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Antioxidant and antiviral activities against herpes simplex virus type 1 of the ulvan extracted from Ulva Lactuca
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ABSTRACT 

	Aims: Evaluation of cytotoxic, antioxidant, antibacterial and antiviral activities of ulvan polysaccharide, extracted from Ulva lactuca, with emphasis on action against herpesvirus type 1 (HSV-1).
Study design: The study followed an experimental design focusing on the bioactive properties of ulvan, involving tests against the HSV-1 virus, in addition to the evaluation of its cytotoxic, antioxidant and antibacterial properties. 
Place and Duration of Study: This research was conducted at the Laboratory of Biochemistry and Molecular Biology of Microorganisms and Plants (BIOMIC) in conjunction with the Center for Research in Biodiversity and Biotechnology (BIOTEC), located at the Federal University of Delta do Parnaíba, state of Piauí, Brazil. 
Methodology: Ulvan was obtained from the macroalgae Ulva lactuca collected on Coqueiro beach, in the city of Luis Correia, state of Piauí. The polysaccharide was characterized and evaluated for its biological activities. The antioxidant capacity was evaluated by the ABTS (2,2'-azinobis(3-ethylbenzenethiazoline-6-sulfonic acid)) radical scavenging assay, the cytotoxicity was evaluated by the MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) test, and the antibacterial activity was evaluated by the minimum inhibitory concentration (MIC) technique. The percentage of HSV-1 inhibition was verified by titrations of the pretreatment assays of cells (PTC) and viral particles (PTV) with ulvan. The atomic force microscopy (AFM) technique was used to observe possible changes that ulvan could cause in the structure of HSV-1, in addition to verifying the dimensions of the particles between the control and the viral treatment with ulvan.
Results: Ulvan did not show antibacterial activity against the tested strains. However, it showed ABTS radical scavenging and reducing activity, in addition to low cytotoxicity with CC50 above 8,805 µg/mL and viral inhibition percentages of 65% and 88%. Through AFM images, a decrease in HSV-1 particles was observed after treatment with ulvan, which decreased from 150 nm to 79 nm, indicating that there was possible damage to the viral envelope.
Conclusion: This study provided valuable information into the biological activities of ulvan, providing unique insights into the mechanism of action of the polysaccharide against HSV-1. These results help advance knowledge on the use of marine polysaccharides as biomaterials, while contributing to new advances in the discovery of antiviral materials.
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1. INTRODUCTION 

Herpes simplex virus type 1 (HSV-1) infection is a cosmopolitan disease, affecting approximately 67% of the world's population, corresponding to 3.75 billion individuals aged ≥ 49 years (Pliego-Cortés et al., 2022). Commercially available antivirals used in the therapy of several viruses have some disadvantages, such as side effects due to their toxicity and the rapid selection of viral strains resistant to treatment (Paula et al., 2018). Such is the case of the resistance of the HSV-1 virus to acyclovir, which is the drug used as the gold standard for its treatment (Schalkwijk et al., 2022). Sulfated polysaccharides open new promising pharmacological perspectives for the development of antiviral drugs, since studies indicate that antiviral activity represents one of the most relevant biological functions of these molecules (Lu et al., 2021). Marine organisms, especially algae, are rich sources of sulfated polysaccharides, which have unique structures and demonstrate virucidal effects against several types of viruses (Lu et al., 2021). In the literature, it is possible to confirm the existence of several sulfated polysaccharides found in algae being used as antiviral bioactive agents, including fucoidans (Sun et al., 2020), carrageenans (Boulho et al., 2017), exopolysaccharides (Hasui et al., 1995), agarans (Duarte et al., 2004) and ulvans (Hardouin et al., 2004; Lopes et al., 2017). Ulvans, in addition to showing activity against HSV-1, may also exhibit activity against other existing viruses, such as severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) (Song et al., 2020), herpes simplex virus type 2 (HSV-2) (Karmakar et al., 2010; Castillo et al., 2020), human rhinovirus 2 (HRV2) (Park et al., 2012), influenza A (H1N1) virus (Yu et al., 2012), Japanese encephalitis virus (JEV) (Rashid et al., 2020), and human papillomavirus (HPV) (Laurie et al., 2021). The ulvan, found in green macroalgae of the phylum Chlorophyta, is one of the most complex sulfated polysaccharides in existence. This biopolymer has a complex and branched conformation, does not have an exact structure or simple repeating unit, and does not have long chains of the same sugar (Tziveleka et al., 2019). The structure of these heteropolysaccharides, which are polyanionic, is most commonly composed of α- and β-(1,4)-linked monosaccharides (rhamnose, xylose, glucuronic acid, and iduronic acid) with characteristic repeating disaccharide units (Kidgell et al., 2019). The main repeating disaccharide in ulvan is actually two types of aldobiuronic acid called ulvanobiuronic acids type A3s (Fig. 1a) and B3s (Fig. 1b). Ulvanobiuronic acid type A3s, one of the most common disaccharide units, consists of β-D-glucuronic acid (1,4)-linked to α L-rhamnose 3-sulfate, whereas in type B3s α-L-iduronic acid (a C-5 epimer of glucuronic acid) is (1,4)-linked to α-L-rhamnose 3-sulfate (Lahaye et al., 1998a). In some cases, the uronic acids are replaced by xylose or sulfated xylose residues. In this situation, the disaccharides are called ulvanobioses and symbolized as U3s (ulvanobiose 3-sulfate) (Fig. 1c) and U2'S,3S (ulvanobiose 2',3-disulfate) (Fig. 1d) (Lahaye et al., 1998a; Lahaye et al., 1998b; Robic et al., 2009).
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Fig. 1. Description and organization of the main repeated disaccharides in ulvan, the ulvanobiuronic acids types A3S and B3S and the ulvanobioses U3S and U2’S,3S. A3S.
(a) A3S ulvanobyronic acids with glucuronic acid linked to rhamnose 3-sulfate; (b) B3S ulvanobyronic acids with iduronic acid in place of glucuronic acid, also linked to rhamnose 3-sulfate; (c) U3S ulvanobinoses composed of rhamnose 3-sulfate linked to xylose, (d) xylose may have a sulfate group, as present in U2′s,3s.

These unique structural features of ulvan, together with its wide range of biological activities, including antiviral, antioxidant, and antibacterial, have attracted significant attention to for this molecule (Binsuwaidan et al., 2023; Maray et al., 2023). Furthermore, its tunable physical and chemical properties reinforce its potential as a material for various therapeutic applications (Tziveleka et al., 2019). Thus, in the present study, ulvan obtained from Ulva lactuca was characterized and evaluated for its cytotoxic, antioxidant, antibacterial and antiviral activities against HSV-1.

2. methodology

2.1 Collection of raw materia

The algae was collected at Coqueiro beach, located in the municipality of Luis Correia, coast of Piauí - Brazil (2°54'18.00'' S 41°34'27.00” W) during low tide (0.1 m). The species identified as Ulva lactuca was registered under no. 6800 in the Herbarium of the Parnaíba Delta – (HDELTA). The algae were washed, dried, ground and stored for later extraction.

2.2 Aqueous Extraction of Ulvan

The aqueous extraction and purification method of ulvan was performed according to Rodrigues et al. (2010) with some modifications. Initially, the raw material was suspended in distilled water at a dilution of 1:10 (m/v), at 80°C under constant stirring for 2 hours. After filtration and removal of residues, the polysaccharides present in the filtrate were precipitated with pure ethanol in a ratio of 1:2, and kept for 24 hours under refrigeration. Then, the material was centrifuged and the precipitate washed twice with ethanol and twice with acetone in a ratio of 1:2. Finally, the samples were dried in a hot air flow to obtain the pure polysaccharides and the yield was calculated.

2.3 Protein content

The concentration of soluble proteins in the samples was determined by the Bradford methodology (1976). Aqueous solutions of the polysaccharide were prepared and mixed with the Bradford reagent. The absorbances of the samples were measured at 595 nm and the protein concentration was calculated based on the absorbance data of the calibration curve generated, using bovine serum albumin as the standard protein.

2.4 Zeta Potential

In the present study, zeta potential measurements were performed on the Malvern Zetasizer Nano ZS90 instrument. For each analysis, samples were diluted in ultrapure water at a ratio of 1:10. Samples were analyzed in triplicate at 25 °C.

2.5 Elemental analysis of Carbon, Hydrogen, Nitrogen and Sulfur.

Elemental analysis of carbon, hydrogen, nitrogen and sulfur of the polysaccharide was performed using the Elementary Analyzer - Perkin Elmer 2400 series II in CHNS mode, with a thermal conductivity detector.

2.6 Determination of Molar Mass by Gel Permeation Chromatography (GPC).

The molar mass distribution was determined by gel permeation chromatography in a Shimadzu LC-20AD equipment coupled to a refractive index detector (RID-10A). Origin software, version 9.65, was used for data processing. A polysep linear column, 300 x 7.8 mm, with sodium nitrate (aq) 0.1 mol/L as eluent was used. The measurement was made at 30°C, with a flow rate of 1 mL/min and the injected volume of the sample was 50 µL. Using the following curve:



2.7 Fourier transform infrared vibrational absorption spectroscopy (FTIR).

The characterization of the ulvan produced was performed by FT-IR using the Attenuated Total Reflection (ATR) technique, with a wavelength range of 4000 to 500 cm-1. The equipment model used was the Nicolet model iS5 - iD7 from Thermo Fisher Scientific, in absorbance module.

2.8 Antioxidant activity

The antioxidant potential assay of ulvan was performed by capturing the ABTS•+ radical in a 96-well microplate according to the methodology of Torres et al. (2017), with some modifications in the solvent solution. The ABTS solution (7 mM) reacted with potassium persulfate (140 mM) to form the ABTS•+ cationic radical for 16 h at room temperature. After the reaction, it was diluted in ultrapure water to an absorbance between 0.8-1 at 734 nm. Trolox was used as a standard. All samples were diluted in water and the absorbance was measured after 20 min of reaction in the dark. The results were processed in GraphPad Prism 8.0.1 software. The values ​​were also expressed by the Inhibition Percentage (IP) according to Gião et al. (2007), according to the equation below:
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2.9 Cell and virus culture

Cytotoxicity and antiviral activity assays were performed using VERO cells (ATCC CCL81). The cells were maintained in Dulbecco's MEM medium (DMEM) supplemented with 5% fetal bovine serum (FBS), penicillin/streptomycin, and amphotericin at 37°C in 5% CO2. The virus propagated in the VERO cell line was the HSV-1 EK strain. After virus titration, the viral stock was distributed into sterile tubes, which were stored at -80°C until use. Viral production and purification were performed as previously described by Campos and Kroon (1993), obtaining a titer of 1.0 x 107pfu/mL.

2.10 Cytotoxicity assay

Cytotoxicity analysis was performed as described by Mosmann (1986) using the MTT method. VERO cells were seeded in 96-well plates at an initial density of 5 × 105 cells per well. After this step, the cells were incubated for 4 h at 37 °C in 5% CO2. Different concentrations of ulvan ranging from 13,000 µg/mL to 101 µg/mL were added to the culture medium and incubation was continued for 72 h. MTT solution at a concentration of 0.5 mg/mL was added to the wells and then incubated again for 4 h. Excess MTT was removed from each well and dimethyl sulfoxide (DMSO) was used to dissolve the formazan crystals. Optical density (OD) was measured using an ELISA plate reader (BioSystems model ELx800) at a wavelength of 540 nm. Cytotoxicity was expressed as 50% cytotoxic concentration (CC50), which was the concentration that reduced cell viability by 50%. Data were processed using GraphPad Prism 8.0.1 software.

2.11 Antibacterial activity

To evaluate the antibacterial activity of ulvan, the minimum inhibitory concentration (MIC) technique was used, following the guidelines of the Clinical Laboratory Standards Institute – CLSI (CLSI. 2018). The bacterial strains chosen for the test were Staphylococcus aureus ATCC 29213, Enterococcus faecalis ATCC 29212, Pseudomonas aeruginosa ATCC 27853, Escherichia coli ATCC 25922. The microorganisms were cultured on nutrient agar in a bacteriological incubator at 35 ± 2 ºC under aerobic conditions for 24 hours. After the incubation period, the bacteria were diluted in 0.85% (w/v) sodium chloride (NaCl) solution. The McFarland scale was adjusted using a Shimadzu UV1800 spectrophotometer at a wavelength of 625 nm, with an OD according to the McFarland scale 0.5 (1–2 × 108 CFU/mL), for the test, bacterial suspensions were prepared at a concentration of 5 × 105 CFU/mL. The serial dilution method was employed, using a 96-well plate (Sousa et al., 2024). The bacteria were exposed to treatment with an ulvan solution, which was previously autoclaved at 1 atm and a temperature of 121ºC for 15 minutes. The concentrations of the assay dilutions ranged from 1000 to 31.35 µg/mL. To ensure the effectiveness of the test, sample sterility control, medium sterility control, and growth control were performed.

2.12 Antiviral trials

Ulvan was tested for its activity against HSV-1. All experiments were performed on VERO cells seeded in 6-well plates at a density of 5 X 105 cells/mL. In the viral control (CV), cells were infected with HSV-1 using MOI 1. To determine the percentage viral inhibition of ulvan, viral titrations were performed (Baer et al., 2014).

2.12.1 Evaluation of antiviral activity with pretreatment of cells with Ulvan (PTC).

The antiviral activity of ulvan was evaluated using VERO cells (5x105 cells/mL), which were pretreated with polysaccharide (PTC) at 1000 µg/mL for 30 minutes. After this period, the cells were infected with HSV-1 and underwent an adsorption process for 60 minutes. After this time, DMEM medium with 2% FBS was added, and the plate was incubated for 48 hours at 37 °C and 5% CO2. Finally, the supernatant of the plates was collected for viral titration.

2.12.2 Evaluation of ulvan activity on viral particle (PTV)

To evaluate the antiviral activity of ulvan directly on the viral particle (PTV), a viral suspension of HSV-1 was incubated with an ulvan solution at a concentration of 1000 µg/mL. The suspension was left under interaction for 30 minutes. After this period, this suspension was used to infect VERO cells (5x105 cells/mL), and after one hour of adsorption, DMEM medium with 2% FBS was added, and the plate was incubated for 48 hours at 37 °C and 5% CO2. Subsequently, the supernatant of the plates was collected for viral titration. 

2.13 Morphostructural analysis by atomic force microscopy (AFM)

For AFM analysis, three different solutions were prepared at a concentration of 1000ug/mL; the ulvan control solution (CP), virus control solution (CV) and the virus treatment solution with ulvan (PTV). Only the PTV solution was left to stand for 30 minutes before being filtered. At the end of the preparation of the solutions, all were filtered with 0.45µL diameter filters and subsequently a 10 µL aliquot was deposited under each mica slide. The mica was left at room temperature to dry. Then, two washes with water were performed, followed by drying at room temperature, before analysis in the equipment. AFM images were obtained in a TT-AFM equipment (AFM Workshop - USA) using the intermittent contact mode with a TED PELLA tip (TAP300-G10) at an amplitude frequency of 289 kHz. Images were processed using Gwyddion 2.60 software and particle size data were processed using GraphPad Prism 8.0.1 software.

2.14 Statistical analysis

Statistical analysis of the experiments was performed using GraphPad Prism 8.0.1 software. The results obtained were evaluated by ANOVA with Tukey's post-test and by one-way analysis of variance. With different levels of significance varying in each experiment (P < 0.01, P < 0.05 and P < 0.001) and measurements between the control and treated groups. All assays were performed in triplicates (n = 3).

3. results and discussion

In the present study, we characterized and performed the biological evaluation of ulvan extracted from the macroalgae Ulva lactuca. The polysaccharide yield after aqueous extraction was 13% (Table 1), higher than that recorded in some studies, such as the study by Hernández-Garibay et al. (2010), carried out with algae of the same genus, which obtained a yield of 7.72%. The yield of algal polysaccharides can be influenced by factors such as collection period, morphology, habitat, stage and extraction method (Vandanjon et al. 2023).

Table 1.	Physicochemical characterizations performed with ulvan obtained from the aqueous extraction of the Ulva lactuca algae. 

	Characterizations
	Results

	Yield
	13%

	Proteins
	0,11 µg/mL

	Zeta Potential
	- 25.7 mV

	Elementary Analysis of NHSC
	N = 4.3%; H = 5.5%; S = 5.0% and C = 26.0%

	Molar mass
	MPk = 8.63 x 105 ; Mn = 1.16 x 104; Mw = 9.46 x 105; IPD = 8.13 x 101


*Mpk = Massa molar de pico
*Mn = Média numérica de peso molecular
*Mw = Peso Molecular Médio Ponderal
*IPD = Indice de Polidispersão

When determining the protein content of ulvan, the value found was 0.11 µg/mL (Table 1), corresponding to approximately 0.1%. This small amount found in the sample can demonstrate the efficiency of the extraction method in relation to the purity of the sample. Kidgell et al. (2019) observed variations in protein content between species of the genus Ulva ssp, with Ulva lactuca presenting 0% and Ulva reticulata 9.4%, demonstrating that both the extraction method and the species of algae can influence the protein content. In the elemental analysis (Table 1), ulvan showed contents of 26% carbon, 5.5% hydrogen, 4.3% nitrogen and 5% sulfur, values ​​similar to those found by Glasson et al. (2017) in other algae species such as Ulva ohnoi. Variations in these values ​​can be attributed to differences in environmental conditions and also to the extraction processes (Madany et al., 2021). In the surface charge analysis, ulvan presented a charge of -25.7 mV (Table 1), demonstrating that the polysaccharide is anionic and stable (Dominguez-Martinez et al. 2016), which is important for its interaction in colloidal solutions (Ahmed et al. 2016; Guidara et al. 2019). In the GPC analysis of ulvan, a monomodal polydisperse profile was observed, with an elution volume peak close to 7.36 mL at its apex and a small shoulder close to 9.58 mL (Fig. 2), average molecular weight (Mw) of 9.46 x 105 and low polydispersity (IPD) of 8.13 x 101 with peak molar mass (Mpk) of 8.63 x 105 and numerical molar mass of 1.16 x 104 (Table 1). These values ​​are similar to those found in other studies carried out with Ulva lactuca, and indicate that the molecular weight of the polysaccharide may be linked to the extraction conditions (Wahlstrom et al. 2020).
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Fig. 2. Chromatographic profile of the ulvan, obtained through Gel Permeation Chromatography analysis (GPC). 

The FTIR results provided information about the main chemical bonds and functional groups present in the ulvan molecule (Fig 3). Analyzing the spectrum (Fig. 3), it is possible to observe bands in the region of 3360 cm-1, characteristic of the O-H stretching, and in the region of 2931 cm-1, of the C-H stretching (Barakat et al. 2022). The bands in the regions of 1025 cm-1 and 978 cm-1 involve the vibration of the C-O, C-O-C and C-O-H bonds, these bands being associated with the glycosidic units (Chi et al. 2020a). The bands in the region of 1617 cm-1 and 1420 cm-1 refer to the stretching of the COO group, characteristic of uronic acid, one of the constituents of ulvan (Chi et al. 2020a). A band at 1215 cm-1 is attributed to the CH deformation of the methyl group present in carbohydrate structures and to the asymmetric stretching vibration S = O related to the occurrence of the sulfate ester characteristic of ulvan (Chi et al. 2020a; Madany et al. 2021). The presence of sulfate groups is also evidenced by the bands at 845 cm-1 and 788 cm-1 associated with the respective vibrations of the C-O-S bonds in the rhamnose molecule (Chi et al. 2020b). Corroborating with Madany et al. (2021) who found values ​​of 844 cm-1 and 786.1 cm-1, related to the stretching vibrations of the sulfate ester group.
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Fig. 3. FTIR spectrum of the ulvan sample, showing absorption peaks in the range 4000 to 500 cm-1.

After the physicochemical characterization of ulvan, the biological activities of the material were also investigated. Regarding antioxidant activity, ulvan was effective with an EC50 of 332.0 µg/ml, although its action was not equivalent to that exhibited by the Trolox standard, which presented an EC50 of 0.09 µg/ml (Table 2). In the graph (Fig. 4), it is possible to observe an abrupt drop in antioxidant activity, this reduction can be justified by the decrease in ulvan concentration, which went from 83 µg/ml to 41 µg/ml. The antioxidant potential of green algae polysaccharides can be attributed to the arabinogalactan domain present in these molecules (Zhong et al. 2019). The structural characteristics of these polimer, such as molecular weight, monosaccharide composition, degree and position of sulfation, also have a significant impact on antioxidant activity. However, it is still unclear how these characteristics influence activity (Nigam et al. 2021).
[image: Logotipo

Descrição gerada automaticamente]
Fig. 4. ABTS radical scavenging effect of ulvan at different concentrations (666.67µl/mL to 5.21µl/mL).
The experiments were performed in triplicate (n=3) and the ANOVA and Tukey tests were used as post-test, with results considered statistically significant when P<0.01 was observed.

Table 2.	EC50 results of the antioxidant activity of ulvan and Trolox (standard used) against the ABTS radical.

	Samples
	EC50 μg/mL

	Ulvan
	332.0 ± 42.90

	Trolox
	0.09 ± 0.07


*EC50 = effective concentration causing 50% of the maximum effect. Values ​​expressed as mean and standard deviation.

When evaluating cell viability, it was observed that even after 72 hours of exposure of VERO cells to the polysaccharide, ulvan still showed low cytotoxicity, with a CC50 greater than 8,805 µg/mL (Fig. 5). This finding corroborates some studies, which also showed low toxicity of ulvan (Binsuwaidan et al., 2023; Srisai et al., 2020). Such as that of Srisai et al., (2020), where the polysaccharide presented a CC50 greater than 5,000 µg/mL. Thus, the fact that ulvan presents low cytotoxicity, even at high concentrations, makes this molecule promising for use in several biotechnological applications.
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Fig. 5. Cell viability of the VERO cell line exposed to different concentrations of ulvan (13,000 µg/mL to 101 µg/mL) for 72 hours.
Analysis performed by ANOVA followed by Tukey's post-test, with results considered statistically significant at P < 0.05. The tests were performed in triplicate (n=3).

Antibacterial tests performed with ulvan did not reveal activity against any of the strains (S. aureus, E. faecalis, P. aeruginosa and E. coli), even at the highest concentration tested (1000 µg/mL). The results found by Ibrahim et al (2022) showed the absence of antibacterial activity of ulvan against E. faecalis, S. aureus and Listeria monocytogenes. In the same study, ulvan inhibited the growth of P. aeruginosa and gram-negative E. coli, however, at considerably higher concentrations of 25,000 µg/mL and 6,250 µg/mL, respectively. In another study, carried out by Maray et al. (2023) observed that ulvan was unable to inhibit S. aureus even at higher concentrations, but showed inhibitory activity against E. faecalis and P. aeruginosa. This difference in results may occur because the biochemical and structural characteristics of ulvan may allow ulvans extracted from similar forms and algae of the same species to still present structural differences, which may or may not be sensitive to high temperatures (Kidgell et al. 2019; Ibrahim et al. 2022). 

In the evaluation of ulvan activity against HSV-1 (Fig 6), a significant reduction in the viral titer was observed in the PTC assay, with a titer of 2.8x106 PFU/mL, showing approximately 65% ​​reduction in HSV-1 activity by ulvan, while in the CV the titer was 8.1x106 PFU/mL. In the PTV assay, the viral titer obtained was 9.1x105 PFU/mL, corresponding to 88.7% viral inhibition (Fig 6). This PTV result shows a possible direct action of ulvan on the virus, suggesting virucidal activity. To evaluate the possible direct activity of ulvan on HSV-1, morphostructural analyses of HSV-1 particles and ulvan were performed by the AFM technique (Fig. 7).
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Fig. 6. Plaque forming unit count (PFU/mL) and percentage of viral inhibition, obtained in cell pretreatment (PTC) and viral pretreatment (PTV), at a concentration of 1000 µg/mL for 30 minutes vs viral control (CV).
Data analysis was performed by one-way ANOVA. Results were considered statistically significant at P < 0.001 when compared to the virus control. Assays were performed in triplicate (n=3).

AFM analysis revealed that pure ulvan (CP) has a relatively flat surface with little roughness (Fig. 7a). In Fig. 7b, it is possible to observe that the images of HSV-1 particles (CV) without ulvan treatment do not present as much roughness as in CP. Furthermore, the CV particles presented spherical shapes with calculated average diameters of around 150 nm (Table 3). In the images of HSV-1 after treatment with ulvan (PTV), a greater irregularity was observed in the HSV-1 particles (Fig. 7c), and a reduction in the average size of the virus, which went from 150 nm to 79 nm (Table 3).

Table 3.	Comparison of viral particle size between viral control (control) and viral treatment with ulvan (treated).

	Group
	Size average (nm)
	Mean standard error
	Confidence Interval - CI 95%

	Control
	150.7
	20.04
	105.4 – 196.0

	Treated
	79.35
	8.85
	59.32 – 99.38
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Fig. 7. AFM images of ulvan morphostructure and HSV-1 particles before and after treatment.
(a) Topographic image of ulvan without the presence of virus; (b) image of control of HSV-1 particles without treatment; (c) image of HSV-1 after treatment with ulvan.

Results from previous studies on HSV-1 morphology demonstrated viral particles with sizes ranging from 127 to 150 nm (Wu et al., 2011) and 160 nm (Kämmer et al., 2016), values ​​that correspond to the size of intact virus without any treatment. The reduction in the size of HSV-1 presented in this study suggests that ulvan can directly modify the viral structure and, eventually, inhibit its ability to infect. According to some evidence, sulfated polysaccharides from marine algae probably block viral infection by inhibiting one or more stages of the virus multiplication cycle. They may interfere with the adsorption process, either by interacting with virions or by interacting with virus receptors in host cells, with specific mechanisms dependent on the polysaccharide structure (Wang et al. 2012; Wei et al. 2022). Furthermore, the structure, molecular weight and degree of sulfation of ulvan are significant factors that influence its antiviral activity. These factors can affect the way the polysaccharide interacts with both virions and viral receptors present in host cells (Chiu et al. 2011; Chi et al. (2020a); Shefer et al. 2021; Shefer et al., 2022). Furthermore, due to its structural similarity to mammalian glycosaminoglycans (GAGs), together with its low toxicity, ulvan could be useful in the topical treatment of lesions caused by HSV-1, preventing viral proliferation in tissues (Sulastri et al., 2021). It can also be used as an adjuvant in antiviral therapies, alone or in combination with other agents.
4. CONCLUSION

Ulvan extracted from the macroalgae Ulva lactuca showed significant antioxidant activity against ABTS radicals. The compound did not show antibacterial activity against the strains tested (Staphylococcus aureus, Enterococcus faecalis, Pseudomonas aeruginosa and Escherichia coli). However, it showed anti-HSV-1 activity with low toxicity to VERO cells. AFM analysis demonstrated a possible direct action of ulvan on the viral envelope of HSV-1, with a decrease in the average particle size after treatment with the polysaccharide. Thus, ulvan can be considered a potentially valuable ingredient for the development of biotechnological products. It may be a promising alternative for the treatment of HSV-1 and an option in cases of viral resistance to conventional treatments or as an adjuvant treatment. We also suggest that additional studies be performed to understand the molecular mechanisms involved in the interaction between ulvan and viruses and to explore its potential therapeutic applications.
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