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Abstract

:

Marine algal extracts exhibit a potent inhibitory effect against several enveloped and non-enveloped viruses. The infection of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) has several adverse effects, including an increased mortality rate. The anti-COVID-19 agents are still limited; this issue requires exploring novel, effective anti-SARS-CoV-2 therapeutic approaches. This study investigated the antiviral activity of an aqueous extract of Ulva lactuca, which was collected from the Gulf of Suez, Egypt. The aqueous extract of Ulva lactuca was characterized by high-performance liquid chromatography (HPLC), Fourier-transform infrared spectroscopy (FTIR), X-ray diffraction (XRD), and Energy Dispersive X-ray (EDX) analyses. According to the HPLC analysis, the extract comprises several sugars, mostly rhamnose (32.88%). The FTIR spectra showed numerous bands related to the functional groups. EDX analysis confirmed the presence of different elements, such as oxygen (O), carbon (C), sulfur (S), magnesium (Mg), potassium (K), calcium (Ca), and sodium (Na), with different concentrations. The aqueous extract of U. lactuca (0.0312 mg/mL) exhibited potent anti-SARS-CoV-2 activity via virucidal activity, inhibition of viral replication, and interference with viral adsorption (% inhibitions of 64%, 33.3%, and 31.1%, respectively). Consequently, ulvan could be a promising compound for preclinical study in the drug development process to combat SARS-CoV-2.
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1. Introduction


Many scientists believe that studying macroalgae offers a great chance to unearth an endless supply of novel bioactive substances that can be employed as medicines [1]. These aquatic creatures can produce various metabolites, such as polysaccharides, vitamins, amino acids, and halogenated substances [1,2,3]. Recent research has demonstrated that a wide range of active ingredients identified in algae can combat cancer, viruses, and bacteria; reduce inflammatory responses; and halt angiogenesis [3,4,5]. The properties of algae polysaccharides differ from those of their naturally existing equivalents in that they are abundant in sulfated and uronic acid residues [6,7,8]. Ulvan primarily comprises a series of monosaccharides: uronic acid, iduronic acid, rhamnose sulfate, or xylose [9]. Sulfated polysaccharides have been shown to have antiviral, anti-inflammatory, antioxidant, anti-arteriosclerosis, and anti-cancer effects [8,9].



Moreover, the algal polysaccharides are beneficial due to their low toxicity, strong biocompatibility, and immunoregulatory properties [6]. Marine-sulfated polysaccharides may be viable options to combat and treat the SARS-CoV-2 infection. This study investigated the interactions between ulvan and RNA-dependent RNA polymerase (RdRp) and spiked proteins from severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) by docking simulation using MOE 2020.



Viral infection has recently increased in importance as a concern for human health and is one of the main causes of global death. The COVID-19 viral pneumonia was caused by SARS-CoV-2 which first emerged at the end of 2019 [8]. The virus is a close relative of the SARS-CoV virus that initiated the outbreak of atypical pneumonia in 2002–2003. It belongs to betacoronaviruses and primarily infects the lungs and digestive system [10,11]. According to previous reports, viral entry to the cell is achieved via membrane fusion or endocytosis after attaching to the angiotensin-converting enzyme 2 (ACE2) cell receptor via spike protein [12,13]. It makes sense to interfere with the S-protein–ACE2 interaction to limit viral transcription and replication and prevent SARS-CoV-2 infection because binding via the spike protein is required for viral entry into the cell [14].



In addition to SARS-CoV-2’s rapid spread and lethality, COVID-19 seriously disrupts global social and economic activity. Furthermore, many COVID-19-rescued patients experienced significant post-illness long-term health problems [15,16,17].



Given that SARS-CoV-2 is an RNA-enclosed virus with plus sense, it becomes pathogenic by fusing with an infected cell’s cytoplasmic membrane. Anti-SARS-CoV-2 medications target three different targets: RNA-dependent RNA polymerase (RdRp), spike (S) protein, and major viral protease (MPro) [18]. The nucleoside analogues favipiravir, ribavirin, remdesivir, and molnupiravir were initially designed to treat other viruses, but they were subsequently repurposed for COVID-19 treatment. Since ribavirin has a poor safety profile and little efficacy, it is not currently used to treat COVID-19. Favipiravir had no advantageous impact on the length of time it required for viral clearance, the requirement for oxygen therapy, or ICU hospitalization [19]. Molnupiravir has the potential to expedite COVID-19 patients’ recovery; nonetheless, it does not yield a noteworthy decrease in fatality and hospitalization rates [18]. According to the available clinical data, lopinavir/ritonavir is not effective in treating COVID-19 patients; however, it may be helpful when combined with complementary therapies (ribavirin, arbidol, and interferons). Additionally, nirmatrelvir/ritonavir shows promising therapeutic results [18].



Since new vaccines have been administered since 2020, several studies [11,17,20] found that mutant strains could jeopardize vaccine-based immunity and protection gained from prior infections with the first strains. While nirmatrelvir/ritonavir, remdesivir, and molnupiravir have been approved by the WHO as antiviral medications for COVID-19, exploring for new antiviral alternatives is still critical to combating SARS-CoV-2. However, discovering and developing antiviral drugs is expensive and time-consuming [21]. Consequently, we must discover our environment and look for natural alternatives with unique compounds that may help us eliminate this epidemic. The present study investigated the potential antiviral effect of ulvan against SARS-CoV-2 to provide novel alternatives to combat COVID-19.




2. Results


2.1. Algal Collection and Ulvan Extraction


Ulva lactuca was collected in July 2020 from the coast of the Gulf of Suez, Egypt. The aqueous extraction was performed using the hot water extraction method. This study examined key variables, including extraction and temperature, in addition to the impact of varying concentration ratios on the extraction yield (Figure 1). The extraction conditions for the highest extraction yield (~11.203%) were 80 °C, with a 1/20 algal powder/water ratio (g/mL) for 2 h.




2.2. Ulvan Characterization


Table 1 presents the protein and sulfate content of the extract of U. lactuca (7.386 and 14.95, respectively). The proximate chemical analysis of U. lactuca indicates that our extract contains C, H, N, and S in the percentages of 28.54, 3.61, 2.04, and 8.97, respectively. Figure 2 shows the high-performance liquid chromatography (HPLC) analysis, which revealed that the extract contains extreme amounts of ash (44.004%). Sugars occur at a rate of 33.66%, higher than that recorded by [22], where sugars’ percent (20.09–29.12%).



2.2.1. HPLC Analysis


The aqueous extract of U. lactuca was analyzed via HPLC to determine its monosaccharide composition after acid hydrolysis (Table 1) (Figure 2A). HPLC analysis reveals that the U. lactuca extract comprises galactose, fructose, rhamnose, and glucose, with rhamnose representing the majority (32.88%). Table 1 presents the dry weight percentage of each sugar monomer in the U. lactuca extract. The total rates of sugars resulting from HPLC are less than those observed in total sugar analysis; this indicates that more sugar monomers are not detected by HPLC, such as iduronic acid.




2.2.2. Fourier-Transform Infrared Spectroscopy (FTIR)


The FT-IR spectra revealed numerous bands corresponding to the functional groups of the U. lactuca extract (Figure 2B). The absorption band was observed at 3437.7863 and 3379.1576 cm−1, corresponding to the polymeric (OH) stretching vibration, which is characteristic of the U. lactuca extract. Another band at 2391.0051 and 2277.7889 cm−1 is designated for (CH) stretching vibrations, while the band at 1654.6443 and 1427.9982 cm−1 is designated for (COO-) stretching vibrations. The sulfated nature of the U. lactuca extract was confirmed by the band in the region at 1102.2837 cm−1, which is associated with the stretching vibration of the sulfate ester (S=O) group and by the shoulder at 848.2335 cm−1. The characteristic of uronic acid residues was also observed in the band at 848.2335 cm−1. In contrast, bands of carboxylate groups of uronic acid with comparable intensities are observed in both spectra at around 1654.6443 and 1427.982 cm−1. The peaks observed between 749.9708 and 443.2442 cm−1 may represent the sugar cycles and have been reported as the typical signature of the Ulva lactuca because it is known as the Ulvan fingerprint region.




2.2.3. X-ray Diffraction (XRD)


On collected ulvan samples, XRD patterns were created (Figure 2C). The X-ray diffractograms showed sharp peaks at 2θ = 11°, 17°, 45°, 57°, and 72°, which indicated that ulvan is a polymer having a semi-crystalline structure with a major crystalline reflection at 2θ of 45°.




2.2.4. Energy-Dispersive X-ray (EDX)


The EDX analysis confirmed the presence of different elements, predominantly oxygen (O), carbon (C), sulfur (S), magnesium (Mg), potassium (K), calcium (Ca), and sodium (Na) at 58.61%, 18.78%, 11.06%, 6.04%, 2.86%, 2.20%, and 0.46%, respectively (Figure 2D).




2.2.5. SEM


The SEM micrographs of the extracted ulvan verified a semi-crystalline and non-smooth texture (Figure 3).





2.3. Antiviral Activity of Ulva lactuca


2.3.1. Cytotoxicity Assay


The CC50 of ulvan was determined using the MTT assay on the Vero-E6 cells to identify the proper U. lactuca concentration for investigating its anti-SARS-CoV-2 activity. The CC50 of ulvan equals 0.36875 mg/mL (Figure 4).




2.3.2. Plaque Reduction Assay


Figure 5 presents the percentage of inhibition compared to untreated cell cultures. The percentages of inhibition of the tested aqueous extract of U. lactuca at concentrations of 0.0312, 0.0156, 0.0078, and 0.0039 mg/mL were 68, 55, 40, and 33%, respectively. An ANOVA test followed by a Tukey–Kramer post hoc test was performed to compare the different investigated groups, which showed a significant difference among means (p ˂ 0.001). The IC50 of the tested aqueous extract of U. lactuca was 0.0154 mg/mL, with a selectivity index (SI) of 23.94.




2.3.3. Mechanism of Antiviral Action


The percentage inhibition of various antiviral mechanisms was determined using different concentrations of the U. lactuca extract (0.0312, 0.0156, 0.0078, and 0.0039 mg/mL) (Table 2). The tested U. lactuca concentration of 0.0312 mg/mL showed potential anti-SARS-CoV-2 activity that was primarily mediated by virucidal activity (64%), as well as interference with viral replication (33%) and viral adsorption (31%).






3. Discussion


The season of algae collection significantly affects the extraction yield, as algae collected in July gave a higher yield, as it was the active growth period of algae. Various methods can be applied to the U. lactuca extract for the active constituent that will be analyzed. In our study, we employed the hot water in the same way as Mhatre et al. [23]. The hot water, NaCO3, and NaOH methods for ulvan extraction were performed, and the researchers reported that the maximum yield was observed with the hot water extraction method [24,25]. Additionally, variations in concentration ratios, extraction temperature, and extraction time are important parameters to be studied [7]. Therefore, based on our results, the extraction conditions for the maximum extraction yield (~11.203%) were at 80 °C with a 1/20 algal powder/water ratio (g/mL) for 2 h. This finding is consistent with previous studies which have reported that the high U. lactuca extract yield with low degradation at temperatures of 80–90 °C and 1–3 h duration, and the yield percent is nearly similar to that of Ulva ohnoi (14.84%) [7,26].



Regarding the chemical composition of the aqueous extract from U. lactuca, carbon, hydrogen, and sulfur are the main elements with concentration percentages of 28.54%, 3.61%, and 7.08%, respectively. The main backbone of ulvan is carbon and hydrogen. At the same time, sulfur represents the sulfate content, a very important component within the cell walls of algae that plays a fundamental role in protecting plants under unfavorable environmental conditions, such as marine ecosystems. Additionally, an earlier study has shown a connection between U. lactuca sulfate concentration and its antioxidant activity and modulation of physiological stress [27,28]. However, the presence of nitrogen (2.04%) is due to the contact of U. lactuca with cell wall proteins [29].



The dried extract of U. lactuca contains unnecessary amounts of ash (44.004%); generally, the ash content in different Ulva species is reported to be relatively high due to its high sulfate content, as it was detected [30,31,32,33]. Sugars occur in 33.66%, higher than previously reported Ulva lactuca (27.41%) [34]. The increased photosynthetic activity of seaweeds during July, which enhances the growth rate and development, may be related to the high sugar content and reduced protein content (7.386%) [35,36]. The hydrophilic and hygroscopic nature of ulvan makes its water content relatively high (45.57%), as this percentage is compatible with its function in algae, where it acts as an osmoprotectant and forms a stiff gel to increase the stiffness of the cell wall while maintaining its flexibility [32]. Moreover, sulfate content was detected using the low-cost, fast, and environmentally-friendly turbidimetric method of Torres et al., 2021 [37]. The FT-IR spectrum is indistinguishable and similar to the IR spectra of sulfated polysaccharides extracted from different Ulva species [23,30,34,38,39,40,41,42]. The X-ray diffractogram showed sharp peaks at 2θ = 11°, 17°, 45°, 57°, and 72°, which indicated that ulvan has a semi-crystalline nature [32]. Ulvan has an indefinite backbone; hence, it has a highly branching structure. Therefore, ulvan has a disordered conformational structure due to its heterogeneous chemical composition, contributing to an amorphous region.



In contrast, the repeating aldobiouronic units could explain its crystalline region [34]. The EDX analysis confirmed the sulfated nature of the extracted polysaccharide. It also declared that the ulvan contains sulfuryl groups, as UV and FTIR analysis specified. Our results support the hypothesis that ulvan is a sulfated polysaccharide representing a unique component of the seaweed cell wall structure [32].



Regarding antiviral activity, the U. lactuca extract showed significant anti-SARS-CoV-2 activity which is related to the presence of sulfated polysaccharide ulvan. Our findings are consistent with previous studies on the polysaccharides extracted from seaweeds. Sulfated polysaccharides were the main topic of most research on the antiviral activity of marine algae [42,43,44,45,46,47]. Although intracellular activity has already been demonstrated for a sulfated polysaccharide, ulvan is a sulfated polysaccharide that carries significant negatively charged molecules, making it challenging for such compounds to have intracellular activity. Heteroglycuronan, the main component of ulvan, possesses antiviral properties against influenza A/PR/8/34 (H1N1) [44]. In the present study, aqueous extract from U. lactuca extracted from hot water exhibited potent antiviral activity mainly via interference with viral replication, consistent with observations from previous studies [45,46,48]. Furthermore, various human viruses, including the Hepatitis A virus (HAV-H10), the Coxsackie B4 virus, Herpes simplex virus types 1 and 2 (HSV-1), and measles virus, are susceptible to aqueous extracts of U. lactate [47,48,49,50]. Shefer et al. studied the anti-SARS-CoV-2 inhibition activities of crude ulvan extract in the Vero-E6 cells assay and reported that the extraction methods influence its chemical composition, cytotoxicity, and anti-SARS-CoV-2 activity [17].



Our findings suggest potential effects on viral replication, adsorption, and significant virucidal activity. According to several research studies, these negatively charged compounds disrupt the early stages of the proliferation cycle of the enveloped virus, thus preventing viral infection [45,51,52,53]. Other research indicated that sulfated polysaccharides could inhibit the synthesis of viral proteins [52] or different stages of the HSV life cycle [53]. The ulvan extract from U. fasciata exhibits good activity during the viral entry stage. Sepúlveda-Crespo et al. reported that the sulfate residues interfere with the positively charged viral glycoprotein domain and prevent the initial virus–cell interaction [54]. Chiu et al. found ulvan to prevent Japanese encephalitis virus (JEV) infection in the Vero cells by preventing virus adsorption and the virus from entering the cells [55]. In line with our work, Lopes et al. also demonstrated that certain sulfated polysaccharides from green seaweeds prevent virus replication [56].




4. Materials and Methods


4.1. Collection and Processing of Algal Samples


Ulva lactuca, which belongs to the Ulvaceae family, was chosen for this study as it is the most abundant Ulva species [30]. Dr. Fekry Ashour, a researcher at NIOF Egypt, collected it in July 2020 from the Gulf of Suez coast, Egypt, and identified it using the methods of [57,58]. Furthermore, the tested algae were evaluated via microscopic examination [59] and confirmed using the Algae Base website [60,61]. Following collection, all samples were washed several times with seawater to remove adhering debris, associated biota, and sand. After that, the samples were washed with tap water to remove salts. The algal samples were dried in the open air for 72 h in a shaded area, then dried in an oven (Memmert, Germany) at 105 °C for 3 h. The dried samples were ground into fine particles using a coffee grinder (Brown Mill, Berlin, Germany), sieved through 80-mesh screens, and stored in plastic bags at room temperature for further experiments.




4.2. Aqueous Extract from U. lactuca


The de-pigmentation of the collected seaweed powder was performed with 100 mL of hexane for 24 h with vigorous shaking at 3000 rpm before the seaweed powder was filtered. To remove soluble elements and unwanted impurities, the sample residue was immersed in 120 mL of 95% ethanol for 24 h at ambient temperature, with gentle stirring [62]. The residue was dried under vacuum at 60 °C for 3 h. Subsequently, the dried residual off-white weed was subjected to hot water extractions at temperatures of 60, 80, 90, and 100 °C at weed/water ratios (w g/v mL) of 1/10, 1/20, 1/40, and 1/50, respectively, for 30 min, 1 h, 2 h, and 3 h. After filtering through a cotton cloth, the aqueous extracts were centrifuged at 6708× g for 15 min in a cooling centrifuge (Centrikon T-124, Italy). The extracts were dialyzed for 48 h at 4 °C against distilled water to remove small elements. The aqueous extract was concentrated to 10%–20% of its initial concentration value using a rotary evaporator, followed by precipitation by adding four volumes of absolute ethanol to the concentrated aqueous extract at −20 °C. After 48 h, the precipitate was centrifuged in a cooling centrifuge for 15 min at 6708× g. Finally, the recovered residue was weighed to determine its fresh weight (gram fresh weight) to determine the optimum conditions for extraction. The extract was collected and dried in a vacuum oven at 60 °C. The dried U. lactuca extract was stored in sterilized falcon tubes for further experiments [27]. The extraction yield was determined for each condition using the equation:



U. lactuca extract yield (%) = (weight of extracted powder/weight of dry seaweed) × 100 to determine the best extraction conditions [22].




4.3. Analysis of the Extracted Ulvan


4.3.1. Water Content


The water content related to the weight of the specimens was determined after 24 h of ignition at 103 °C in the oven. It was calculated as a percentage of the dry weight [63].




4.3.2. Ash Content


Ash content was measured gravimetrically according to Lahaye and Jegou [29]. In a muffle furnace, 70 mg of the dried extract specimens were incinerated for 14 h at 550 °C.




4.3.3. Elemental Analysis


By combusting the ulvan powder, the elements carbon, hydrogen, nitrogen, and sulfur were examined using an elemental analyzer (Vario MICRO Cube, Elementar, Germany).




4.3.4. Protein Content


The soluble protein content was determined using the Lowry method [64]. In 2 mL of deionized water, 4 mg of the U. lactuca extract were dissolved. A 0.2 mL sample was added to 4 mL of Lowry’s solution. The mixture was allowed to stand for 10 min before adding 0.4 mL of a 50% Folin–Ciocalteu reagent, followed by incubation at ambient temperature for 30 min. The absorbance of mixtures was measured at 750 nm using a UV-VIS spectrophotometer (Jasco V 530, Japan). Based on a bovine serum albumin standard curve, the protein content was determined and represented as a percentage of ulvan dry weight.




4.3.5. Total Sugar Content


A phenol–sulfuric acid assay was employed to assess the total sugar content in trifluoroacetic acid (TFA) hydrolysate [65]. The hydrolyzed sample of 0.5 mL was mixed with 2.5 mL of concentrated H2SO4 and 0.5 mL of a 5% (v/v) phenol solution. The mixture was stirred, boiled for 20 min, and then cooled to ambient temperature. An ultraviolet-visible (UV-VIS) spectrophotometer then measured the absorbance of the solution at 490 nm. The total sugar concentration was determined from a standard curve using various glucose concentrations. According to the glucose standard curve, total sugar was determined and represented as grams per 100 g of dry weight of the specimen.




4.3.6. Sulfate Content


The sulfate content was determined using the turbidimetric method of Torres et al., 2021 [37], with the same accuracy as the traditional method [66]. Firstly, a barium chloride–gelatin reagent was prepared by adding 75 mg of gelatin powder and 25 mL of ultrapure water into a screw cap tube. Incubate at 80 °C for 10 min and vortex until complete homogenization, with the addition of 250 mg of BaCl2 to the gelatinous solution, and homogenize under stirring, then the reagent should be stored at 4 °C for further use, allowing the reagent to reach room temperature and become homogenized thoroughly before use.



In a 96-well clear polystyrene microplate, 20 μL of each of the following hydrolyzed ulvan solution, non-hydrolyzed ulvan solution, and 0.5 mol.L−1 HCl (negative control) was placed into each labeled well, which was already filled with 140 μL of 0.5 mol.L−1 HCl. After mixing, the absorbance of each well was determined at 405 nm in a microplate reader (Sunrise, TECAN, Inc., Woburn, MA, USA). An amount of 40 μL of the barium chloride–gelatin reagent was added. The contents of the wells were mixed. Then, incubation for the microplate for 20 min was performed, where we mixed the contents of the wells and measured the absorbance at 405 nm. These values correspond to the second reading. The organic sulfate (OS) content was calculated by correcting the absorbance values of each sample by subtracting the first reading from the second reading, using a standard curve of sulfate salt and the following equation.


  O S =   µ H − µ N   ±    σ H   2   +   σ N   2     








where µH and σH are, respectively, the mean and standard deviation of the total sulfate percentages obtained with the hydrolyzed samples, and µN and σN are, respectively, the mean and standard deviation of the free sulfate percentages obtained with the non-hydrolyzed samples.





4.4. Characterization of the U. lactuca Extract


4.4.1. Monosaccharide Composition Determination


The acid hydrolysis was performed on the samples following the modified [67]. An amount of 13 mg of the U. lactuca extract was transferred to a reaction tube with 5 mL of 4 M TFA. Hydrolyses were carried out for 6 h at 124 °C in the oven. At 40 °C, the hydrolysate was subsequently evaporated. HPLC (Agilent, California, USA) was used to determine the monosaccharide composition in the hydrolysate after it was dried. The apparatus is outfitted with a Binary HPLC pump with an injector, a refractive index detector (RI, 2410) at 35 °C, and a software monitor with the Breeze 2 HPLC program. Supelco supplied the LC-NH2 column (SUPELCOILTM LC- NH2, 250 4.6 mm, 5 μm). The column effluent was monitored using a refractive index detector. The mobile phase acetonitrile/water (85:15) solvent system performed at a 1.5 mL/min flow rate. Ten µL samples were injected into HPLC using HPLC grade water as the eluent at a flow rate of 1 mL min−1. Chromatographic peaks were recognized via comparison with reference sugars (galactose, fructose, rhamnose, and glucose) for monosaccharide determination. This goes in harmony with Madany et al. (2021), who recorded nearly the same monosaccharides throughout different seasons of the Ulva spp. collection [63]. Different concentrations of each standard were achieved via dilution with water, and the calibration curves were then constructed by graphing the peak area vs. the volume injected.




4.4.2. FTIR


The functional groups in the aqueous extract from U. lactuca were detected using an FTIR spectrometer (Bruker, Alpha, Germany) configured with the attenuated total reflectance (ATR) method. The transmission spectra were identified using KBr pellets (Merck®, Rahway, NJ, USA) comprising 2.5 mg of the extract powder. After removing the atmospheric background interferences, the spectra were generated in the 4000–400 cm−1 range [68].




4.4.3. XRD


Information regarding the crystalline characters of the U. lactuca extract was acquired using an X-ray diffractometer (Bruker D2 Phaser) with Cu Kα (λ = 1.5412 Å) radiation 2θ ranging from 5° to 85° at 40 kV and 30 mA.




4.4.4. SEM and EDX


The U. lactuca extract was examined using high-resolution scanning electron microscopy (HRSEM; JSM-IT 200, Jeol, Japan) under a high vacuum and an acceleration voltage of 15 kV to understand more details about the morphological characteristics and the surface texture. The sample was coated with gold (15 Å) for 2 min via physical vapor deposition to be prepared for SEM analysis. The EDX spectrometer was employed to detect the weight and atomic percentages of the different elements in the specimen concerning the emitted X-rays [68].





4.5. Cytotoxicity Assay


The cytotoxic activity of the U. lactuca extract was tested in the Vero E6 cells using the MTT (3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl tetrazolium bromide) method with minor modifications. The tested viral strain was recovered from a nasal swab collected from a patient admitted to Almaza Military Hospital and was fully characterized (NCBI Virus GenBank Accession No. MT994983, Submitter Seadawy, M.G., et al.). A Biosafety Level-3 facility was used for viral culture procedures.



Briefly, the cells were seeded (3 × 105 cells/mL) in 96-well plates, followed by 24 h of incubation at 37 °C in 5% CO2. The cells were then treated with different concentrations of extracted ulvan (0.0001 to 0.0009 g/mL) according to the concentrations’ range employed in previous studies [55,69,70]. Each experiment was performed in triplicate. The supernatant was removed after a further 24 h, and the cell monolayers were then washed three times with sterile PBS before being treated with the MTT solution, followed by incubation at 37 °C for 4 h before media aspiration. Each well received 200 µL of acidified isopropanol (0.04 M HCl in absolute isopropanol) to dissolve the formed formazan crystals. The absorbance of formazan solutions was determined at a maximum wavelength of 540 nm, using 620 nm as the standard wavelength. The percentage of cytotoxicity was determined from the following equation: By plotting % cytotoxicity versus sample concentration, we calculated the cytotoxic concentration 50 (CC50).


  %   C y t o t o x i c i t y =     a b s o r b a n c e   o f   c e l l s   w i t h o u t   t r e a t m e n t − a b s o r b a n c e   o f   c e l l s   w i t h   t r e a t m e n t   × 100   a b s o r b a n c e   o f   c e l l s   w i t h o u t   t r e a t m e n t    












4.6. Plaque Reduction Assay


The assay was performed according to Hayden et al. [71]. The SARS-CoV-2 virus was diluted to give approximately 106 PFU/well, mixed with the harmless concentration of the U. lactuca extract at an approximate ten-fold dilution of CC50, followed by serial two-fold dilutions (0.0312, 0.0156, 0.0078, and 0.0039 mg/mL) and incubation for 1 h at 37 °C before being added to the cells. The growth medium was discarded from the plates, and the cells were inoculated with a 100 µL/well virus with the tested U. lactuca. The untreated cell culture served as a negative control group (the cells were inoculated with a 100 µL/well virus without the extract). After virus adsorption, 3 mL of DMEM plus 2% agarose and the tested extract were transferred to the cell monolayer. The plates were allowed to solidify before incubating at 37 °C for 3–4 days until viral plaques formed. The 10% formalin solution was added for fixation, and staining was performed with a 0.1% crystal violet solution. The control wells contained Vero E6 cells inoculated with the untreated virus. Finally, the plaque-forming unit was counted, and the percentage inhibition was calculated as follows:


  %   i n h i b i t i o n =     V i r a l   c o u n t   u n t r e a t e d − v i r a l   c o u n t   t r e a t e d   × 100   V i r a l   c o u n t   u n t r e a t e d    












4.7. Mechanism of Antiviral Action


4.7.1. Viral Replication


The virus was diluted to give 106 PFU/well and applied directly to the cells, which were incubated for 1 h at 37 °C. The unadsorbed viral particles were removed by washing the cells three times with supplements for free-medium ulvan, starting with the concentration that resulted in >99.9% inhibition. After virus adsorption, 3 mL of DMEM plus 2% agarose and the tested extract in the same concentrations used in the plaque reduction assay were added to the cell monolayer. Plates were allowed to solidify before incubating at 37 °C for 3–4 days until viral plaques formed. The 10% formalin fixative solution was added, and subsequently, staining was conducted. The percentage inhibition was calculated as mentioned above.




4.7.2. Viral Adsorption


The U. lactuca extract was applied at various concentrations in the 200 µL medium. The same concentrations were used as in the plaque reduction assay, beginning with the highest inhibitory value, and co-incubated with the cells for 2 h at 40 °C. After washing the cells three times with a supplement-free medium, the virus diluted to 106 PFU/well was incubated with the pretreated cells for 1 h before adding 3 mL of DMEM supplemented with 2% agarose. Plates were processed as described above. The percentage inhibition was calculated as mentioned above.




4.7.3. Virucidal Activity


A 200 µL serum-free DMEM volume containing 106 PFU forming SARS-CoV-2 was added to the tested ulvan extract, resulting in high viral inhibition. Following 1 h of incubation, the mixture was diluted three times using the serum-free media, each time by a factor of 10, resulting in virtually no ulvan, but still allowing virus particles to proliferate on the VERO cells. The VERO cell monolayer was then treated with 100 L of each dilution. After 1 h of contact time, a DMEM overlayer was added to the cell monolayer. The plates were allowed to solidify before being placed in an incubator at 37 °C to promote the formation of viral plaques. They were fixed and stained as described above.





4.8. Statistical Analysis


Statistical analysis was performed using GraphPad Prism version 9.4.1 (San Diego, CA, USA). A one-way analysis of variance (ANOVA) was performed, followed by a Tukey-Kramer post hoc test to compare the different investigated groups. The p-value < 0.05 is statistically significant.





5. Conclusions


This is a pioneer study on the antiviral activity of an aqueous extract from Ulva lactuca against SARS-CoV-2. This study shows the effect of different conditions on the aqueous extraction of U. lactuca collected from the Gulf of Suez, Egypt. Based on our findings, the aqueous extract from U. lactuca has potential anti-SARS-CoV-2 activity by interfering with the viral attachment, adsorption, and replication processes. Therefore, U. lactuca could be a promising source of bioactive substances for preclinical study in the drug development process to control COVID-19.
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Figure 1. The effect of different extraction conditions on the collected extract of Ulva lactuca. (A) Periods, (B) Temperatures, and (C) Water volumes for each 1 g of algal powder. 
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Figure 2. Ulva lactuca aqueous extract characterization; (A) HPLC Chromatograph; (B) infrared spectra between 400 and 4000 cm−1; (C) the XRD pattern; and (D) EDX data. 
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Figure 3. Scanning electron microscopy (SEM) micrographs of the extracted ulvan with different fields showing different crystals’ shapes (A,B). 






Figure 3. Scanning electron microscopy (SEM) micrographs of the extracted ulvan with different fields showing different crystals’ shapes (A,B).



[image: Marinedrugs 22 00030 g003]







[image: Marinedrugs 22 00030 g004] 





Figure 4. The cytotoxicity of U. lactuca aqueous extract on Vero-E6 cells using MTT assay. 
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Figure 5. Plaque Reduction Assay results. The experiment was performed in three independent replicates. Data were represented as mean ± SD. ANOVA test followed by a Tukey–Kramer post hoc test, which showed a significant difference among means. The asterisk indicated significant differences of p < 0.001. The letters above the bars denote the significant difference across the investigated groups: a = 0 mg/mL, b = 0.0312 mg/mL, c = 0.0156 mg/mL, d = 0.0078 mg/mL, and e = 0.0039 mg/mL. 
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Table 1. Proximate chemical analysis and monosaccharide composition of the Ulva lactuca aqueous extract.
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Parameter Measured

	
Value ± SE (%)






	
Yield

	
11.203 ± 0.32




	
Fresh w.t

	
6.175 ± 0.21




	
Water content

	
45.57 ± 0.292




	
Dry w.t

	
3.361 ± 0.06




	
Chemical composition (%) Dry weight




	
Ash

	
44.004 ± 0.417




	
Total Sugars

	
33.66 ± 0.65




	
Protein

	
7.386 ± 0.41




	
Sulfate content

	
14.95 ± 0.24




	
Element composition




	
C content

	
28.54




	
H content

	
3.61




	
N content

	
2.04




	
S content

	
7.08




	
Sugar composition (mol%)




	
Rhamnose

	
32.88




	
Galactose

	
25.46




	
Fructose

	
28.25




	
Glucose

	
13.41











 





Table 2. The mechanisms of antiviral action of U. lactuca extract.
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Mode of Action

	
Ulva lactuca Extract

Conc.

(mg/mL)

	
Viral Count

Pre-Treatment

(PFU/mL)

	
Viral Count

Post-Treatment

(PFU/mL)

	
Inhibition % *






	
Viral Replication

	
0.0312

	
6 × 105

	
4 × 105

	
33.3




	
0.0156

	
4.3 × 105

	
28.3




	
0.0078

	
4.6 × 105

	
23.3




	
0.0039

	
5.5 × 105

	
8.3




	
Viral Adsorption

	
0.0312

	
4.5 × 105

	
3.1 × 105

	
31.1




	
0.0156

	
3.4 × 105

	
24.4




	
0.0078

	
3.7 × 105

	
17.7




	
0.0039

	
4.1 × 105

	
8.8




	
Virucidal

	
0.0312

	
5 × 105

	
1.8 × 105

	
64




	
0.0156

	
3.3 × 105

	
34




	
0.0078

	
3.9 × 105

	
22




	
0.0039

	
4.3 × 105

	
14








* The experiments were performed in three independent replicates. Data were represented as mean ± SD. ANOVA test showed a significant difference among means (p ˂ 0.001).
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