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Abstract

:

There are many extrinsic factors that can contribute to the premature aging of the skin. In recent years, the demand for natural cosmetic from the general population has noticeable grow. Therefore, this research aimed to investigate the bioproperties of sky fruit (Swietenia macrophylla) seed extract that could help to inhibit premature skin aging. Firstly, the extract and its fractions were tested on HaCaT cells for their wound healing properties. The presence of sky fruit’s extract and its fractions on scratch wound significantly improved cellular proliferation, migration, and closure of the wound. These effects were distinctly observed following the treatment with S. macrophylla hexane fraction (SMHF) and S. macrophylla water fraction (SMWF). Our continuous research study revealed that SMWF had antioxidant properties, which might be one of the factors contributing to its emerging wound healing properties because antioxidants are known to act as suppressors of the inflammatory pathway and aid the transition towards cell proliferation. In addition, all samples had critical wavelengths that indicated that they were able to absorb the whole UVB range and some parts of the UVA wavelength. This suggested that S. macrophylla might contain potential photoprotective bioactive compounds, which could be developed into anti-UVB photoprotective sunscreens. Thus, this warrants further studies focusing on isolation and identifications of the bioactive compounds responsible for both its photoprotective and wound healing properties. A deeper study on mechanisms of the pathways that were affected by these compounds should be conducted as well to better understand this natural product and develop it into a potential cosmeceutical ingredient.
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1. Introduction


The term of cosmetics does not only cover items such as make-up and skincare products but also daily personal hygienic consumables, such as soap, toothpaste, perfume, etc. [1]. Hence, it is unthinkable that we could live without cosmetics. The term cosmeceuticals came into play in the cosmetic industry in 1984, when it was coined by Albert Kligman. It means the combination of both “cosmetics” and “pharmaceuticals” and defines products that have both cosmetic and therapeutic properties [2]. Although various grooming products fall into the category of cosmetics, there had been a continuous growth in consumer trends towards skincare cosmetics. In recent years, it could be seen that the market itself is now no longer contained towards women but had expanded towards men as well as; many are drawn towards the benefits of skincare cosmetics in boosting their appearance and confidence [3].



One way to retain skin youthfulness is to combat premature skin aging. Premature skin aging is characterized by the formation of fine lines and wrinkles, irregular pigmentation, lack of resilience, poor texture, and sagging of the skin [4,5]. A variety of intrinsic and extrinsic factors—for example, a person’s genetic make-up, hormonal changes, photodamage by the sun, and diet—can contribute to a person’s skin aging [6,7]. Hence, to appeal to the general public, a key feature that many cosmeceuticals claim to have is its ability to slow down the aging process of the skin [8,9]. However, in this current trend, a product being just a cosmeceutical still would not suffice as there is also a growing demand for natural cosmetics due to increased health and environmental consciousness [10]. To meet that demand, many cosmetic companies have introduced many naturally available active ingredients with therapeutic properties, such as skin whitening, antioxidation, wound healing pro-collagen, UV-protective, etc., into their products [11]. Subsequently, another important aspect cosmetic companies must tackle is the problems that arise during the process of wound healing or skin repair. Multiple factors, such as acne, burns, injuries, or surgery, can lead to facial scarring [12,13,14]. To worsen the matter, scars may also form keloids or hypertrophic scars due to excess tissue formation or become hyperpigmented, leading to further facial disfiguration [13,15,16]. Moreover, patients who experience severe burns or injury require medicine or ways that could quickly induce reepithelization of the skin [17].



Therefore, in the present study, we evaluated the bioactive properties of Swietenia macrophylla seed for its potential application as a cosmeceutical agent. Traditionally, plants such as S. macrophylla King had been used as medicine to treat sickness and diseases. S. macrophylla is a tropical timber tree from the tropics of Mexico and Central America. It is part of the Meliaceae family and is very prized for its mahogany wood; hence, it is also widely planted in Southeast Asia [18,19]. Besides being prized for its wood, the seeds, also known as “sky fruit”, had been traditionally used as a folk medicine to treat diabetes, pain, and hypertension [20]. To confirm such claims, several studies regarding its medicinal properties had been done and the seed was found to possess various bioproperties. Studies by Goh and Abdul Kadir [20] and Low et al. [21] have shown that S. macrophylla ethyl acetate fraction (SMEAF) of the seed extract exhibited anti-cancer properties against HCT116 colon carcinoma cell line, while another study by Sayyad et al. [22] reported that SMEAF also displayed neuroprotective activity on primary neuronal cells. Besides that, the seed extract was also found to induce anti-hyperglycemic activity in rats, while the limonoid compounds isolated from the seeds were reported to have anti-viral activity against the dengue virus 2 [19,23]. In our research, we proceeded to extract the crude ethanolic extract, S. macrophylla crude extract (SMCE), from the seed using ethanol. Based on compound polarity, the SMCE was further segregated into SMHF, SMEAF, and SMWF, using solvent–solvent fractionation. The results of our analysis showed that all the samples displayed wound healing properties on human keratinocyte cells. Further testing also revealed that SMWF had antioxidant properties, which can aid in the process of wound healing by reducing skin inflammation. Finally, all samples showed that they were also able to absorb within the UVB range and some portions of the UVA radiation. This suggests that not only does S. macrophylla seed extract and its fraction have potential wound healing properties, but it has photoprotective properties as well. Hence, it could be suggested that S. macrophylla has great potential as a novel candidate for an active ingredient in cosmeceuticals.




2. Materials and Methods


2.1. Materials


All the chemicals and solvents utilized in this study were of analytical grade. For the extraction, non-denatured ethanol, hexane, ethyl acetate, and 100% dimethyl sulfoxide (DMSO) were purchased from Thermo Fisher (Waltham, MA, USA). Cell culture media and nutrients, such as DMEM medium, fetal bovine serum (FBS), Tryple E, and antibiotics were supplied by Gibco (New York, NY, USA). On the other hand, phosphate buffer saline, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT), Folin–Ciocalteu reagent, sodium carbonate, gallic acid, 2,2-diphenyl-1-picrylhydrazyl (DPPH), ethylenediaminetetraacetic acid (EDTA), 2,2′-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS), potassium persulfate, FeSO4, and ferrozine were obtained from Sigma Aldrich (St. Louise, MO, USA). The HaCaT cell line, which was deposited by Deutsches Krebsforschungszentrum (DKFZ) (Heidelberg, Germany), was obtained from Cell lines Service (CLS) (Eppelheim, Germany).




2.2. Plant Material


Dried S. macrophylla seeds (3 kg) were purchased from a local market in Temerloh, Malaysia, and a voucher specimen (No. KLU46901) of the seeds was deposited at the Herbarium of Institute of Biological Sciences, Faculty of Science, University of Malaya, Malaysia.




2.3. Bioactive Compound Extraction


The extraction method for the bioactive compounds was as described by Goh et al. [24]. Briefly, the seeds were finely grounded and left to soak in ethanol at room temperature for 72 h. The mixture was then filtered and concentrated using a rotary vacuum evaporator at 40 °C. Portions of SMCE were stored at −20 °C for further bioassay screening, while the rest of the extract was processed using solvent–solvent fractionation. Hexane was firstly used to dissolve SMCE and the fraction was dried with anhydrous sodium sulphate before concentrating with a rotary vacuum evaporator to SMHF. Insoluble hexane residues were subjected to a 1:1 solvent–solvent portioning with ethyl acetate and water. Both ethyl acetate and water portions were separated, filtered, and dried using rotary evaporation and freeze-drying to produce SMEAF and SMWF, respectively.




2.4. Total Phenolic Content (TPC) Analysis


The total phenolic content of the aqueous fraction was determined using the Folin–Ciocalteu reagent and a method adapted from Tan et al. [25]. Ten microliters of SMWF at varying concentrations were added to 50 µL of 10× diluted Folin–Ciocalteu reagent in a 96-well microplate. After incubating at room temperature in the dark for 5 min, 40 µL of 7.5% sodium carbonate was pipetted into each well. The plate was incubated for another 30 min at room temperature. The absorbance was measured at 750 nm with a microplate reader and the results obtained were expressed in equivalents of gallic acid (GAEs).




2.5. Cell Culture


HaCaT, an immortalized human keratinocyte cell line, was used to emulate the effect of S. macrophylla extract and its fractions on epidermal cells. The cells were maintained using 1× high glucose DMEM supplemented with Glutamax without HEPES, 1.0% antibiotic–antimycotic solution (100 U/mL penicillin, 100 µg/mL streptomycin, and 25 µg/mL amphotericin B), and 10.0% FBS at 37 °C in 5% CO2 atmosphere [26].




2.6. Determination of Cell Cytotoxicity


The cytotoxicity of S. macrophylla extract on HaCaT cells was assessed using the MTT assay. First, HaCaT cells were seeded in 96-well plates at a density of 1 × 105 cells/mL. After 24 h, the cells were treated with various concentrations (0, 5, 50, and 100 µg/mL) of SMCE, SMHF, SMEAF, and SMWF for 24 h. The cell viability was then measured by adding 20 μL of MTT into each well. The solution was removed after 2 h of incubation and the formazan crystals were dissolved in 100 μL of 100% DMSO. The absorbance was measured at 570 nm using a microplate reader. The percentage of cell viability was obtained by normalizing to the non-treated control.




2.7. Wound Healing Assay


HaCaT cells were seeded in a 6-well plate at a cell density of 500,000 cells/well and were incubated. After 24 h, the cells were scratched with a 0.5–10 μL clear white pipette tip to create a wound. To remove the detached cells, the cells were rinsed twice with PBS. For the negative control and samples, no FBS was added into the media, while the positive control was treated with 20% FBS. Images of the wound were taken at time 0 and 24 h after incubation. The images were processed using ImageJ 1.52a, developed by National Institute of Health (Bethesda, MD, USA), to determine the decrease in the area.




2.8. Antioxidant Assays


2.8.1. DPPH Radical Scavenging Activity of the S. macrophylla Extract


The method used was previously described by Tan et al. [25]. Firstly, 0.016% (w/v) DPPH reagent was prepared using 95% ethanol and 95 µL of the reagent was added into each well of a 96-well microplate. Then, 5 µL of the extract at varying concentrations was added into the wells. The reaction was kept in the dark for 20 min before its absorbance was measured with a microplate reader at 515 nm. The percentage of DPPH scavenging activity was determined based on the Equation (1). Gallic acid was used as the positive control in this assay.


   %   DPPH   scavenging   activity    =    Absorbance   of   control  −  Absorbance   of   sample     Absorbance   of   control    × 100 %  



(1)








2.8.2. ABTS Radical Scavenging Assay


The extract of S. macrophylla was subjected to the ABTS radical scavenging assay as described by Ser et al. [27]. Firstly, 7 mM of ABTS stock solution was mixed with 2.45 mM potassium persulfate for 24 h to produce ABTS radical cations. Varying concentrations of S. macrophylla extract were then mixed with ABTS radical solution in a 96-well microplate. The reaction was kept in the dark for 20 min at room temperature. Finally, the absorbance was read at 734 nm with a microplate reader. As a positive control, gallic acid was used and the percentage of ABTS scavenging activity was determined based on Equation (2).


   %   ABTS     scavenging   activity    =    Absorbance   of   control  −  Absorbance   of   sample     Absorbance   of   control    × 100 %  



(2)








2.8.3. Ferrous Ion Chelating Assay


The ferrous ion chelating activity of S. macrophylla extract was measured according to the method described by Adjimani and Asare [28]. Varying concentrations of S. macrophylla extract were added to 2 mM FeSO4 in a 96-well microplate. After that, 5 mM of ferrozine was added to the mixture and the plate was incubated at room temperature for 10 min. The absorbance was measured using a microplate reader at 562 nm. In this assay, the positive control was EDTA. The percentage of iron chelating activity was calculated using Equation (3).


   %   Iron   chelating   acitivy  =    Absorbance   of   control  −  Absorbance   of   sample     Absorbance   of   control    × 100 %  



(3)









2.9. UVA and UVB Absorption Spectrum of Extract and Its Fractions


The absorption spectrum of each fraction and extract were measured based on the methods described by Mahendra et al. [29]. Briefly, the extract and its fractions were firstly dissolved in 100% DMSO and their absorbance was read using BioTek Eon UV/Vis spectrophotometer by Fisher Scientific (Waltham, MA, USA) using a UV transmittable 96-well plate from Corning (New York, NY, USA). The absorbance spectrum was normalized against the absorbance spectrum of DMSO and from there, the critical wavelength of the extract and its fractions were calculated using the curve fitting tool available in MATLAB 2019a, developed by MathWorks (Natick, MA, USA). The critical wavelength of each fraction and extract were calculated based on the formula developed by Diffey [30], as can be seen in Equation (4). According to this formula, the critical wavelength (λc) represents the point where 90% of the total integral area is under the curve, from 290 nm onwards.


    ∫   290    λ c    A  ( λ )  d λ = 0.9   ∫   290   400   A  ( λ )  d  ( λ )   



(4)








2.10. Statistical Analysis


The results obtained were expressed as mean ± standard deviation of means (SD) and were statistically analyzed using the Statistical Package for Social Science (SPSS) 16.0, developed by IBM (Armonk, NY, USA). To compare the means of multiple groups, one-way analysis of variance (ANOVA) and post hoc Tukey test were used. When p ≤ 0.05, the difference was considered statistically significant.





3. Results


3.1. Assessment of Cytotoxicity of the Extract and Its Fraction on HaCaT Cells


To determine the non-cytotoxic concentration of each extract and its fractions towards the HaCaT cells, the cells were treated at various concentrations and incubated for 24 h. The viability of the cells was measured using the MTT assay after the incubation period and the percentage of viable cells was calculated by normalizing against the non-treated control. As seen in Figure 1, SMCE significantly increased cell death at the concentration of 12.5 μg/mL, while SMEAF induced cell death at 25 μg/mL. This was followed by SMWF, which induces cell toxicity at 100 μg/mL. Finally, HaCaT cells treated with SMHF did not display any cell toxicity even at the concentration of 100 μg/mL. In terms of toxicity, the fractions rank SMCE > SMEAF > SMWF > SMHF, SMCE being the most cytotoxic of all samples against HaCaT cells. Therefore, based on the obtained data, the highest non-toxic concentrations of each sample were used in the following wound healing assay.




3.2. Wound Healing Properties of S. macrophylla Seeds


Following the cytotoxicity assessment, the wound healing properties of S. macrophylla were explored. Briefly, the assay was conducted by creating a scratch wound on HaCaT cells using a pipette tip and then treating the cells with the highest non-toxic concentration of each sample for 24 h. The cells were also starved during the treatment period, except for the positive control, where 20% FBS was added to the media to induce cell growth and migration. Images of the wound were taken at time 0 and after 24 h, and the area of closure was calculated using ImageJ. As depicted in Figure 2, all the samples were able to induce significant wound closure in HaCaT cells. SMCE at a concentration of 6.25 μg/mL displayed 54.10 ± 2.59% wound area closure, while 100 μg/mL SMHF was able to induce 59.45 ± 5.72% area closed. Meanwhile, 12.5 μg/mL SMEAF was able to close the wound by 41.48 ± 3.91%, and finally, 50 μg/mL SMWF displayed a 74.68 ± 5.16% wound area closure. Representative images of wound closure by each sample and control can also be seen in Figure 3, supporting that S. macrophylla seed extract does possess wound healing properties.




3.3. Analysis of Antioxidant Properties of S. macrophylla Seed Extract


Other than analyzing the wound healing properties of S. macrophylla extract and its fractions, its antioxidant properties were studied as well using antioxidant assays, such as iron chelating, DPPH radical scavenging, and ABTS radical scavenging (Table 1 summarizes the results). Gallic acid or EDTA were used as positive controls. Based on the data obtained, only SMWF demonstrated significant DPPH radical scavenging activity (6.332 ± 0.80% at 2000 μg/mL), suggesting that it has the ability to donate hydrogen. Similarly, the ABTS assay also illustrated the antioxidant potential of SMWF; it significantly increased, in a dose-dependent manner, from 12.796 ± 2.01 to 29.946 ± 0.47%. The other fractions did not display any significant DPPH or ABTS radical scavenging activity. Finally, when the fractions were tested for iron chelating properties, both SMWF and SMHF displayed significant iron chelating activity. SMWF showed dose-dependent increase in iron chelating activity from 8.014 ± 2.51 to 23.523 ± 1.94%. As for SMHF, 2 mg/mL displayed significant 14.073 ± 0.18% iron chelating activity as compared with the control. This suggests that both fractions contained antioxidant compounds that could chelate prooxidant iron ions.



Phenolic compounds are bioactive compounds, which contain an aromatic ring that has either one or more than one hydroxyl group attached to it [31]. It can also be easily found in higher plants and is known to possess antioxidant properties [32]. As SMWF had displayed antioxidant properties, the total phenolic content in the fraction was measured, and a correlation between the antioxidant potential and the total phenolic content was calculated using Pearson’s correlation coefficient. As can be seen in Table 2, there was a strong correlation between SMWF’s total phenolic content and the DPPH radical scavenging activity, ABTS radical scavenging activity, and the iron chelating activity of SMWF. This suggests that the antioxidant properties of SMWF could largely be attributed to the phenolic compounds present in the fraction. However, confirmation on the presence of these phenolic compounds in SMWF would require further purification, isolation and identification studies such as nuclear magnetic resonance (NMR) and x-ray crystallography analysis.




3.4. Potential Photoprotective Properties of S. macrophylla Extract and Its Fractions


In the development of broad-spectrum UV protection products, one of the criteria, according to U.S. Food and Drug Administration (FDA) and International Organization for Standardization (ISO), is to measure the critical wavelength (λc) of the product to determine if it is able to absorb within the range of both UVA and UVB. According to the data that we obtained (Figure 4), SMWF had the broadest coverage of UVA and UVB with a λc of 362.4 nm. The second highest coverage was SMCE at 347.6 nm, followed by SMHF at 345 nm, and finally SMEAF at 341.6 nm. Although neither sample reached the critical wavelength of ≥370 nm set by ISO and FDA, the samples SMCE, SMWF, and SMEAF showed high amplitude of absorbing UVB rays. Among all four samples, SMHF had the lowest amplitude although having a critical wavelength of 345 nm.





4. Discussion


The natural course of a successful wound healing process can be segregated into four overlapping phases: (1) hemostasis, (2) inflammation, (3) proliferation, and (4) remodeling. When a wound is formed on the skin, vasoconstriction of blood vessels occurs to reduced blood loss. After 5–10 min, the blood vessels are dilated and increased in permeability for enabling inflammatory cells to migrate into the wound area. A blood clot is also formed to further reduce blood loss. Inflammation of the wound occurs to prevent infection and persists as long as needed to remove bacteria and debris from the wound. At the proliferation stage, complex processes of angiogenesis, collagen deposition, epithelialization, formation of granulation tissue, and wound retraction take place to repair the wound. Finally, at the remodeling stage, collagen III is replaced by collagen I and other proteins are deposited and organized in the wound to regain a structure similar to an unwounded tissue [33,34].



Over the years, many natural products have been explored for potential wound healing properties and it has been found that natural products possessing antioxidant, anti-microbial, anti-inflammatory, and collagen-synthesis-increasing properties can speed up the process of wound healing [35,36,37,38]. In this study, the ability of the extract to induce cell proliferation and migration was determined via a scratch wound assay. In this experiment, HaCaT, an immortalized human keratinocyte cell line, is utilized to emulate the epidermis of the skin. The cells that were seeded and, after 24 h, scratched with a 0.5–10 μL pipette tip to create a scratch wound. The cells were then treated with the highest non-toxic concentration of SMCE, SMHF, SMEAF, and SMWF. The area of wound closure was monitored and measured after 24 h. As can be seen in both Figure 2 and Figure 3, all samples were able to significantly reduce the wound area after 24 h as compared with the negative control, suggesting that S. macrophylla seed extract has bioactive compounds that can induce keratinocyte cell proliferation and migration. This claim is also supported by the study by Nilugal et al. [39], where wounded rats treated with S. macrophylla ethanolic seed extract displayed accelerated wound healing and repair compared with those that were not treated. However, our study showed the potential not only within the ethanolic extract alone but also upon its fractionation, which further enhanced the wound healing capabilities of S. macrophylla as compared with the crude extract. This ability was especially prominent in SMHF and SMWF as wounds with those fractions were almost closed after 24 h. This demonstrated that most of the compounds responsible for the seed’s wound healing capabilities were in these two fractions. It is also interesting that the highest rate of healing observed for SMWF could be potentially due to the antioxidant properties of this fraction. Antioxidants are important in the process of wound healing as they can suppress inflammation by inhibiting the excessive formation of ROS and aid the transition of the wound towards the proliferative phase [40]. This was clear when wounded diabetic rats, in a study by Musalmah et al. [41], experienced accelerated wound closure and increased antioxidant enzyme levels when treated with vitamin E, a well-known antioxidant. Thus, antioxidants can be considered as “accelerators” or “enhancers” in the repair process of chronic wounds. Previously, several phytocompounds extracted from the seed of S. macrophylla were found to have antioxidant properties, namely, swietenolide, 3,6-O,O-diacetlyswietenolide, swietenine, 2-hydroxyswietenine, and swietemahonin G, swietenolide having the strongest antioxidant effect in comparison with the rest [42]. In addition, swietenine was recently reported also in another study to boost the total antioxidant capacity in the serum of diabetic rats [43]. As these compounds were found in the seed of S. macrophylla, it could be possible that these antioxidant compounds might be involved in the accelerated wound healing. However, confirmation of these compounds and the mechanism behind the wound healing properties of S. macrophylla fractions would require further analysis.



On another note, one of the key extrinsic factors that lead to skin aging is photodamage by the sun. Constant exposure to ultraviolet rays, such as UVA and UVB, not only causes simple sunburn or skin erythema but also induces pigment abnormalities, keratinocyte hyperplasia, photoaging, and even skin cancer [44,45]. Although UVA has the longest wavelength (320–400 nm) and is able to penetrate to the dermis layer, it is not as detrimental as UVB. UVB (290–320 nm), although being able to penetrate only the epidermis layer, was found to be able to cause direct damage to the skin cells by forming pyrimidine–pyrimidone (6–4) photoproduct and cyclobutene pyrimidine dimers (CPD) in DNA [46]. Besides that, the exposure of both UVB and UVA increases the production of reactive oxygen species (ROS) and reactive nitrogen species (RNS) in the skin. [47,48,49]. This quickly leads to increased oxidative and nitrosative stress in the skin, which brings about a cascade of events, such skin inflammation, collagen degradation, increased melanin production, and cell death [50,51,52,53,54].



Therefore, a way to attenuate photoaging is by applying sunscreen. There are two types of sunscreens that are available on the market: physical and chemical sunscreen. The main attributes of a physical sunscreen are to reflect, scatter, and physically block UV rays, while a chemical sunscreen absorbs the UV rays and dissipates the energy through photophysical and/or photochemical pathways that do not form ROS or damage reactive intermediates [55,56]. Following the FDA and ISO guidelines, the strength of a chemical sunscreen can be determined through its ability to absorb UV wavelengths ranging from 290 to 400 nm. Broad-spectrum sunscreen must also have a critical wavelength equaling to or more than 370 nm. This is to indicate that the product is capable of absorbing between 290–370 mm, which is most of the UVB range [57,58,59].



In this study, to measure the critical wavelength, the absorbance of samples was measured in a UV transmittable 96-well plate using a UV/Vis spectrophotometer. The absorbance was measured from 290 to 400 nm (in accordance with the wavelengths of both UVA and UVB). The critical wavelength of each sample was then analyzed using the formula designed by Diffey [30] and the MATLAB software. This analysis was in accordance with the method that we had previously developed, in which photoprotective compounds, such as pinocembrin and caffeic acid, were discovered to have a critical wavelength of 364.8 nm and 378.2 nm, respectively. The data obtained were then in turn compared with existing literature, which further confirmed the accuracy of the test [29]. There are several advantages in conducting this form of analysis: (1) it measures not only the amplitude but also the width of the product’s absorption spectrum, (2) the measurement is not affected by the application thickness of the product, and (3) it can account for both UVA and UVB as a single entity in a continuous electromagnetic spectrum [60]. Finally, in vitro methods of measurement are recommended by the FDA as they have reduced dangers, cost, and time consumption relative to human clinical testing [59].



After analyzing the critical wavelength of all samples, we found that SMWF, with a critical wavelength of 362.4 nm, had the broadest absorption range of UVA and UVB. This is followed by SMCE, SMHF, and finally SMEAF with 347.6, 345.0, and 341.6 nm respectively. SMCE, SMEAF, and SMWF also displayed high amplitude of absorption within the UVB range in comparison with SMHF. Previously, there had been suggestions that the extract of S. macrophylla seeds had photoprotective properties. This can be seen in the research by Mahendra et al. [61], where the seed extract displayed the ability to attenuate the damaging effect of UVB on human skin at a molecular level. Hence, although not reaching the critical value of 370 nm, photoprotective bioactive compounds might be present within the S. macrophylla seed extract and its fractions. Thus, this warrants further fractionation, purification, and investigation of the bioactive principles of S. macrophylla.




5. Conclusions


In summary, we have shown that S. macrophylla extract and its fractions have wound healing properties on HaCaT cells, with SMHF and SMWF being some of the most effective ones among the fractions. Subsequently, it had been suggested that the increased wound healing capacity of SMWF could also be due to the presence of antioxidants in the fraction itself, which can aid in suppressing the inflammatory pathway. Despite that, the mechanism and compounds responsible for the wound healing ability of S. macrophylla had yet to be elucidated and this warrants further studies. Aside from that, all samples were able to absorb within the UVB range and some wavelengths in the UVA range, which suggests that there may be potential photoprotective bioactive compounds within the S. macrophylla extract and its fractions. Therefore, for future studies, further separation, isolation, and identification of these bioactive compounds responsible for these properties are recommended. After the identification and enhancement of its properties, there is a potential that the bioactive compound found could be used as an active therapeutic ingredient in future cosmeceutical products.
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Figure 1. The cytotoxicity of each extract and its fractions on HaCaT cells after 24 h of treatment. The cells were seeded at a density of 1 × 105 cells/mL and they were treated with varying concentrations (0–100 µg/mL) of (A) SMCE, (B) SMHF, (C) SMEAF, and (D) SMWF. The percentage of cell viability was measured using the MTT assay. n > 3; ** p ≤ 0.01; *** p ≤ 0.001. Data were expressed as mean ± SD. 
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Figure 2. Wound healing properties of S. macrophylla seed on HaCaT cells determined via the scratch wound assay. After scratching, the cells, except the positive control, were starved and treated with the highest non-cytotoxic concentration of each sample (SMCE: 6.25 μg/mL, SMHF: 100 μg/mL, SMEAF: 12.5 μg/mL and SMWF: 50 μg/mL) for 24 h. The positive control was treated with 20% FBS, while the negative control was not treated with any sample or FBS. The significance of the wound area closed for each sample and positive control was compared against the negative control. n > 3; * p ≤ 0.05; *** p ≤ 0.001. Data were expressed as mean ± SD. 
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Figure 3. Images of wound area closed by SMCE, SMHF, SMEAF, and SMWF in the wound healing assay after 24 h of treatment. All cells, except the positive control, were not treated with 20% FBS. The green highlight depicted in this figure showcase the scratch wound areas created at 0 h and the wound closure seen at 24 h. 
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Figure 4. The absorbances and critical wavelengths of (A) SMCE (B) SMHF (C) SMEAF, and (D) SMWF within the range of 290–400 nm. The critical wavelength represents the point where the area under the curve reaches 90% for each sample. All samples were dissolved in 100% DMSO to obtain a concentration of 40 mg/mL before the absorbance was measured. The absorbances obtained were normalized against the absorbance of DMSO. 
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Table 1. Antioxidant potential of S. macrophylla extract and its fractions demonstrated in various antioxidant assays.
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Sample

	
Concentration (μg/mL)

	
DPPH Radical Scavenging

Activity (%)

	
ABTS Radical Scavenging

Activity (%)

	
Iron Chelating

Activity (%)






	
SMCE

	
125

	
ND

	
3.878 ± 1.26

	
1.738 ± 0.55




	
250

	
ND

	
ND

	
ND




	
500

	
ND

	
ND

	
ND




	
1000

	
3.581 ± 3.45

	
ND

	
ND




	
2000

	
4.523 ± 1.64

	
ND

	
ND




	
SMHF

	
125

	
ND

	
ND

	
ND




	
250

	
ND

	
ND

	
ND




	
500

	
ND

	
0.662 ± 2.00

	
3.830 ±0.27




	
1000

	
ND

	
2.523 ± 1.55

	
4.638 ± 1.56




	
2000

	
ND

	
6.082 ± 0.54

	
14.073 ± 0.18 *




	
SMEAF

	
125

	
ND

	
3.130 ±1.14

	
0.959 ± 2.38




	
250

	
ND

	
ND

	
ND




	
500

	
ND

	
ND

	
ND




	
1000

	
ND

	
ND

	
ND




	
2000

	
0.377 ± 1.15

	
ND

	
ND




	
SMWF

	
125

	
ND

	
12.796 ± 2.01 *

	
8.014 ± 2.51 *




	
250

	
ND

	
14.252 ± 3.37 *

	
10.366 ± 0.38 *




	
500

	
0.452 ± 1.82

	
18.297 ± 3.01 *

	
12.01 ± 1.95 *




	
1000

	
2.978 ± 0.90

	
20.077 ± 0.93 *

	
15.531± 2.19 *




	
2000

	
6.332 ± 0.80 *

	
29.946 ± 0.47 *

	
23.523 ± 1.94 *




	
Gallic acid 1

	
10

	
42.158 ± 2.03 *

	
44.578 ± 0.58 *

	
N/A




	
EDTA 1

	
50

	
N/A

	
N/A

	
24.821 ± 1.14 *








1 The positive control for the DPPH and ABTS assay was gallic acid, while EDTA was the positive control for the ferrous ion chelating assay. * Statistical significance was determined by comparing against the negative control group (blank), p < 0.05; ND = not detected; n ≥ 3.
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Table 2. The Pearson’s correlation coefficients between the antioxidant properties of SMWF and total phenolic content.
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	Antioxidant Activities
	Total Phenolic Content





	DPPH radical scavenging activity
	r = 0.935 *



	ABTS radical scavenging activity
	r = 0.903 *



	Iron chelating activity
	r = 0.915 *







* Correlation is considered statistically significant at p < 0.05.
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