended in annexin V-binding buffer (500 μL), and finally, 5 μL of annexin V-FITC was added and incubated in the dark at 25°C for 10 min. The investigation was achieved by using a FACSCalibur flow cytometer and CellQuest software.
2.5.2.5 Western blot analysis
MCF-7 cells were seeded, cultured, and treated with IC50 of the EOs of leaves (5.32 μL/mL) for 48 h. Cell protein lysates were prepared by radio immunoprecipitation assay buffer (RIPA buffer, Cell Signaling, Danvers, MA), and the concentration of the total protein in the supernatant was measured calorimetrically using the Bradford method (Sambrook et al., 1989) before Western blot, which was assessed by mixing and boiling equal amounts of protein samples (20 µg) with sodium dodecyl sulfate (SDS) buffer for 10 min, cooled on ice, loaded into SDS polyacrylamide gel, and then separated by electrophoresis (Cleaver, United Kingdom). Then, the bands were transported by semi-dry electroblotting (Bio-Rad, United States) at 2.5 A and 25 V for 30 min to the polyvinylidene fluoride (PVDF) membranes (Bio-Rad, United States) which were blocked with non-fat dry milk in TBS-T (5%) for 2 h and incubated with anti-Bax, anti-Bcl-2, anti-p53 (Cell Signaling Technology, Inc. United States), and anti-β-actin (Sigma–Aldrich, United States) antibodies (1:1000) overnight, and washed with TBS-T (three times), followed by incubation with horseradish peroxidase (HRP)-linked secondary antibody (1:5000) for 1 h. Progress was carried out using a chemiluminescent ECL substrate (Perkin Elmer, United States), following the manufacturer’s recommendation, and chemiluminescent signals were taken using a CCD camera-based imager, and the intensities of bands were measured using Image Lab (Bio-Rad, United States).
2.5.3 Statistical analyses
All experimental data were obtained from three separate experiments performed in three replicates. Data were expressed as the mean ± SD in both in vitro cytotoxic and in vitro anti-inflammatory assays. GraphPad Prism version 5.0 (GraphPad Software, San Diego, CA, United States) was used to calculate mean inhibitory concentrations and IC50 values using non-linear regression analysis.
3 RESULTS AND DISCUSSION
Essential oils are odorous products of complex compositions, obtained from natural sources by various methods. They possess the characteristic taste and odor of the source from which it was derived. Such organoleptic properties are principally dependent on chemical composition, which is greatly affected by intrinsic and extrinsic factors (Dhifi et al., 2016). The intrinsic factors include, but are not limited to, the plant organ, genetics, and maturity stage, while the extrinsic factors include the extraction methods and environmental conditions (Dhifi et al., 2016). In the present study, the variations in P. cattleianum EOs cultivated in Egypt were comparatively investigated in terms of different plant organs and extraction methods. Herein, the leaves and flowers were extracted for the first time using three different methods, namely, HD, MAHD, and SFE. The HD method is the most common and low-priced method, although the obtained oil may undergo saponification, polymerization, and/or isomerization, especially for its labile components (Koedam et al., 1979). Meanwhile, MAHD and SFE represent one of the most applied green technology and environmentally friendly methods that produce good EOs in a little time with slight environmental degradation (Abbas et al., 2022). However, the SFE method is privileged by its diffusion coefficient, high oil yield, and low oil viscosity. Hence, it is obvious that each extraction method differs in its basic principle and adjusted conditions, which subsequently affect the yield and physical and chemical composition of the obtained volatile. By the aforementioned information, the EOs derived from the leaves and flowers by HD were almost pale-yellow liquids with a fruity, acidic flavor, while those obtained from SEF exhibited brown color and fruity, aromatic flavor. Moreover, it was found that the oil’s yield was affected not only by the extraction method but also according to the plants’ organs. The measured yield was 0.14, 0.31, and 0.62 v/w (P. cattleianum leaves) and 0.20, 0.31, and 1.40 v/w (P. cattleianum flowers) for HD, MAHD, and SFE, respectively. From the obtained results, it was found that SFE corresponded to the highest oil yield, an observation that may be correlated with the unique characteristics of the SFE. SF is considered a liquid–gas intermediate phase: it is non-viscous with low or no surface tension and possesses the characteristics of both liquid and gas, which results in a great diffusion rate and solvation power, allowing faster extraction and worthy yield (Sargenti and Lancas, 1997).
3.1 GC/MS analysis for the extracted essential oils
The effects of the techniques used in the oil extraction from various plants’ organs were reflected in the qualitative and quantitative compositions of P. cattleianum EOs. Regarding, the leaves' essential oil, a total of 51 (95.57%), 50 (93.85%), and 41 (86.73%) volatile compounds were identified in HD, MAHD, and SEF oil samples, respectively (Table 1, Supplementary Figures S1–S3). Interestingly, careful interpretation of the data showed that there is no major difference among the three extraction methods in the percentage of the major identified components. For instance, it was found that humulene represented 10.9%–15.00%, β caryophyllene 11.77%–13.2%, germacrene B 6.02%–8.19%, and α-bisabolol 6.39%–7.46% in HD, MAHD, and SEF methods, respectively. On the other hand, there is a significant difference in the main EO classes as the percentage of the oxygenated compounds was 29.38, 26.65, and 31.36% for HD, MAHD, and SFE, respectively, while the percentage of non-oxygenated compounds was double the percentage of the oxygenated compounds being 66.19% (HD), 67.20% (MAHD), and 55.37% (SFE). Moreover, there is an additional exciting difference in the chemical subclass of the identified volatiles. Herein, the monoterpene (MH) and sesquiterpene (SH) hydrocarbon percentages were different among the implemented extraction methods. For instance, all oil samples displayed a low percentage of MH being 9.72, 6.05, and 0.84% in HD, MAHD, and SFE, respectively, while SH represented the highest percentage, which was calculated as 56.47% (HD), 61.15% (MAHD), and 54.53% (SFE). Concerning the oxygenated sesquiterpenes (OS), it was found that the leaves’ EOs encompass considerable contents of OS being 28.09, 25.99, and 30.8% in HD, MAHD, and SFE, respectively, in comparison with oxygenated monoterpenes (OM), which represented a very low percentage in the three extraction methods.
TABLE 1 | Identified compounds of P. cattleianum leaves’ essential oil extracted by different methods.
[image: Table 1]The EOs obtained from P. cattleianum flowers, which were investigated here for the first time, displayed a total of 30 (87.55%), 49 (81.96%), and 27 (68.46%) volatile compounds in the HD, MAHD, and SFE derived samples, respectively (Table 2, Supplementary Figures S4–S6). Keen analysis of the obtained data has shown that β-caryophyllene (18.85%), humulene (14.46), germacrene B (9.22%), and α-bisabolol (9.05%) represented the major volatile components in the flower’s HD EO, while in the case of MAHD, humulene (11.02%), β-caryophyllene (8.18%), and α-bisabolol (8.03%) were the most abundant volatiles. However, β-caryophyllene (14.99%), humulene(7.02%), and α-bisabolol (7.65%) represented the major volatile components in SFE. These values were reflected in the total percentage of non-oxygenated volatile compounds, which in all methods, showed high percentages (61.76%, 50.42%, and 51.76% in HD, MAHD, and SEF, respectively) than the oxygenated compounds (25.79% (HD), 31.54% (MAHD), and 16.7% (SEF)). Moreover, the percentage of monoterpene hydrocarbons (MH) is nearly the same in HD and MAHD (5.29%–5.79%), while completely absent in SFE samples. Interestingly, the sesquiterpene hydrocarbons (SH) represented the major percentage in HD (56.47%), followed by MAHD (44.63%) and SEF (38.08%). Also, it was noticed that β-sitosterol was detected only in SFE oil with 13.68%, while oxygenated monoterpenes were detected only in MAHD (1.21%). Lastly, OS represents the major percentage in HD (25.79%) and MAHD (30.33%) than that present in SEF oil (16.33%).
TABLE 2 | Identified compounds of P. cattleianum flowers’ essential oil extracted by different methods.
[image: Table 2]From the analysis of our results, it was found that β caryophyllene, humulene, germacrene B, and α-bisabolol (Supplementary Figure S7) represented the major components in both leaves and flowers’ EOs but with variable percentages based either on the investigated organ or the preparation method. Moreover, the SEF oil of the flower showed a high percentage of β-sitosterol. Yet, in comparison to the previously published data about P. cattleianum, it was found that β-caryophyllene represents the major compound in most HD-based reports about leaves’ EOs (Soliman et al., 2016), while caryophyllene oxide (Chalannavar et al., 2013) was detected as a major compound in few reports. Conclusively, the qualitative and quantitative variations in the essential oils derived from the leaves and flowers of P. cattleianum compared to other prior studies may be attributed to various factors, such as genetic variations, environmental conditions, harvesting time, drying period, or extraction temperature (Patel et al., 2016).
3.2 Biological activity
As it was revealed from the EO yield extracted by the three methods, it was found that SFE offered the highest yield being 0.62% and 1.4% from the leaves and flowers, respectively, so it was selected for further biological assessment.
3.2.1 In vitro anti-inflammatory activity
The lipoxygenase (LOX) pathway is the main source of potent proinflammatory leukotrienes (LTs) supplied from arachidonic acid metabolism (AA). Therefore, its inhibition can help with anti-inflammatory effects (Hu and Ma, 2017). In the current study, the EOs from the leaves and flowers of P. cattleianum cultivated in Egypt were screened against the 5-LOX enzyme, and the results (Table 3) showed that leaves’ EOs exerted a strong 5-LOX inhibitory effect with IC50 2.380 μL/mL, while the flowers’ EOs displayed weak activity (IC50, 7.697 μL/mL) in comparison with the positive control, zileuton (IC50, 0.423 μM/mL). Other recognized enzymes that significantly mediate the inflammatory response are the cyclooxygenase isozymes COX-1 and COX-2; the first isozyme is constitutively stated in all organs and particularly responsible for the gastrointestinal protection, while the other isozyme is prevailing at inflammation sites (COX-2) (Hawkey, 2001). In the current investigation, both organs’ SFE oils were screened for their COX inhibitory activities, and the results showed that the leaves’ EOs exerted low COX-1 inhibitory activity (IC50 45.96 μL/mL) in comparison with SC560 (standard, selective COX-1 inhibitor, IC50 0.12 nM), moderate COX-2 inhibitory activity (IC50 9.116 μL/mL) in comparison with indomethacin (IC50, 6.653 μg/mL), and finally almost no significant effect in comparison with celecoxib (IC50, 0.547 μM/mL). It is noteworthy that the flower’s EOs showed moderate COX-1 activity (IC50, 19.08 μL/mL) in comparison with celecoxib (IC50, 11.34 μg/mL) and SC560 (IC50, 6.34 nM), while high IC50 in comparison with indomethacin (IC50, 1.067 μg/mL). Moreover, in the case of COX-2, it exhibited strong inhibitory activity (IC50, 2.575 μL/mL) as compared to indomethacin (IC50, 6.653 μg/mL) and celecoxib (IC50, 0.547 μM/mL).
TABLE 3 | IC50 of P. cattleianum leaves (L) and flowers’ (F) essential oils against 5-LOX, COX-1, and COX-2 enzymatic activities.
[image: Table 3]3.2.2 In vitro cytotoxic activity
The Eos of the leaves and flowers of P. cattleianum were initially screened for their cytotoxic potential against the available in-house cancer cell lines, namely, MCF-7, HepG2, and K562, and the normal cell line WI38. The results (Table 4) revealed that both organs’ EOs exhibited strong anticancer activity against the three cell lines to a different extent. Yet, the leaves’ oil displayed selective potent growth inhibitory activity to MCF-7 cells (IC50, 5.32 μL/mL), followed by K562 (IC50, 12.30 μL/mL) and lastly HepG2 (IC50, 25.7 μL/mL). However, it showed far low IC50 on the normal WI38 cells (IC50, 59.7 μL/mL), demonstrating its selectivity to the cancer cell lines, exclusively MCF-7 (SI,11.2), which is better than the SI of doxorubicin (SI, 13.8). On the other hand, the screening of the flowers’ EOs in the same assay demonstrated that K562 (IC50, 31.70 μL/mL) is the most sensitive cell line, followed by MCF-7 (IC50, 36.20 μL/mL), while HepG2 is the least sensitive cell line to the applied treatment (IC50, 58.10 μL/mL). Even though this is the first time in reporting the screening of the flowers’ EOs on various cancer cell lines, the promising, selective anticancer potential of leaves’ EOs was our compelling rationale. Hence, a complete mechanistic study was accomplished to understand the mode of cell death and the proposed molecular targets involved in the observed anticancer potential.
TABLE 4 | IC50 of P. cattleianum leaves (L) and flowers’ (F) essential oils against cancer cell lines (MCF-7, HepG2, K562) and normal cell line (WI38).
[image: Table 4]3.2.3 Cell cycle analysis and detection of apoptosis in MCF-7 cells
Propidium iodide (PI) is commonly used in combination with annexin V to measure if the cells are viable, apoptotic, or necrotic via observing the changes in the integrity and permeability of the plasma membrane (Rieger et al., 2011). The intact cell and nuclear membranes inhibit PI entrance; hence, they do not stain either live or early apoptotic cells; on the other hand, in late apoptotic and necrotic cells, the integrity of the plasma and nuclear membranes is reduced, allowing PI to permit and intercalate into nucleic acids, and revealed red fluorescence (Rieger et al., 2011). In this study, the MCF-7 cells, treated with the leaves’ EOs, were subjected to cell cycle analysis to gain understanding of the cytotoxicity mechanism and mode of cell death. The results (Figure 1, Supplementary Table S1) demonstrated that the cell percentage in the G0–G1 and G2/M phases decreased upon treatment, being 53.23% and 3.82%, respectively, in comparison with the untreated control group. Moreover, it exhibited an increase in the cellular population of the S and pre-G1 phases to 42.95% and 26.35% compared to the control (36.19% and 1.48%, respectively). Subsequently, the apoptosis percentage increased from 1.48% in the control cells to 26.35%, whereas the percentage of necrotic cells increased to 7.51% compared to 0.93% in untreated cells (Figure 1, Supplementary Table S1).
[image: Figure 1]FIGURE 1 | Cell cycle distributions of MCF-7 cells (A) treated with EOs obtained from P. cattleianum Sabine leaves compared to (B) untreated, control cells. Percentage of early, late apoptotic, and necrotic cells in MCF-7 cells (C) treated with EOs obtained from P. cattleianum leaves compared to (D) untreated, control.
3.2.4 Expression of apoptosis-related proteins using the Western blot technique
The Western blotting technique was adopted to quantify the total levels of the apoptosis-mediated proteins, namely, Bax, Bcl2, and p53 (Mahmood and Yang, 2012). The results showed that the leaves’ EOs significantly overexpressed the Bax and p53 protein levels by 3.9 and 4.8 folds, respectively, in comparison with the control and untreated group, while the level of the Bcl-2 protein level was decreased to about 0.4 in the control (Figure 2, Supplementary Figure S8). Therefore, we expect that leaves’ EOs modulated the apoptotic pathway by regulating the p53-Bax/Bcl2 axis in MCF-7. Several reports were conducted on the biological activities of cattleianum leaves’ EOs, which revealed its significant antioxidant, antifungal, antibacterial (Castro et al., 2014), and anticancer activities against HeLa (human cervical adenocarcinoma cells), HepG2, AGS (human gastric cancer cells), SNU-1 (colorectal cancer cells), and SNU-16 (human stomach cancer cells) (Fidyt et al., 2016). Meanwhile, there are no studies about the anti-inflammatory and anticancer activities of flower-derived EOs and the anti-inflammatory and anticancer activities of leaves’ EOs, especially against MCF-7 and K562. The chemical components of leaves and flowers’ EOs prepared by the SFE method are responsible for their biological activities. It was found that both oils pioneered principally with β-caryophyllene (BCP), representing 13.2% and 14.99% for leaves and flowers, respectively, together with α-humulene (α-caryophyllene), which represented 10.9% (leaves) and 7.21% (flower). Moreover, the leaves’ EOs are also traced with caryophyllene oxide (BCPO, the oxidation derivative of β-caryophyllene) being 4.81%, which is almost absent from the flowers' EOs. BCPO is one of the major active components in various EOs derived from numerous food and spices. It possessed different biological effects such as anti-inflammatory (Medeiros et al., 2007) and anticarcinogenic (Langhasova et al., 2014) effects. BCP belongs to cannabinoid compounds (CBS), especially phytocannabinoids. However, cannabinoids could stimulate the cannabinoid receptors (CB1 and CB2), while BCP activates only CB2 and has no affinity to CB1, which explains that BPC action is lacking psychoactive side effects allied with cannabinoids and recommends its potential use in medicine (Fidyt et al., 2016). Moreover, α-humulene and BCPO have no affinity to CB1 and CB2, which explain that both compounds exhibited their biological activities through partially different mechanisms such as apoptosis induction, repression of the cell cycle, and inhibition of angiogenesis and metastasis (Carracedo et al., 2006). Many investigations have been performed to unravel the anticancer mechanism of BCPO, while that of BCP has hardly been studied (Fidyt et al., 2016). Many reports have mentioned the strong anti-proliferative activity of BCP against many cell lines due to its antiangiogenic properties, which are attributed to its interaction with the hypoxia-inducible transcription factor-1alpha (HIF-1α) that controls the biological pathways associated with hypoxia, tumor metastasis, tumor-mediated angiogenesis, and vascular endothelial growth factor transcription (VEGF) (Ghosh et al., 2022). Moreover, it was reported that BCPO possessed methylene and epoxide exocyclic functional groups, which bind covalently to the DNA nitrogenous bases and proteins by sulfhydryl and amino groups. Thus, BCPO exhibited great potential as a signaling modulator in tumor cancer cells (Park et al., 2011). Other reports revealed that BCPO has anticancer effects on MCF-7 and prostate cancer cell lines through the indication of ROS generation, MAPK activation, and inhibition of the PI3K/AKT/mTOR/S6K1 signaling pathway, which is vital to cell survival, proliferation, and angiogenesis of the tumor (Lo Piccolo et al., 2008). Additionally, it significantly decreases key protein levels involved in proliferation (cyclinD1), metastasis, angiogenesis (VEGF), and apoptosis inhibitors Bcl-2 (B-cell lymphoma 2) and IAP-1/2 (inhibitor of apoptosis 1 and 2) (Ryu et al., 2012). Moreover, it was reported that BCOP can exert pro-apoptotic activity in cancer cells through a reduction in NF-κB as a key transcription factor in the development of tumors through monitoring cancer cell proliferation, tumorigenesis, angiogenesis, and metastasis (Sain et al., 2014), and it regulated several genes implicated in cellular proliferation, apoptosis, and inflammation. Furthermore, it was reported that α-humulene and BCPO exhibited significant anti-proliferative activities against different cell lines witnessed by their combination with BCP in decreasing MCF-7 proliferation compared to when used separately (Legault et al., 2007). An observation that is in good agreement with our results is that leaves’ EOs exerted more potent cytotoxic effects than flowers’ EOs which may be due to the absence of BCPO from the flower. Moreover, it was stated that there is a possibility of a synergistic effect between the volatile components in EOs instead of only one major component or isolated compounds in modulating the cancer pathway. Additionally, it was reported that the strength of the cellular response induced after treatment with BCP(O) compounds differs significantly among cancer cells, which was also figured out from our results.
[image: Figure 2]FIGURE 2 | Effects of treatment by the EOs obtained from P. cattleianum Sabine leaves on the protein expression levels of (A) p53, Bax, Bcl-2, and β-actin; (B) protein relative abundance as measured from band intensity compared to β-actin.
4 CONCLUSION
Essential oils (EOs) from P. cattleianum leaves and flowers, cultivated in Egypt, have been extracted by three different methods and evaluated in terms of their chemical composition and biological significance. The implemented extraction methods greatly affected the yield, in addition to the qualitative and quantitative chemical properties of the EOs. Supercritical fluid extraction (SFE), represented an environment-friendly method and offered the highest EO yield from both organs with minimal degradation drawbacks, while the least yield was indicated by the conventional hydro-distillation method. P. cattleianum EOs were superlative by terpenoid hydrocarbons such as α-humulene, β-caryophyllene, and germacrene B, while α-bisabolol and caryophyllene oxide represented the major, identified oxygenated terpenes. The leaves’ EOs showed potent, anti-inflammatory capacity via inhibiting the 5-LOX enzyme, while the flowers inhibited the COX-2 enzyme. In addition, the leaves’ EOs induced apoptosis in the MCF-7 breast cancer cell line by modulating the P53-Bax/Bcl2 axis. The observed promising activities is, at least in part, due to the synergism between the volatile components; hence, P. cattleianum-derived EOs may be promoted as dietary supplements for the management of breast malignancies and inflammatory disorders.
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Semiconductors are widely used in electron devices. With the development of wearable soft-electron devices, conventional inorganic semiconductors are unable to meet the demand because of their high rigidity and high cost. Thus, scientists construct organic semiconductors with high charge mobility, low cost, eco-friendly, stretchable, etc. Due to the excellent performance of stretchable organic semiconductors, they can be widely used as wearable soft-electron devices, such as stretchable organic field-effect transistors (OFETs), organic solar cells (OSCs), etc. Contains flexible display devices and flexible power sources, which are of great interest for applications of future electron devices. However, there are still some challenges that need to be solved. Commonly, enhancing the stretchability may cause the degradation of charge mobility, because of the destruction of the conjugated system. Currently, scientists find that hydrogen bonding can enhance the stretchability of organic semiconductors with high charge mobility. Thus in this review, based on the structure and design strategies of hydrogen bonding, various hydrogen bonding induced stretchable organic semiconductors are introduced. In addition, the applications of the hydrogen bonding induced stretchable organic semiconductors are reviewed. Finally, the stretchable organic semiconductors design concept and potential evolution trends are discussed. The final goal is to outline a theoretical scaffold for the design of high-performance wearable soft-electron devices, which can also further advance the development of stretchable organic semiconductors for applications.
Keywords: hydrogen bonding, stretchable organic semiconductors, charge mobility, softelectron devices, OSCs, OFETs
1 INTRODUCTION
Organic semiconductors are organic materials with semiconductor properties (Chen et al., 2023). Compared with inorganic semiconductors, organic semiconductors have many advantages, such as being tailorable, easy to modify, and having low energy consumption (Zheng et al., 2022). Researchers have developed many meaningful organic semiconductor molecules, such as thiophenes, azole, fullerenes, perylene, phthalocyanines, etc. (Dai et al., 2022; Miao et al., 2023) With the further development of organic semiconductor devices, people are concentrating more on the stretchability of organic semiconductors with high charge mobility (Yang J. C. et al., 2019). The stretchable organic semiconductors make the flexible display, flexible organic sensors, and stretchable organic solar cells possible, which have shown great potential for commercialization (Yu et al., 2019).
In application, stretchable organic semiconductors will experience the recycling of stretch and retract. Therefore, for practical application, stretchable organic semiconductors need to function more than just single stretchable, but rather high elasticity and reversibility (Yu et al., 2021). However, organic semiconductor materials commonly are conjugated structures with high rigidity. Enhancing the stretchability may destroy the rigid π-conjugated system, then cause the reduction of charge mobility. Thus, designing high-stretch organic semiconductors with high charge mobility becomes a challenge (Pei et al., 2022). In addition, it is crucial to maintain high charge mobility upon the stretching status. To solve these problems, scientists have developed many useful strategies, such as embedding the crystallites into the amorphous regions, introducing side-chain, etc. (Yang Y. et al., 2019) Currently, many scientists use hydrogen bonding as the non-covalent cross-linking sites to design stretchable organic semiconductors, which have great performance in application (Charron et al., 2018).
Hydrogen bonding is an interaction force formed between hydrogen atoms and strongly electronegative atoms, which is widely existing in nature, including DNA (deoxyribonucleic acid), water, amino acid, etc. (Aakeröy and Seddon, 1993) Hydrogen bonding makes these structures more stable (Arunan et al., 2011). Same as them, hydrogen bonding can significantly enhance the stability and performance of organic semiconductor devices (Wang et al., 2018b). On the one hand, hydrogen bonding can enhance the intermolecular force and reduce the distance between molecules, which results in better π-π accumulation (Zhang et al., 2022). Because of the better π-π accumulation, the carrier mobility of stretchable organic semiconductors is elevated, which also solves the charge mobility reduction by the destruction of π-conjugation. On the other hand, the hydrongen bonds between molecules can significantly improve the stretchable properties of the systems. Thus, the design strategies of conjugated systems capable of hydrogen bonding are expected to both have high charge mobility and high stretchable properties (Lee et al., 2020).
In this review, we first summarize the recent advances in hydrogen bonding stretchable organic semiconductors in practical applications. Although some articles have reviewed the stretchable materials, only a few articles have discussed the hydrogen bonding-induced stretchable organic semiconductors. Herein, different hydrogen bonding design strategies in applications such as OSCs and OFETs are reviewed. Moreover, high-stretchable materials which are potentially used for these territories are introduced. In the end, the future outlook is highlighted. The final goal is to outline a theoretical scaffold for the design of high-performance hydrogen bonding stretchable organic semiconductors that can at the same time further the development of the applications of stretchable organic semiconductors.
2 OSCS
Organic solar cells as a green energy technology are attracting the attention of many scientists. Compared to conventional silicon-based solar cells, OSCs have many advantages, such as light-weight, low-cost, low pollution, etc. (Chen et al., 2021) Moreover, conventional silicon-based solar cells commonly are high rigidity, which restricts the development of soft-electronic devices (Wang et al., 2021). Relatively, because of the designability and softness of the organic materials, the OSCs are potential to be the most powerful source of soft-electronic devices (Lee et al., 2022a). The active layer of OSCs can generate the exciton when illuminated by light, then the exciton will separate into a hole and an electron. The hole and the electron can transport by the corresponding hole transport layer or electron transport layer. In this way, the current can be generated in the system. In a word, the active layer is one of the most important structures in the OSCs, which directly influences the performance of the OSCs (Liu et al., 2021). However, the active layer materials commonly are high rigidity. Thus, to promote the development of stretchable OSCs, exploiting high-charge mobility active layers with high stretchability is immediate.
Kim et al. developed a series of new polymer donors (PDs, PhAmX) featuring phenyl amide (N1, N3-bis((5-bromothiophen-2-yl)methyl) isophthalamide, PhAm)-based flexible spacer (FS) (Figure 1A) (Lee et al., 2022b). The PhAmX have different hydrogen bonding densities to pursue appropriate intermolecular hydrogen bonding interaction, which both have great charge mobility and excellent stretchability. Among them, the IS-OSCs based on the PhAm5 reached a high power conversion efficiency (PCE) of 12.73% (Figure 1B). Significantly, the PhAm5:Y7-based IS-OSC maintained over 90% of the initial PCE at 20% strain, which is much higher than the frequently-used PM6:Y7-based IS-OSC (68% of the initial PCE at 20% strain) (Figure 1C). In addition, the performance of the device under cyclic stretching/releasing is crucial for the sustainability of the IS-OSC. The PhAm5-based device maintained 86% of the initial PCE after 120 times stretching, non-etheless the PM6-based device showed only 41% of the initial PCE after the same number of cycles. In the PhAm5 system, although the π-conjugated system of the chain is destroyed by the introduction of the acid amides units, the hydrogen bonding induces the reduction of the intermolecular distances and makes better accumulation. The hydrogen bonding compensates for efficiency degradation due to the destruction of the π-conjugated system. Thus, the high durability and excellent performance under cyclic stretching of the hydrogen-bonding-based IS-OSC show high potential as the powerful source for soft-electronic devices in practical applications.
[image: Figure 1]FIGURE 1 | (A) Chemical structures of PM6 and PhAmX PDs. Adapted with permission from (Lee et al., 2022b); (B) Photovoltaic performances and related analyses of the Gaussian-fitted PCE distributions of PD:SMA blends. Adapted with permission from (Lee et al., 2022b); (C) Plots of normalized PCE versus engineering strain of the IS-OSC devices. Adapted with permission from (Lee et al., 2022b); (D) Molecular structures of citric acid, tartaric acid, and malic acid, respectively. Adapted with permission from (Xia et al., 2012); (E) Optimal J–V characteristics of flexible OSCs fabricated on m-PEDOT:PSS/PET with citric acid treatments (insert is corresponding histogram distribution of PCE counts for 20 individual devices). Adapted with permission from (Xia et al., 2012); (F) Changes in normalized PCEs of optimal flexible device based on citric-acid-treated m-PEDOT:PSS/PET electrode with mid-device and Al top electrode folding. Adapted with permission from (Xia et al., 2012).
Except for the active layer, developing the highly stretchable transparent electrode material is also inevitable. Nevertheless, conventional OSCs usually utilized indium tin oxide (ITO) as the transparent electrode material, which with a high price and high rigidity (Xia et al., 2012). These factors have limited the practical applications of ITO on soft-electron devices. Thus, designing stretchable, foldable, and transparent electrodes also is meaningful for the development of wearable soft-electron devices. Recently, scientists have utilized a number of emerging flexible transparent electrodes to replace the ITO, including graphene, ultrathin metal, conducting polymers, etc. Among these materials, poly (3,4-ethylene dioxythiophene):poly (styrene sulfonate) (PEDOT:PSS) has been broadly used in flexible transparent electrodes, which posses well film-forming properties, high grade of transparency, and low cost (Chen et al., 2019). In addition, by doping with some acids in PEDOT:PSS films are confirmed as an effective strategy to enhance the performance of the devices. Wei Song et al. have designed the flexible OSCs by using the PEDOT:PSS (m-PEDOT:PSS)/polyethylene terephthalate (PET) films as the flexible transparent electrodes, which are doped with the eco-friendly acids, including citric acid, malic acid, and tartaric acid (Figure 1D) (Song et al., 2020). The carbonyl of the PET and the hydroxyl the acid can form hydrogen bonding in the system. Hydrogen bonding can significantly improve interfacial adhesion and reduce interface mechanical wear. Moreover, the deformation resistance and the environmental sustainability of the stretchable OSCs are obviously enhanced, which is caused by the intermolecular hydrogen bonding interaction. Thus, the green-acid-treated folding-flexible OSCs showed a high performance (PCE of 14.17%, VOC of 0.831 V, JSC of 23.60 mA cm2, and FF of 72.23%) with excellent stretchability (Figures 1E,F). This work is great potential for further implementation of stretchable, low-cost, and eco-friendly OSCs.
3 OFETS
Organic field-effect transistor (OFET) is an active device that uses an electric field to control the conductivity of solid organic materials. In electron devices, the OFETs are indispensable, which can transmit signals and control the operation of the devices (Fusco et al., 2022). Through molecular design and aggregate structural engineering, scientists have developed many high-charge mobility conjugated polymers for OFETs. With the development of soft-electron devices, designing corresponding stretchable OFETs are inevitable. Recently, many high-charge mobility with high stretchable OFETs have been successfully developed by hydrogen bonding designing strategies (Zhang et al., 2018), which may meet the requirement of emerging flexible electronics such as electronic skin, flexible displaying, etc. further improving charge mobility and promoting conjugated polymers to the flexible device are running in the fast lane (Wang et al., 2018a; Tien et al., 2021).
Incorporating side chains into the polymer is a mature design strategy to enhance the performance of OFETs. For example, Bao’s group introduced hydrogen bonding units PDCA (2,6-pyridine carboxamide) into Diketopyrrolopyrrole (DPP)-based donor−acceptor conjugated polymer OFETs (Figure 2A) (Gasperini et al., 2019). Compared with commonly DPP-based OFETs, the hydrogen bonding interaction reduced the intermolecular distance (from 24.02 to 22.87 Å) and induced better π-π accumulation. They found that the hydrogen bonding is more sturdy than the backbone in the hydrogen bonding system (Figure 2B). That means the hydrogen bonding can buffer the effect while the materials are strained, which can significantly improve the stretchability and resistance to strain. Samely, Ocheje’s group incorporated amide-containing alkyl chains in DPP-based conjugated polymers as stretchable OFETs (Figure 2C) (Ocheje et al., 2018). The resulting polymers with 10% hydrogen bonding units showed a maximum stretchability of 75% elongation (Figure 2D), which maintains a high retention rate of the morphology under the tensile state. Non-etheless, the hydrogen bonding side chains also can be extended to other polymer backbone structures to develop various high-performance OFETs.
[image: Figure 2]FIGURE 2 | (A) The chemical structure of the DPP-based PDCA-alkyl side chain polymers. Adapted with permission from (Gasperini et al., 2019); (B) Dynamic mechanical analysis traces (tan δ curves) for semiconducting polymers bearing H-bonding units in the alkyl chains at different wt% of PDCA. Adapted with permission from (Gasperini et al., 2019); (C) Chemical structure of DPP-based conjugated polymers P1 to P7, incorporating up to 20mol% of amide-containing alkyl side chains and 20mol% of dodecyl side chains. Adapted with permission from (Ocheje et al., 2018); (D) optical microscopy images of P3 at 50% strain elongation. The scale bar is 20 μm. Adapted with permission from (Ocheje et al., 2018); (E) Chemical structure of the DPP-based conjugated polymer backbone and hydrogen bonding units. Adapted with permission from (Zheng et al., 2020); E-carbonate polymers during stretching in the fully stretchable transistor configuration, with charge transport parallel to the strain direction. Average mobility of different H-bonding conjugated polymers during stretching in the fully stretchable transistor configuration (normalized by the mobility at 0% strain), with charge transport parallel to the strain direction: (F) ether-chain and (G) alkyl-chain. All mobility values are averaged and extracted from at least six devices. Adapted with permission from (Zheng et al., 2020).
Besides introducing hydrogen bonding side chains in the OFETs system, developing different hydrogen bonding densities in the backbone also is a popular research direction (Oh et al., 2016). The hydrogen bonding is able to induce better aggregation and crystallinity in as-casted thin films, which can result in a higher modulus and crack on-set strain. This property is highly correlated with the density and strength of hydrogen bonding. On this basis, Bao’s group designed various diketopyrrolopyrrole (DPP)-based conjugated polymer backbones with various densities and intensities of hydrogen bonding units, and systematically investigate the effects of hydrogen bonding interactions on the performance of OFETs (Figure 2E) (Zheng et al., 2020). They found that the hydrogen bonding self-association constant >0.7 (the Urea) can significantly improve the resistance to deformation and crack on-set strain. Additionally, introducing the ether chain contributes to better hydrogen bonding interaction and better electrical performance under strain. Then they fabricated the stretchable OFETs to evaluate their electrical performances under the strain states. The result shows that the hydrogen bonding induced better crystallization and improved the modulus of the system (Figures 2F,G). Nevertheless, the higher modulus leads to better charge mobility. Thus, regulating the densities and intensities of hydrogen bonding in the backbone can provide guidelines for designing various stretchable OFETs.
4 CONCLUSIONS AND OUTLOOK
Hydrogen bonding-induced organic semiconductors have many advantages in stretchable electron devices, including designability, low cost, stretchability, etc. Moreover, through different design strategies, we can develop various functional stretchable organic semiconductors as we want. The development of stretchable organic semiconductors could promote the development of wearable soft-electron devices. On one hand, stretchable organic semiconductors can provide power for soft-electron devices such as stretchable OSCs. On the other hand, designing various stretchable organic semiconductors let the development of soft-electron devices quicker and more diversified.
Although hydrogen bonding-induced stretchable organic semiconductors have developed for many years, this technology is still in its infancy. For further development of soft-electron devices, there are still some problems that need to be solved. (i) At present, many hydrogen bonding-induced stretchable organic semiconductors lack deep-level research. (ii) Developing more practical applications, such as artificial skin, wearable electronic devices, electronic wallpaper, etc. (iii) Developing different types of hydrogen bonding-induced organic semiconductors, such as chemical hydrogen bonding, physical hydrogen bonding and dielectric hydrogen bonding. (iv) Designing Hydrogen bonding-induced organic semiconductors with multiple advantages, including sustainability, stretchability, charge mobility, foldability, etc.
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Reported
year

Product

Condition (catalyst)

Reaction
temperature (°C)

Reference

2018 6 Bael fruit ash 20 15 min 92 Shinde et al. (2018)
2018 6 Sodium L-ascorbate Reflux of water 10 min 88 Kiyani and Bamdad
(2018)
This work 6 Choline Chloride: Urea 70 17 min 95 -
2023 6b Copper(II) oxide incorporated onto 20 Not 90 Karrabi et al. (2023)
‘montmorilonite-K10 functionalized with reported
tetraethyl orthosilicate, epichlorohydrine,
melamine, and 5-sulphosalisilic acid
2023 6b Potassium dihydrogenphosphate 100 2h 95 Mathavan and
Yamajala (2023)

2022 6b Phenylazophenylenediamine-based lanthanum 110 12 90 Ghorbani et al. (2022)

complex supported on silica-coated magnetic

nano-Fe;0; core-shell nanocatalyst
2021 6b Sugarcane bagasse ash-based silica-supported 80 35 min 86 Pandey et al. (2021)
boric acid

2022 6b Tungstic acid immobilized on zirconium-| 60 45 min 92 Khademi et al. (2021)

aspartate amino acid metal-organic framework-

grafted L-(+)-tartaric acid stabilized magnetic

Fe304 nanoparticles
This work 6b Choline chloride:urea 70 15 min 95 .
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Entry Product

1 6a 01 70 60 NR
2 6a 10 70 60 N.R
) 6a 11 [ 70 60 2
4 6a 12 [ 70 [ 17 [ 95
5 6a 1:3 70 30 66
6 6a 14 | 70 30 54
7 6a 12 [ 50 | 30 62
s 6a 12 60 30 79
9 6a B2 80 30 90
10 6a 1:2 90 30 88
1 6a 12 [ 100 30 88

N.R. no reaction.
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Reported
year

Condition (catalyst)

Reaction

temperature (°C)

Reference

2023 4a Sulfonic acid modified 5-aminotetrazole-1,3,5- 70 Not 95 Ghorbani et al.
triazine-(3-aminopropyl)silylated carbon quantum reported (2023)
dots-coated Fe; 0, magnetic nanoparticles
T
202 4 2,6-diamino-1-(4-sulfobutyl) pyridin-1-ium hydrogen 50 30 min % Bakhtiarian and
sulfate modified pectin nanoparticles Khodaei (2022)
2021 4a Sulfonic acid-functionalized polyvinyl alcohol 90 3h 89 Patki et al. (2021)
2020 4 1,3-disulfoimidazolium trifluoroacetate 80 50 min 94 Abshirini etal. (2020)
T
‘This work. 4a Choline chloride:urea 80 20 min 97 -
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Choline chloride:urea (1: 2); 80°C.
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Entry Product

2 4a 10 80 60 N.R
) da 11 [ 80 60 67
4 da [ 12 [ 80 [ 20 [ 97
5 da 1:3 80 30 82
6 da | 14 | 80 30 55
7 da 12 [ 50 | 30 52
s 4a 12 60 30 76
9 da B2 70 30 88
10 da 1:2 90 30 95
1 da 12 [ 100 30 90

N.R. no reaction.
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S. No. Compound name E. faecal

1 2 128 128
2 2 128 128
3 2 128 128
4 2d 16 16

5 2 128 >128
6 2f 128 128
7 2 128 128
8 2h 128 128
9 Ampicillin 4 8

The bold values in the tables depict MIC, MBC in low range.
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Compound Time (hours)

| X 6 500
‘ 2d X 7 600
‘ o 6 500
‘ Ampicillin Cox 6 500

The culture controls took, C= 1.00 h to grow in the absence of the antimicrobial agent.
Thi v of te PAR. 4 31 it differit cabciiiation was ind 530k,
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The culture controls took, C= 2 h to grow in the absence of the antimicrobial agent.
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Average percentage of viable cells after exposure with 2d for different time durations

Conc. (ug/mL) 24h 48 h
4 99.96 + 2.532 98.59 £ 0.501 99.52 + 0.001
8 97.62 + 0475 96.85 + 1.269 95.35 £ 0.010017
16 94.54 £ 0.989 96.22 £ 0.173 94.36 + 0.006429
32 90.30 + 0.557 91.74 + 0.289 88.48 + 0.002309
64 87.29 + 0428 90.24 + 0.765 91.23 + 0.024664
128 85.32 £ 0.164 87.06 + 0.153 88.15 + 0.005774
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S.No. Compound S Iz, B. MRSA

aureus faecalis cereus

1 2a 128 64 128 128
2 2b 128 128 128 128
3 2¢ 64 64 128 128
. | 2d s 8 Cwom
5 2 | 128 32 ‘ 64 128
6 [ 2f | 128 >128 128 | 128
F 2g s 128 128 128
8 2h | 128 128 128 | 128
9 AMK 25 25 125 >128
10 STR 25 25 25 | >128
1 cp 125 03125 25 >128

The bold valiies i thie tables:depict MIC, MBC i low fafge.
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Compound P. aeruginosa pneumonia E. coli MDR E. Coli
1 2 128 128 128 128
2 | 2b [ 128 64 ‘ 64 128
3 2 128 128 64 128
4 [ 2d [ 64 128 128 128
5 [ 2 64 128 | 128 ‘ 128
6 [ 2f [ 128 [ 128 128 128
7 2 [ 128 128 128 128
8 2h 128 128 128 128
L AMK 25 s 25 >128
10 STR 25 [ 25 | 25 >128
1 ap [ 5 | 125 [ 0015 >128

The bold values in the tables depict MIC, MBC in low range.
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Bioactive compound(s)
Sizofiran
Schizostatin
Phenyl benzoate (C;3H;o0,), 4-(phenyl methoxy) phenol (C1sH;0,),
pyrrolo (1, 2-a) piperazine-3, 6-dione (C;H;oO,N), gallic acid, and

L-ascorbic acid

Gallic acid, catechin, chlorogenic acid, epicatechin, caffeic acid,
coumaric acid, rutin quercetin, and kaempferol

Phenolics, flavonoids, alkaloids, tannins, and saponins
Schizostatin

Lovastatin

Not determined

Total phenols and flavonoids

Not determined

Polysaccharides

Exopolysaccharide (EPS) and intracellular polysaccharides (IPSs)
B-glucan

Alkaloids, flavonoids, saponins, and terpenoids

Free sugars, organic acids, phenolic compounds, and tocopherols

Phenols, flavonoids, tannins, and alkaloids

Phenols and flavonoids

Phenolic acids, resveratrol, triterpenic compounds, and ergosterol

Flavonoids, total phenols

Exopolysaccharides

Phenolics, and flavonoids including catechin, kaempferol, apigenin
Phenol, glycerine, pimelic ketone, D-ribonic acid, methyl myristate,

palmitic acid methyl ester, oleic acid ethyl ester, lauramide, oleic acid
amide, 1,2-cyclododecanediol, resorcinol, and phytol

Lentinan

High phenols and flavonoids

Ergosterol and trilinolein

Not determined

Catechin and quercetin

Not determined

Not determined
Extracellular polysaccharopeptides (PSP)
Panapophenanthrin, panepophenanthrin, and dihydrohypnophilin

Phenols and flavonoids

Not determined

Not determined

Not determined

Not determined

Water-soluble polysaccharides

Irofulven

Not determined

Erinacine A

Hericenones C, D, and F

Erinacine A

Terpenoid backbones, diterpenoids, sesquiterpenes, and polyketides

4-chloro-3,5-dimethoxybenzoic methyl ester, 3-(hydroxymethyl)-2-
furaldehyde, erinacine A, erinacerin G, herierin I1I, and herierin IV

Erinacine A and S

Erinacine A, hericenone C, and hericenones D

Erinacine A, hericenone C, hericenone D, and ergothioneine
Ergothioneine

Ergothioneine

Irpexlacte A-D, irlactin E, and 3p-hydroxycinnamolide

Gallic acid, catechin, chlorogenic acid, epicatechin, caffeic acid,
umbelliferone, coumaric acid, tert-butyl-hydroquinone, and quercetin

Not determined

Not determined

Crude endopolysaccharides (c-EPL) and low molecular weight
compound (ex-LMS)

Endopolysaccharides (c-EPL) and a low molecular weight metabolites
(ex-LMS)

Not determined

Low molecular weight compounds

Alkaloids and tannins glycosides
Alkaloids, flavonoids, saponins, and terpenoids, steroids and cardiac

glycosides

4-hydroxybenzoic acid, protocatechuic acid, cinnamic acid, p-coumaric
acid, caffeic acid, and quinic acid

Carbohydrates, proteins, amino acids, lipids, alkaloids, glycosides,
cardiac glycerides, flavonoids, phenols, terpenoids, steroids, sterols,
saponins, tannins, and phosphate

Alkaloids, flavonoids, triterpenes, essential oils, phenols, fatty acids,
anthraquinones, coumarins, anthrones, tannins, and steroids

Not determined

Sinapate, 4-hydroxystyrene, piceatannol, and taxifolin

Not determined

Lanosterol, 3p-hydroxy-8,24-dien-21-al, ergosterol, inotodiol, ergosterol
peroxide, and trametenolic acid

Epicatechin-3-gallate, epigallocatechin-3-gallate, naringin, ferulic acid
and gallic acid properties

3p-hydroxylanosta-8,24-dien-21, (+)-fuscoporianol C, inonotsutriol E,
inotodiol, inonotsutriol A, trametenolic acid, saponaceoic acid I, and

chagabusone A.

3p-hydroxy-8,24-dien-21-al, inotodiol, betulin, betulinic acid-3-O-
caffeate, trametenolic acid, and melanin

Betulin, betulinic acid, inotodiol, and trametenolic acid

33,22,24-trihydroxy-lanosterol-8,25-diene, oleanolic acid, 3-hydroxy-
lanoster-8,24-dien-21-acid, 3,21-Dihydroxy-lanosterol-8,24 diene,
betulin, inotodiol, 3p-Hydroxy-lanoster-8,24 dien-21-aldehyde, and
lanosterol

Gallic acid, ferulic acid, flavonoids epicatechin-3-gallate,
epigallocatechin-3-gallate, naringin, rutin, naringenin, phelligridin G,
inoscavin B, and davallialectone

Seven lanostane-type triterpenoids

Gallic acid, protocatechuic acid, salicylic acid, vanillic acid, 2,3-
dihydroxybenzaldehyde, 2,5-dihydroxyterephthalic acid, coumaric acid,
caffeic acid, 4-methosycinnamic acid, hispidin, ferrulic acid,
isorhamnetin, myricetin, quercetin, syringic acid, ellagic acid, hispolon,
3,4-dihydroxybenzalacetone, and 3-O-methylellagic acid

Phelligridin D

Procyanidin, caffeic acid, p-coumaric acid, isorhamnetin-3-O-glucoside,
astilbin, tangeretin, gallic acid, kaempferol, quercetin, and catechin

Forty-six triterpenoids
Inotodiol, lanosterol, and trametenolic acid
Phenol and flavonoid content

Tricaproin and 13-Docosenamide, (2)-

Phenolics and flavonoids

Phenolics and flavonoids

Pentacyclic triterpenoids (fuscotorunones A and B)
Triterpenes, steroids, and polysaccharides
Triterpenes, steroids, and polysaccharides
Exopolymer

Lucidenic acids

Ethyl lucidenate (ethyl 7-hydroxy-4,4,14a-trimethyl-3,11,15-trioxo-
Sa-chol-8-en-24-oate)

Exopolysaccharides

‘Ganodermic acids

Polysaccharides

Lanostane triterpene, and aromatic meroterpenoids

Ganoderic acids

Polysaccharides

Fucoxylomannan
Not determined
Polysaccharides, triterpenois
Not determined

Dodecanoic acid, cyclododecane, octadecanoic acid, 9-octadecenoic
acid, hexadecanoic acid, methyl tetradecanoate, 9, 12-octadecadienoic
acid, dodecyl acrylate, and hexadecanoic acid

Not determined

Alkaloids, tannins, glycosides, and saponins
Triterpenoids, polysaccharides
Not determined

Flavonoids

Polysaccharides, triterpenes, peptides, and polysaccharide peptides
Not determined
Flavonoids

Cerevisterol

Flavonoids, tannins, phenols, steroids, alkaloids, anthraquinones,
anthrones, coumarins, essential oils, and fatty acids

Not determined

Sequiterpenes

Not determined

Phenolics, flavonoids, ascorbic acid, B-carotene, and lycopene

Caprylic acid methyl ester, tridecanoic acid methyl ester, myristoleic acid
methyl ester, cis-10 pentadecanoic acid methyl ester, palmitoleic acid
methyl ester, heptadecanoic acid methyl ester, stearic acid methyl ester,
elaidic acid methyl ester, oleic acid methyl ester, linolelaidic acid methyl
ester, g- linoleic acid methyl ester, x-linolenic acid methyl ester,
heneicosanoic acid methyl ester, and cis-11-14-eicosadienoic acid
methyl ester

Not determined
Sesquiterpenes
Not determined

Not determined

Polysaccharopeptide
Polysaccharide
Polysaccharides

Musarin

Benefits
Anticancer
Anticholesterol
Antioxidative

Antibacterial

Antioxidative Biocontrol agent

Antioxidative
Antimicrobial

Anticholesterol

Antibacterial

Antioxidative Antimicrobial
Antihyperglycemic

Antioxidative

Anticancer

Antioxidative

Antimicrobial

Antioxidative

Antioxidative

Anti-inflammatory Antimicrobial
Antimicrobial

Anticancer

Antipyretic

Astringent

Antiviral

Antioxidative Antimicrobial

Antioxidative

Antioxidative

Antioxidative
Antimicrobial
Anticancer, antiviral, antioxidative
Antimicrobial
Antioxidative
Anti-inflammatory
Immunomodulator
Antitumor

Anticancer

Antioxidative
Antimicrobial
Antioxidative

Anticancer

Against cardiovascular disorders
Antioxidative
Antimicrobial
Anticancer

Antiviral

Antioxidative
Antioxidative
Antidiabetic
Antioxidative
Immunomodaulator
Antimicrobial, anticancer
Antioxidative
Antimicrobial
Antioxidative
Anti-inflammatory
Anticancer

Anticancer
Anti-metastatic
Anticancer
Anti-metastatic
Anticancer
Anti-inflammatory
Anticancer

Anticancer

Antioxidative

Neuroprotective
Anti-inflammatory
Neuroprotective
Neuroprotective
Neuroprotective Neuritogenic
Anti-neurodegenerative
Neuroprotective

Anti-aging

Anti-aging, Neuroprotective
Anti-aging, Neuroprotective
Anti-aging, Neuroprotective
Antioxidative

Antimicrobial

Antioxidative

Antioxidative
Antimicrobial
Antioxidative
Antimicrobial
Antioxidative
Antibacterial
Antiviral

Anticancer Immunostimulatory
Antiproliferative

Antioxidative
Antimicrobial
Anticancer
Antioxidative
Antimicrobial
Antimicrobial
Antioxidative
Antioxidative
Hepatoprotective

Antimicrobial

Antioxidative

Antimicrobial
Antioxidative
Antimicrobial
Antioxidative
Antihyperglycemic
Anti-lipid peroxidative
Antioxidative
Anti-inflammatory
Anticancer

Antioxidative

Cytotoxicity
Anticancer
Anti-inflammatory
Immunological
Anticancer
Anti-proliferative
Anticancer
Anti-hyperuricemic

Anti-inflammation

Antioxidative

Anti-neuroinflammatory

Antioxidative

Antioxidative
Antidiabetic

Antioxidative

Antihyperglycemic
Improved lipid accumulation
Antioxidative

Antioxidative

Anti-tumor

Antibacterial

Immunostimulant Lipoxygenase-
inhibitor

Anti-aging
Analgesic
Antidiabetic
Anti-inflammatory
Antidermatitic
Antileukemic
Anticancer
Hepatoprotective
Hypocholesterolemic
Antiulcerogenic
Vasodilator
Antispasmodic
Antibronchitic
Antioxidative
Antioxidative
Antimicrobial
Antihyperglycemic
Antihyperglycemic
Antihyperglycemic
Anticancer

Antitumor

Anticancer
Antibacterial
Anticancer
Antibacterial

Anticancer

Antioxidant
Neuroprotective

Anticancer

Antitumor
Antioxidant
Immunomodulator
Antibacterial
Neuroprotective
Hypoglycemic
Hepatoprotective
Anticancer
Antibiotic
Antimicrobial
Antimicrobial

Antibacterial

Antioxidant
Antibacterial
Cytotoxicity
Antimicrobial
Antiviral
Antibacterial
Antioxidant
Antibacterial
Anti-aging
Antimicrobial
Antimicrobial

Antibiotic

Scavenging
Antibacterial
Cytotoxicity

Antimicrobial

Antimicrobial

Antibiotic
Antimicrobial

Anti-inflammatory

Antimicrobial

Antimicrobial
Antimicrobial
Anti-leishmanial

Anti Fusarium langsethiae (cereal
pathogen)

Anti morphine addiction
Chemoprotective
Anticancer

Anticancer
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Compound %Content Identifications
HD  MAHD

1 731 a-Pinene CioHis 915 915 345 290 - MS, RI
2 859 -Pinene CioHhg 961 961 | - Loz - MS, RI
3 905 p-Myrcene CioHg 978 978 | - 021 - MS, RI
4 944 Pseudolimonen CioHig 992 996 - 005 - MS, RI
5 1020 D-Limonene CioHig 1017 1027 059 | 006 - MS, RI
6 1051 trans-p-Ocimene Ciotis 1027 1027 - 014 - MS, RI
7 1083 cis-p-Ocimene CioHi 1038 1038 - 051 - MS, RI
8 1244 B-Linalool Ciotis 109 1090 125 166 - MS, RI
9 1268 trans-Dihydrocarvone CiHiO | 1097 | 1193 - Lo - MS, RI
10 1365 Isopinocarveol CiHi O | 1129 1136 - 0.04 - MS, RI
i 1484 Terpinen-d-ol CiHisO | 1167 | 1167 | - 0.07 - MS, RI
12 1526 a-Terpineol CiHO | 1180 1180 | - Lo - [ MS, RI
13 1806 trans-Linalool oxide acetate CiHaOy | 1277 1282 - 0.04 - MS, RI
14 1985 a-Cubebene CisHay e 0.06 - MS, RI
15 2005 a-Longipinene CisHay 1346 1347 - 005 - MS, RI
16 2037 (+)-Cyclosativene CisHyy 1358 1358 - 0.06 - MS, RI
17 2049 Ylangene CisHy, 1362 1362 - Lo - [ MS, RI
18 2059 Copaene CisHay 1365 1365 185 | 195 064 | MS,RI
19 2097 Geranyl acetate CiHxO, 1372 1372 - 074 - MS, RI
20 2142 7-epi-Sesquithujene CysHy, 1394 1391 - [o1s - MS, RI
21 2154 a-Gurgujene CisHay 1398 1398 019 | - - MS, RI
2 2156 p-Maaliene CisHay 1399 1381 - 032 - MS, RI
2 2164 cis-a-Bergamotene CisHay 1402 1403 025 | - - MS, RI
2 2182 p-Caryophyllene CisHu 1409 1409 1885 | 8.18 1499 | MS, R
2 2233 Aromandendrene CisHay 1429 1429 061 | 076 057 | MS,RI
26 2273 a-Humulene CisHay 1445 1445 1446 1102 721 | MS,RI
27 2295 Alloaromadendrene CysHy, w2 sz | 03 | 0 075 | MS,RI
2 2331 y-Muurolene CisHay 1467 | 1467 | 059 | 109 059 | MS,RI
29 2345 Germacrene D CisHay 473 47 - 097 024 | MS,RI
30 2359 Eudesma-4(14),11-diene CisHas 1478 1478 091 374 055 | MS,RI
31 2384 p-Cyclogermacrane CisHay 1488 1488 - - 184 MSRI
32 2409 p-Bisabolene CisHay s s 131|207 114 MSRI
33 2416 p-Curcumene CisHay ot 1ot 057 |- - MS, RI
34 2428 cis-y-Bisabolene CisHay 1505 | 1507 | 106 | 1.09 075 | MSRI
35 2450 Cadina-1(10)4-diene CysHy, 1514 1514 301|307 215 | MS,RI
36 2457 Cadina-3,9-diene CisHay 1517 1518 - 3.07 - MS, RI
37 2483 Eudesma-4(14),7(11)-diene CisHay 1527 1544 147 | 192 092 | MS,RI
38 2500 Selina-3,7(11)-diene CisHyy 1533 1532 164 192 14 MS,RI
39 2541 Germacrene B Cisty 1509 1509 | 922 | 249 430 | MS,RI
40 2591 Spatulenol CisHaO IR - 0| MS, RI
a 2607 Caryophyllene oxide CisHaO | 1575 | 1575 se - - MS, RI
42 2629 Viridiflorol CisHyO | 1584 1584 059 | - 02 | MSRI
43 2656 Ledol CisHaO 1594 1595 - 016 069 | MS,RI
4 2657 (-)-Globulol [ CisHO | 1594 1580 | 123 | - s MS, RI
45 2671 Humulene 67-epoxide [ CisHaO | 1600 1600 | 107 214 o | MS, RI
46 2713 Di-epi-1,10-cubenol CisHaO | 1619 | 1619 | 199 | 297 098 | MS,RI
47 2726 Cis-23442,56,7,8-octahydro-1,1,4a,7-tetramethyl-, 1H- CisHaO 1624 1616 109 | - - MS, RI

benzocyclohepten-7-ol
48 2734 Acorenone B CisHauO 1624 1620 | - 085 - MS, RI
49 2747 tau-Muurolol CisHaO | 1633 1634 121 | 227 - MS, RI
50 2752 a-Cadinol CisHa0 Dl 1 23 | 07 150 | MS,RI
51 2778 Neointermedeol CisHuO | 1646 1656 | - 407 15 | MS,RI
52 2809 cis-Sesquisabinene hydrate CisHyO | 1660 | 1590 | 184 | 256 089 | MS,RI
53 2840 a-Bisabolol [ CisHaO | 1673 i 905 | 803 765 | MSRI
54 2877 Eudesm-7(11)-en-4-ol CisHaO | 1690 1690 | 194 | 0.6 098
55 2026 Famesol CisHyO | 1711 1711 - 166 -
56 3004 a-Cyperone CiHpO | 1745 1755 | - 007 - MS, RI
57 3040 6-Isopropenyl-4,8a-dimethyl-1,2,3,5,6,7,8 8a-octahydro- CigHyO | 1760 | 1714 | - Lo - MS, RI

naphthalen-2-ol
58 3181 trans-Famesyl acetate CiHyO, | 1824 1824 | - 033 - MS, RI
59 3198 p-Sitosterol CoHlsO | 3277 3203 - - 1368 MS, Rl

Total identified compounds | w5 896 68.46

Non-oxygenated

Monoterpene hydrocarbons (MH) 529 | 579 -

Sesquiterpene hydrocarbons (SH) 5647 | 4463 38.08

Sterols - - | 13.68

Oxygenated

Oxygenated monoterpenes (OM) - 121 -

Oxygenated sesquiterpenes (OS) 2579 | 3033 167

R, retention time; R, experimental refractive index; Rl reference refractive index; M.F, molecular formula.
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3a

reaction conditions

N

+ CHgSSOgNa —— oo

4a

1 TBHP CH,CN 80 0

% 5,04 CH,CN 80 0

3 DTBP CH,CN 80 0

4 Cubr, CH,CN 80 12

5 PIDA CH,CN 80 81

6 NIS CH,CN 80 29

7 PIDA toluene 80 0

8 PIDA DCE 80 0

9 PIDA DMF 80 trace
10 PIDA THF 80 trace
1 PIDA MeOH 80 0

12 PIDA CH,CN 80 3
13 PIDA CH;CN 70 77
14 PIDA CH,CN %0 72

"Reaction conditions: 1a (0.2 mmol), 2a (0.4 mmol), 3a (0.4 mmol), oxidant (0.4 mmol), solvent (20 mL) under Oy, heated at 80 °C for 24 h.

"Isolated yield.

Under N, atmosphere.
'At90 °C.

At 70
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%Content Identifications

HD MAHD
1 7.13 a-Thujene CioHg 908 908 0.10 0.07 - MS, RI
2 731 a-Pinene Cioti 915 915 629 451 043 MS, RI
3 [ ass | f-Pinene Cioie | s st | o 029 - MS, RI
4 905 B-Myrcene CioHg 978 978 019 0.06 - MS, RI
5 | 1020 D-Limonene CioHi o7 1017 122 061 023 MS, RI
6 1051 trans--Ocimene CioHig 1027 1027 019 008 - MS, R
7 1083 cis-p-Ocimene ‘ Cioti 1038 1038 115 043 018 MS, RI
8 115 y-Terpinene CioHig 1048 1048 009 - - MS, RI
10 s Terpinen-4-ol CioHys0 e 1167 016 0.07 [~ L wsm
1 | 15 | aCubebene CisHay i 1339 - 007 [~ MS, RI
12 2005 a-Longipinene CisHay 1346 1347 - 0.06 - | MSRI
13 2033 (+)-Cyclosativene CisHyy 1356 1358 - - 00t | MS R
14 2049 Yiangene CisHay 1362 1362 010 014 0.09 MS, RI
15 2059 Copaene CisHay 1365 1365 216 257 239 MS, RI
16 2079 Nerol acetate CiaH0; 1372 1372 104 059 0.56 MS, RI
17 | aes | p-Elemene CisHyy s 1380 0.62 0.67 045 MS, RI
18 | 7-epi-Sesquithujene ‘ CisHay 1392 1391 015 020 - MS, RI
19 2154 a-Gurjunene | Custin 1398 1398 020 028 07 | Ms R
20 2164 cis-a-Bergamotene CisHa 1402 1403 030 038 - MS, RI
2 2169 trans-a-Bergamotene CisHyy s 1a0s - - 031 MS, RI
2 T $ -Caryophyllene CisHa s 1414 1177 1256 1320 MSRI
2 T y-Elemene CisHay 1423 1423 238 - 236 MS, RI
u 2235 Aromandendrene CisHay 1429 1429 054 077 074 MS, RI
25 273 a-Humulene ‘ CisHy, 1445 1445 1465 1500 1090 MS, Rl
2 2285 p-Santalene CisHay 1449 1449 058 065 0.07 MS, RI
27 | 295 Allowromadendrene CisHay | s 1452 044 058 055 MS, RI
28 2308 | Muwrola 1 diene CisHay 1458 uss - - 037 MS, RI
29 | nm y-Muurolene CisHay 1467 1467 200 289 101 MS, RI
30 2345 | Germacrene D CisHay 1473 1473 044 100 051 MS, RI
5 | na y ~Selinene ‘ CisHay 1479 w106 | 129 35| Ms

32 2381 y-Maaliene CisHay 1487 1435 159 182 - | Ms
33 2409 p-Bisabolene CisHay 1498 1498 142 230 248 MS, RI
34 e p-Curcumene CisHay o 1504 052 - - MS, RI
26 2285 p-Santalene CisHay 1449 1449 058 0.65 0.07 MS, RI
27 2295 Alloaromadendrene CisHyy 1452 1452 044 058 055 MS, RI
2 2308 Muurola-4,11-diene CisHay 1458 1458 - - 0¥ | MSRI
29 T y-Muurolene CisHa 1467 1467 200 289 101 MS, RI
30 | 545 Gemmactend CisHyy 1473 1473 044 100 051 MS, RI
31 L me y ~Selinene Cist, o 1479 106 129 375 MS, RI
32 T y-Maaliene | Cotl | 117 s - S wswm
33 2409 p-Bisabolene CisHay 1498 s | 12 230 248 MS, RI
34 Do $-Curcumene CisHay o 1504 052 - | = L wsm
2 2285 p-Santalene CisHyy 1449 1449 058 065 07 | MsH
27 | 295 Allowromadendrene CisHay s 1452 044 058 055 MS, RI
46 2646 Humulene epoxide I CisHO 1591 1592 019 019 027 MS, RI
47 2656 Ledol CisHaO 1595 1595 123 106 2 oMswm
43 2671 (-)-Humulene epoxide I Ci5HO 1601 1602 147 141 194 MS, RI
49 T Di-¢pi-1,10-cubenol ‘ Ci5Ha0 1619 1619 181 172 2w | Msm
50 | 22 Humuenoll Ci5H0 e 60 | 150 153 | | Ms R
51 2737 Caryophylla-4(12),8(13)-dien-5-a-ol [ Ci5H0 W e 067 0.69 - MS, RI
52 2747 T-Muurolol Ci5Ha0 1633 1634 409 339 373 MS, RI
53 2752 a-Cadinol CisHaO 1635 1635 134 136 319 MS, RI
54 a0 a-Bisabolol | CisHaO s e 63 | 746 7.48 MS, RI
55 2882 Eudesm-7(11)-en-4-ol Ci5Ha0 1692 1692 119 047 110 MS, RI
56 D2 Famesol Cot0 | 1710 1711 059 087 124 MS, RI
57 3181 trans-Farnesyl acetate Ci7Hy0, w1 047 110 MS, RI

Total identified compounds [ 95.48 9385 8673

Non-oxygenated

Monoterpene hydrocarbons (MH) 972 605 ost |

Sesquiterpene hydrocarbons (SH) [ 5647 6115 | s

Oxygenated

Oxygenated monoterpenes (OM) | 120 0.66 0.56

Oxygenated sesquiterpenes (OS) 28.09 2599 308

reference refractive index; MF: molecular formula.

ime; Rl experimental refractive index; RI
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84 (U in Hz)

S (Jin Hz)

3

S (Jin Hz)

N-Me-Phe 1 1695, C 1693,C 1693, C
2 | ses cn 547, m | s6s,cn 543, dd (54, 12.0) 60.9, CH 445, dd (5.4, 114)
3 339, CH, 320,m |34, CH, 508, m;319,m |40, CH, 313, m; 301, m
4 1370,C | ser,c s c
5 1263-129.1, CH 7.13-728, m | 1266-1207, CH 7.13-726, m 1295, CH 7.04-7.28, m
6 1263-129.1, CH 1266-129.7, CH 1283, CH
7 1263-129.1, CH 1266-129.7, CH 1266, CH
8 1263-129.1, CH 1266-129.7, CH 1283, CH
9 1263-129.1, CH 1266-129.7, CH 1295, CH
10-NCH, i, CH, 285, 315, CH, 294, 349, CH, 262,s
Hiv 10 1738,C 1693, C 1681, C
1 717, CH 3.94,d (42) | as o 488, d (8.4) 737, CH 5.11,d (96)
12 305, CH 141, m 293, CH 173, m 292, CH 191, m
13 155, CHs. 029, d (6.6) 16.8, CH; 029, d (6.0) 178, CH; 071, d (6.6)
14 19.1, CH, 061, d (6.6) 163, CH, 062,d (7.2) 169, CH, 025,d (72)
N-Me-Phe/Phe 15 1697, C | 1708, ¢ L1696, C
16 57.0, CH 547, m 527, CH 457, m 55.1, CH 550, dd (5.4, 12.0)
17 339, CH, 326m 366, CH, 301, m; 2.86, m 344, CH, 305 m
18 1369, C 13638, C 1364, C
19 1263-129.1, CH 7.13-728, m 1266-129.7, CH 7.13-726, m 1288, CH 7.04-7.28, m
20 1263-129.1, CH 1266-129.7, CH 1282, CH
2 1263-129.1, CH 1266-129.7, CH 1264, CH
2 1263-129.1, CH 1266-129.7, CH 1282, CH
23 1263-129.1, CH 1266197, c 1288, CH
24-NCH;4 315, CH; 297,s ‘ 310, CHy 308, s
24-NH 832,d (8.4)
Hiv/HL u 1689, C 1676, C 1689, C
25 748, CH 507, d (8.4) 783, CH 4.66,d (7.8) 67.4, CH 520, q (66)
26 286, CH 149, m 289, CH 189, m 154, CH, 116, d (66)
27 188, CH, 0.66,d (7.2) 178, CH, 074, d (6