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Introduction

The marine environment is a promising source for the isolation of new microorganisms (fungi, bacteria and actinomycetes), which are powerful producers of various bioactive natural compounds (Bramhachari et al., 2007;Pham et al., 2019).

Among the microorganisms, marine fungi have gained great interest due to their ability to withstand extreme environmental conditions in the marine habitat such as temperature, salinity, pressure and limited nutrients. In addition, marine fungi have established particular metabolic pathways in contrast with terrestrial fungi (Demain et al., 2017). Two different classes of marine fungi can be distinguished: a) obligate marine fungi that live and grow in the seawater environment and b) facultative marine fungi, which are derived from the earth or freshwater habitat and could adapt with saltwater conditions (Pang et al., 2016).

During the last decade, marine fungi have been reported to be a promising source of new medicines and pharmaceutical compounds. About 56 species of marine fungi have been identified until 1999, and only 690 natural products were listed as being produced from the fungal growing in the marine habitats (Katia et al., 2012). In particular, fungal polysaccharides have been investigated for their biological activities as they are biocompatible and biodegradable polymers composed of several monosaccharide units. The fungal polysaccharides can be formed at different phases of the fungus life cycle, possessing different functions. Moreover, they represent a promising alternative source for the plant and seaweed-derived polysaccharide (Clementi, 1997). Furthermore, the fungal polysaccharide can be found intracellular or attached to the surface of the cell or secreted in the extracellular medium (Banik et al., 2000). They protect the cells against desiccation, phagocytosis and phage attack, toxic compounds, predation by protozoans, osmotic stress, as well as they have a role in the cellular recognition (Roeder et al., 2004). Marine fungal polysaccharides have been used in biomedical applications as e.g. antioxidant (Kogan et al., 2008), antiinflammatory, antiangiogenic, antiviral, immunomodulatory and anticancer (Mo et al., 2017;Prathyusha et al., 2018). Recently, the exopolysaccharides (EPS) have attracted the attention of researchers over the intracellular and cell wall polysaccharide due to their high production yield using a straightforward separation and purification processes (Mahapatra and Banerjee, 2013). In addition, EPSs have been applied in biomedical and industrial fields such as; additives in the food industry, thickening, stabilizing, emulsifiers, gelling agent, bio-adhesives, wound dressing, antitumor, anticoagulant and antioxidants (Botelho et al., 2014). The Aspergillus sp. have been isolated from distinct environments and some species have been isolated from marine substrates including sediments, corals and sponges (Samson et al., 2014). It had been reported that marine sediments contain more diverse fungi than seawater because of their richness in nutrients (Rédou et al., 2015).

Many studies have investigated Aspergillus terreus for the production of secondary metabolites, drugs, enzymes and pharmaceutical compounds due to their different biological activities (Lai et al., 2007). However, there is only very rare information related to the production of EPS from marine A. terreus (Wang et al., 2013).

In this study, an attempt was taken to explore the existing literature concerning the fungal EPS production, structure and some biological applications in a clear frame to help us to explain the advances and perspectives in the composition and application of fungal EPSs with special concerns to the anticoagulant and cytotoxic activities.

Therefore, the present work aims to; investigate the production of EPS from marinederived A. terreus isolated from the Mediterranean Sea, characterize the EPS using HPLC, NMR, FTIR, UV-Vis, SEC and SEM techniques in order to gain deep insight regarding the structure, composition and morphology of the EPS of interest. As well as to evaluate its cytotoxicity and anticoagulant activity.

Materials and methods

Cultivation media

Three media were used for fungal cultivation: i) Glucose Peptone medium (GP, prepared using peptic digest of animal tissue (20 g/L), Dextrose (10 g/L), and NaCl (5 g/L)) prepared by aged seawater, ii) Potato Dextrose Agar (PDA; purchased from Oxoid, UK) and iii) Czapek`s yeast extract agar (CYA purchased from Himedia, India). While the Dulbecco's Modified Eagle Medium (DMEM; purchased from Sigma-Aldrich, USA) was used for cytotoxicity evaluation. All the media were sterilized by autoclaving at 121°C for 15 min.

Isolation of marine fungi

Five marine sediment samples were collected from El-Max shore, Alexandria City, Egypt (April 2019). Samples were collected in sterile containers and kept in ice box until delivered to the laboratory. Afterwards, serial dilution was prepared from each sediment sample and 1 mL of each dilution was spread on GP agar media pH 5. All plates were incubated at 37 °C for one week. Morphologically, different fungal colonies were picked up for further purification and characterization. Then, the pure isolates were stored on PDA at 4 °C (Amer et al., 2019).

Screening for EPS production

Four fungal isolates (SEI, SEI1, SEI2, and SEI3) were screened for EPS production.

The isolates were grown in glucose peptone broth medium at 37 °C for 7 days on a shaker incubator at 120 rpm. The culture of each isolate was filtered through filter paper, then mycelium biomass was dried for 24 h at 60 °C and the dry weight of the mycelium was determined. Trichloroacetic acid (TCA) 10% w/v was added to the culture supernatant to degrade protein for 30 min, after that it was centrifuged at 2000 × g for 20 min and the pellets were discarded. Chilled absolute alcohol was added to the supernatant (3:1 v/v) and kept at 4 °C for 24 h. The precipitate was recovered by centrifugation at 2000 × g for 20 min. The pellets were dried overnight at 40 °C.

Finally, the dry weight of the produced EPS was determined and the results were expressed as the mean of three independent experiments ± SD (Mahapatra and Banerjee, 2012).

Identification of the most potent fungal isolate

The marine fungal isolate that gave the highest EPS yield (SEI) was cultivated on CYA medium at 37 °C for 7 days. For morphological identification, Riddell's classic slide culture method was used (Riddell, 1950). Briefly, wet slides were stained with Lactophenol cotton blue, then the reproductive structure of the fungal strain was studied using a light microscope at different magnifications (10, 45 and 100X).

Finally, the reference book "Illustrated Genera of Imperfect Fungi" fourth edition by (Barnett and Hunter, 1986) was used for the identification. Moreover, the identification was confirmed by 18S rDNA based molecular techniques. Concisely, a small amount of the fresh culture was scraped and suspended in 100 µL autoclaved distilled water in a sterile Eppendorf vial (2.0 mL capacity) and boiled in a water bath at 100 °C for 15 minutes.

The non-living fungal strain was sent to the Molecular Biology Research Unit, Assiut University, Egypt for the DNA extraction using pathogen-spin DNA/RNA extraction kit provided by iNtRON Biotechnology Company, Korea. The fungal DNA was then sent to SolGent Company, Daejeon, South Korea for polymerase chain reaction (PCR) and gene sequencing. The PCR was performed using two universal fungal primers ITS1 (forward) and ITS4 (reverse) which were incorporated in the reaction mixture. Primers have the following composition: ITS1 (5' -TCC GTA GGT GAA CCT GCG G -3'), and ITS4 (5'-TCC TCC GCT TAT TGA TAT GC -3') (White et al., 1990). Sequences were further analyzed using Basic Local Alignment Search Tool (BLAST) from the National Center of Biotechnology Information (NCBI) website.

Furthermore, the phylogenetic analysis of sequences was done with the help of the facilities provided by http://www.phylogeny.fr/ website.

Mass production of EPS

The marine fungal isolate identified as A. terreus SEI was used for mass production of EPS. The A. terreus SEI was cultured in 500 mL glucose peptone broth medium and incubated at 37 °C for 7 days on a shaker incubator at 120 rpm, then the EPS was recovered as described before.

Characterization of SEI-EPS

High-performance liquid chromatography (HPLC)

The main monosaccharide composition of EPS was identified using HPLC (Agilent 1260 Infinity Series, USA; detector: refractive index (RI) at 40 °C). The lyophilized EPS was hydrolyzed using 4.0 M trifluoroacetic acid (TFA) at 80 °C for 12 h, followed by filtration through 0.45-μm syringe filter. Then, TFA was removed by coevaporation with methanol till dryness using a rotary vacuum evaporator (Vinothini et al., 2019). The re-dissolved residue in methanol was injected into the HPLC system.

The separation was achieved using isocratic elution by HPLC grade water (mobile phase) with a flow rate of 0.8 mL/min. Control samples for the broth and blank were analyzed under the same conditions to identify the peaks belonged to the medium broth and the elution system.

Nuclear magnetic resonance spectroscopy (NMR)

Identification of the monosaccharides for the SEI-EPS was carried out upon drying under vacuum overnight at 40 °C through the 1 H NMR analysis in D2O at 15 mg/mL.

The experiment was recorded using JEOL ECA 500 II spectrometer, USA (500 MHz) at 298.0 K.

Fourier-transform infrared spectroscopy (FTIR)

The EPS (~ 2.0 -3.0 mg) was subjected to FTIR analysis in order to identify the major functional groups. The IR spectrum was acquired between the frequency ranges of 4000 -400 cm -1 at a resolution of 4.0 cm -1 using Bruker spectrometer equipped with a horizontal attenuated total reflection (ATR) system (ALPHA, Germany).

Ultraviolet-visible spectrometry (UV-Vis)

The total carbohydrate content in the produced EPS was determined using the phenolsulfuric acid method (DuBois et al., 1956). In short, 1.0 mL of 2.5% phenol and 5.0 mL of conc. H2SO4 were added consecutively to a 1.0 mL aliquot of the EPS, and then the mixture was vortexed immediately. The mixture was incubated at ambient temperature for 20 min and the absorbance was recorded at 480 nm against blank reagent using a UV-Vis spectrophotometer (JENWAY 6800 Japan).

Size exclusion chromatography (SEC)

The weight-average molecular weight ( ) of SEI-EPS fraction was analyzed by size exclusion chromatography (SEC) in dimethyl sulfoxide (DMSO) containing NaNO3 (8.5 g/L) as eluent at 70 °C at 10.0 mg/mL. The EPS sample was filtered through a 0.45-µm membrane before injection. The system was equipped with differential refractometer detector (RID 10A, Shimadzu), ultraviolet detector (UV, Shimadzu), multi-angle laser light scattering detector (MALLS, Mini-Dawn®, Wyatt, Milford, USA), HPLC pump (LC 20AD, Shimadzu), degazer AF (DGU -20A3R, Shimadzu), and three PL gel columns (100000, 1000, and 100 Å).

Scanning electron microscopy (SEM)

In order to get a deep insight into the morphology and surface texture, the EPS was characterized using scanning electron microscopy (SEM, JSM-IT 200, Jeol, Japan).

Anticoagulant activity

The anticoagulant activity of SEI-EPS was evaluated using activated partial thromboplastin time (APTT) assay kits (Biomed diagnostics, Germany). In brief, two concentrations of the EPS were prepared (10 and 100 mg/mL) by dissolving the EPS in dimethyl sulfoxide (DMSO, Sigma-Aldrich, USA). Human blood was collected from healthy donors in a tube containing 2.5% sodium citrate (9:1 v/v) and centrifuged at 3000 rpm for 20 min to separate the plasma from blood cells at 4 °C.

For APTT assay, the citrated plasma (50 µL) was mixed with 50 µL of the EPS preparation and incubated at 37 °C for 1.0 min, 50 µL DMSO was used as a sample control and 50 µL water was used as a test control. The APTT reagent (50 µL) was added to the mixture and incubated for 1.0 min at 37 °C. Then the clotting time was determined after the addition of 50 µL of 0.05 mM CaCl2 solution using a coagulometer (Coatron MI, Germany) (Pushpamali et al., 2008).

Cytotoxicity

Both the breast cancer (MDA-MB-231) and human skin fibroblast (HSF) cell lines, obtained from Nawah Scientific Inc., Mokattam, Cairo, Egypt, were used to evaluate the cytotoxicity of the extracted SEI-EPS. The cells were maintained in DMEM media supplemented with 100 mg/mL of streptomycin, 100 units mL -1 of penicillin and 10% of heat-inactivated fetal bovine serum in humidified 5% (v/v) CO2 atmosphere at 37 °C. Cell viability was assessed by Sulforhodamine B (SRB) assay.

Aliquots of 100 μL cell suspension (5 x 10 3 cells) were in 96-well plates and incubated in complete media for 24 h. The cells were treated with another aliquot of 100 μL media containing SEI-EPS at various concentrations ranging from (0.01, 0.1, 1.0, 10, 100 μg/mL). After 72 h of drug exposure, the cells were fixed by replacing media with 150 μL of 10% TCA and incubated at 4 °C for 1 h. The TCA solution was removed, and the cells were washed 5 times with distilled water. Aliquots of 70 μL SRB solution (0.4% w/v) were added and incubated in a dark place at the room temperature for 10 min. Afterwards, plates were washed 3 times with 1.0% acetic acid and allowed to air-dry overnight. Then, 150 μL (10 mM) of TRIS-hydrochloride buffer was added to dissolve protein-bound SRB stain; the absorbance was measured at 540 nm using a BMG LABTECH®-FLUOstar Omega microplate reader (Ortenberg, Germany).

Results and Discussion

Isolation and identification of marine fungi from marine sediments.

Four morphologically distinct fungal isolates (SEI, SEI1, SEI2, and SEI3) were obtained from the marine sediments. The isolates were screened for EPS production as summarized in The morphological identification of the isolate SEI was investigated macroscopically and microscopically. As shown in Figure 1, SEI colonies showed a 1.5 cm brownish mycelium with a white reverse color on CYA medium. Saltern, Fujian, China (Wang et al., 2011). Interestingly, marine fungi are found to be rich sources of natural products with diverse bioactivities. In particular, the fungi from genera Penicillium and Aspergillus were classified as very important sources for most of the active marine fungi compounds (Cao and Wang, 2020). It should be noted that the yield of EPS produced by fungi depends mainly on the components of growing media and the physical conditions used during fermentation (Zong et al., 2012).

Recently, Costa et al. produced AT-EPS from A. terreus with 1.34 g/L using optimum conditions of fermentation at 28 °C, pH 8.79, agitation with 98 rpm, carbon source using 2.39% glucose and nitrogen source using 0.96% ammonium nitrate (Costa et al., 2019).

Physio-chemical characterization of SEI-EPS

The characterization of the EPS from A. terreus SEI started through the identification of the monosaccharides' composition using HPLC analysis against six reference sugars (data not shown). The results indicated that the EPS is composed of Oglucosamine (59.15%) as a predominant composition, while other monosaccharides were identified as minors, namely; D-fucose, D-glucose and D-galactose represented 1.27, 0.88 and 0.56%, respectively (data not shown). The high excretion of the amino monosaccharide (glucosamine) in the culture medium by Aspergillus sp. was also documented for the first time for Aspergillus niger (Artmann et al., 2019). The results are in agreement with the sugar composition of the EPS from previous studies on Aspergillus sp. with different ratios related to the cultivation conditions used for the biomass production (Costa et al., 2019).

Then, the structure of EPS was investigated by 1 H NMR. The analysis demonstrated a complex and heterogeneous nature of the EPS (data not shown). (Xu et al., 2019). Moreover, there was low intensity of the proton signals at δ 5.40 ppm, indicating that the monosaccharides in the EPS exist mainly in the pyranose form compared to furanose (Meng et al., 2017). Further, the presence of signals at 3.43 -4.24 ppm in 1 H NMR spectrum suggested the presence of galactose and glucose residues in the EPS backbone (Sivasankar et al., 2018) which in agreement with HPLC analysis.

The FTIR spectrum of the EPS displayed characteristic bands and peaks of the polysaccharide within the range 4000 -400 cm -1 (Zaghloul and Ibrahim, 2019) (Figure 3). The broad band with multiple peaks in the range of 3250 -3520 cm -1 which were attributed to the stretch vibration of the hydroxyl (OH) groups might be involved in inter-and intra-molecular interactions in the EPS chains (Nehal et al., 2019). The band around 3401 cm -1 was assigned in previous studies to the (OH) groups in the polysaccharide (Saboural et al., 2014). The moderate absorption peaks at 1671 and 1622 cm -1 represented the stretching vibration of C=O group both in the free state and involved in inter-and intramolecular interactions, respectively (Zhou et al., 2016). The occurrence of the strong absorption peak observed around 1080 cm -1 ascertained the existence of saccharide moieties. In addition, the strong absorptions at 1110 and 1083 cm -1 within the anomeric range of 1200 -1000 cm -1 were attributed to C-O-C and C-O groups in the polysaccharide. However, the band at 1110 cm -1 was reported for C-O-C bending. The band around 838 cm -1 in the literature reflected the index of the βglycosidic linkage between glycosyl residues (Shi et al., 2016). g/mol based on the RI increment (δn/δc) value of 0.17 mL/g (data not shown). The dispersity (Đ), which is defined as the ratio of ( ) per number-average molar mass ( ) was equal to 1.78. The obtained in our case was higher than that reported by Costa et al. (2019) ( = 1.8 x 10 4 g/mol), which may be related to the difference in the cultivated conditions.

Regarding morphology of the lyophilized SEI-EPS using electron microscopy. The SEM micrograph demonstrated irregular blocks agglomerates and compact layers-like structures with smooth surfaces as well as the associations of some crystals related mainly to minerals (Figure 4). 

Biological activities of SEI-EPS

In order to examine the anticoagulant activity of SEI-EPS, APTT assay was used. The extracted EPS was found to increase the blood coagulation time from 33s to 56 and 251s at concentration of 10 and 100 mg/mL, respectively (Table 2). On the other hand, the cytotoxicity was higher against the human skin fibroblast cell line and the IC50 was recorded to be as low as 47 µg/mL. In accordance with our results, Li et al. investigated that the EPS produced from A. terreus that composed mainly of mannose showed an anti-proliferative effect in vitro on human cervical carcinoma cell lines (HeLa) and human breast carcinoma cell lines (MCF-7) in a dose and time dependent manner (Li et al., 2016).

In conclusion, the present study emphasized the production of EPS from marinederived A. terreus SEI showing promising anticoagulant activities and cytotoxicity against breast cancer and HSF cell lines. The chemical and structural analysis of SEI-EPS using HPLC, NMR, FTIR, SEC and SEM revealed that it is composed mainly of O-glucosamine 59.2%, D-fucose 1.27%, D-glucose 0.88% and D-galactose 0.56%.

The lyophilized EPS exists as an irregular blocks-like structure having a smooth surface with a weight-average molar mass ( ) of ~ 5.0 x 10 4 g/mol.

Introduction

The marine environment is a promising source for the isolation of new microorganisms (fungi, bacteria and actinomycetes), which are powerful producers of various bioactive natural compounds (Bramhachari et al., 2007;Pham et al., 2019).

Among the microorganisms, marine fungi have gained great interest due to their ability to withstand extreme environmental conditions in the marine habitat such as temperature, salinity, pressure and limited nutrients. In addition, marine fungi have established particular metabolic pathways in contrast with terrestrial fungi (Demain et al., 2017). Two different classes of marine fungi can be distinguished: a) obligate marine fungi that live and grow in the seawater environment and b) facultative marine fungi, which are derived from the earth or freshwater habitat and could adapt with saltwater conditions (Pang et al., 2016).

During the last decade, marine fungi have been reported to be a promising source of new medicines and pharmaceutical compounds. About 56 species of marine fungi have been identified until 1999, and only 690 natural products were listed as being produced from the fungal growing in the marine habitats (Katia et al., 2012). In particular, fungal polysaccharides have been investigated for their biological activities as they are biocompatible and biodegradable polymers composed of several monosaccharide units. The fungal polysaccharides can be formed at different phases of the fungus life cycle, possessing different functions. Moreover, they represent a promising alternative source for the plant and seaweed-derived polysaccharide (Clementi, 1997). Furthermore, the fungal polysaccharide can be found intracellular or attached to the surface of the cell or secreted in the extracellular medium (Banik et al., 2000). They protect the cells against desiccation, phagocytosis and phage attack, toxic compounds, predation by protozoans, osmotic stress, as well as they have a role in the cellular recognition (Roeder et al., 2004). Marine fungal polysaccharides have been used in biomedical applications as e.g. antioxidant (Kogan et al., 2008), antiinflammatory, antiangiogenic, antiviral, immunomodulatory and anticancer (Mo et al., 2017;Prathyusha et al., 2018). Recently, the exopolysaccharides (EPS) have attracted the attention of researchers over the intracellular and cell wall polysaccharide due to their high production yield using a straightforward separation and purification processes (Mahapatra and Banerjee, 2013). In addition, EPSs have been applied in biomedical and industrial fields such as; additives in the food industry, thickening, stabilizing, emulsifiers, gelling agent, bio-adhesives, wound dressing, antitumor, anticoagulant and antioxidants (Botelho et al., 2014). The Aspergillus sp. have been isolated from distinct environments and some species have been isolated from marine substrates including sediments, corals and sponges (Samson et al., 2014). It had been reported that marine sediments contain more diverse fungi than seawater because of their richness in nutrients (Rédou et al., 2015).

Many studies have investigated Aspergillus terreus for the production of secondary metabolites, drugs, enzymes and pharmaceutical compounds due to their different biological activities (Lai et al., 2007). However, there is only very rare information related to the production of EPS from marine A. terreus (Wang et al., 2013).

In this study, an attempt was taken to explore the existing literature concerning the fungal EPS production, structure and some biological applications in a clear frame to help us to explain the advances and perspectives in the composition and application of fungal EPSs with special concerns to the anticoagulant and cytotoxic activities.

Therefore, the present work aims to; investigate the production of EPS from marinederived A. terreus isolated from the Mediterranean Sea, characterize the EPS using HPLC, NMR, FTIR, UV-Vis, SEC and SEM techniques in order to gain deep insight regarding the structure, composition and morphology of the EPS of interest. As well as to evaluate its cytotoxicity and anticoagulant activity.

Materials and methods

Cultivation media

Three media were used for fungal cultivation: i) Glucose Peptone medium (GP, prepared using peptic digest of animal tissue (20 g/L), Dextrose (10 g/L), and NaCl (5 g/L)) prepared by aged seawater, ii) Potato Dextrose Agar (PDA; purchased from Oxoid, UK) and iii) Czapek`s yeast extract agar (CYA purchased from Himedia, India). While the Dulbecco's Modified Eagle Medium (DMEM; purchased from Sigma-Aldrich, USA) was used for cytotoxicity evaluation. All the media were sterilized by autoclaving at 121°C for 15 min.

Isolation of marine fungi

Five marine sediment samples were collected from El-Max shore, Alexandria City, Egypt (April 2019). Samples were collected in sterile containers and kept in ice box until delivered to the laboratory. Afterwards, serial dilution was prepared from each sediment sample and 1 mL of each dilution was spread on GP agar media pH 5. All plates were incubated at 37 °C for one week. Morphologically, different fungal colonies were picked up for further purification and characterization. Then, the pure isolates were stored on PDA at 4 °C (Amer et al., 2019).

Screening for EPS production

Four fungal isolates (SEI, SEI1, SEI2, and SEI3) were screened for EPS production.

The isolates were grown in glucose peptone broth medium at 37 °C for 7 days on a shaker incubator at 120 rpm. The culture of each isolate was filtered through filter paper, then mycelium biomass was dried for 24 h at 60 °C and the dry weight of the mycelium was determined. Trichloroacetic acid (TCA) 10% w/v was added to the culture supernatant to degrade protein for 30 min, after that it was centrifuged at 2000 × g for 20 min and the pellets were discarded. Chilled absolute alcohol was added to the supernatant (3:1 v/v) and kept at 4 °C for 24 h. The precipitate was recovered by centrifugation at 2000 × g for 20 min. The pellets were dried overnight at 40 °C.

Finally, the dry weight of the produced EPS was determined and the results were expressed as the mean of three independent experiments ± SD (Mahapatra and Banerjee, 2012).

Identification of the most potent fungal isolate

The marine fungal isolate that gave the highest EPS yield (SEI) was cultivated on CYA medium at 37 °C for 7 days. For morphological identification, Riddell's classic slide culture method was used (Riddell, 1950). Briefly, wet slides were stained with Lactophenol cotton blue, then the reproductive structure of the fungal strain was studied using a light microscope at different magnifications (10, 45 and 100X).

Finally, the reference book "Illustrated Genera of Imperfect Fungi" fourth edition by (Barnett and Hunter, 1986) was used for the identification. Moreover, the identification was confirmed by 18S rDNA based molecular techniques. Concisely, a small amount of the fresh culture was scraped and suspended in 100 µL autoclaved distilled water in a sterile Eppendorf vial (2.0 mL capacity) and boiled in a water bath at 100 °C for 15 minutes.

The non-living fungal strain was sent to the Molecular Biology Research Unit, Assiut University, Egypt for the DNA extraction using pathogen-spin DNA/RNA extraction kit provided by iNtRON Biotechnology Company, Korea. The fungal DNA was then sent to SolGent Company, Daejeon, South Korea for polymerase chain reaction (PCR) and gene sequencing. The PCR was performed using two universal fungal primers ITS1 (forward) and ITS4 (reverse) which were incorporated in the reaction mixture. Primers have the following composition: ITS1 (5' -TCC GTA GGT GAA CCT GCG G -3'), and ITS4 (5'-TCC TCC GCT TAT TGA TAT GC -3') (White et al., 1990). Sequences were further analyzed using Basic Local Alignment Search Tool (BLAST) from the National Center of Biotechnology Information (NCBI) website.

Furthermore, the phylogenetic analysis of sequences was done with the help of the facilities provided by http://www.phylogeny.fr/ website.

Mass production of EPS

The marine fungal isolate identified as A. terreus SEI was used for mass production of EPS. The A. terreus SEI was cultured in 500 mL glucose peptone broth medium and incubated at 37 °C for 7 days on a shaker incubator at 120 rpm, then the EPS was recovered as described before.

differential refractometer detector (RID 10A, Shimadzu), ultraviolet detector (UV, Shimadzu), multi-angle laser light scattering detector (MALLS, Mini-Dawn®, Wyatt, Milford, USA), HPLC pump (LC 20AD, Shimadzu), degazer AF (DGU -20A3R, Shimadzu), and three PL gel columns (100000, 1000, and 100 Å).

Scanning electron microscopy (SEM)

In order to get a deep insight into the morphology and surface texture, the EPS was characterized using scanning electron microscopy (SEM, JSM-IT 200, Jeol, Japan).

Anticoagulant activity

The anticoagulant activity of SEI-EPS was evaluated using activated partial thromboplastin time (APTT) assay kits (Biomed diagnostics, Germany). In brief, two concentrations of the EPS were prepared (10 and 100 mg/mL) by dissolving the EPS in dimethyl sulfoxide (DMSO, Sigma-Aldrich, USA). Human blood was collected from healthy donors in a tube containing 2.5% sodium citrate (9:1 v/v) and centrifuged at 3000 rpm for 20 min to separate the plasma from blood cells at 4 °C.

For APTT assay, the citrated plasma (50 µL) was mixed with 50 µL of the EPS preparation and incubated at 37 °C for 1.0 min, 50 µL DMSO was used as a sample control and 50 µL water was used as a test control. The APTT reagent (50 µL) was added to the mixture and incubated for 1.0 min at 37 °C. Then the clotting time was determined after the addition of 50 µL of 0.05 mM CaCl2 solution using a coagulometer (Coatron MI, Germany) (Pushpamali et al., 2008).

Cytotoxicity

Both the breast cancer (MDA-MB-231) and human skin fibroblast (HSF) cell lines, obtained from Nawah Scientific Inc., Mokattam, Cairo, Egypt, were used to evaluate the cytotoxicity of the extracted SEI-EPS. The cells were maintained in DMEM media supplemented with 100 mg/mL of streptomycin, 100 units mL -1 of penicillin and 10% of heat-inactivated fetal bovine serum in humidified 5% (v/v) CO2 atmosphere at 37 °C. Cell viability was assessed by Sulforhodamine B (SRB) assay.

Aliquots of 100 μL cell suspension (5 x 10 3 cells) were in 96-well plates and incubated in complete media for 24 h. The cells were treated with another aliquot of 100 μL media containing SEI-EPS at various concentrations ranging from (0.01, 0.1, 1.0, 10, 100 μg/mL). After 72 h of drug exposure, the cells were fixed by replacing media with 150 μL of 10% TCA and incubated at 4 °C for 1 h. The TCA solution was removed, and the cells were washed 5 times with distilled water. Aliquots of 70 μL SRB solution (0.4% w/v) were added and incubated in a dark place at the room temperature for 10 min. Afterwards, plates were washed 3 times with 1.0% acetic acid and allowed to air-dry overnight. Then, 150 μL (10 mM) of TRIS-hydrochloride buffer was added to dissolve protein-bound SRB stain; the absorbance was measured at 540 nm using a BMG LABTECH®-FLUOstar Omega microplate reader (Ortenberg, Germany).

Results and Discussion

Isolation and identification of marine fungi from marine sediments.

Four morphologically distinct fungal isolates (SEI, SEI1, SEI2, and SEI3) were obtained from the marine sediments. The isolates were screened for EPS production as summarized in The morphological identification of the isolate SEI was investigated macroscopically and microscopically. As shown in Figure 1, SEI colonies showed a 1.5 cm brownish mycelium with a white reverse color on CYA medium. Furthermore, the SEI isolate was identified as Aspergillus sp. based on its growth on different media, namely; CYA, GP and PDA. Regarding the species identification, the following parameters were tested and measured for identification, specifically, conidia length, width, shape and ornamentation, stipe length, width and ornamentation, phialide shape and branching pattern. Accordingly, SEI was identified as Aspergillus terreus. The purified fungal culture was stored in Al-Azhar Assiut sugars (data not shown). The results indicated that the EPS is composed of Oglucosamine (59.15%) as a predominant composition, while other monosaccharides were identified as minors, namely; D-fucose, D-glucose and D-galactose represented 1.27, 0.88 and 0.56%, respectively (data not shown). The high excretion of the amino monosaccharide (glucosamine) in the culture medium by Aspergillus sp. was also documented for the first time for Aspergillus niger (Artmann et al., 2019). The results are in agreement with the sugar composition of the EPS from previous studies on Aspergillus sp. with different ratios related to the cultivation conditions used for the biomass production (Costa et al., 2019).

Then, the structure of EPS was investigated by 1 H NMR. The analysis demonstrated a complex and heterogeneous nature of the EPS (data not shown). (Xu et al., 2019). Moreover, there was low intensity of the proton signals at δ 5.40 ppm, indicating that the monosaccharides in the EPS exist mainly in the pyranose form compared to furanose (Meng et al., 2017). Further, the presence of signals at 3.43 -4.24 ppm in 1 H NMR spectrum suggested the presence of galactose and glucose residues in the EPS backbone (Sivasankar et al., 2018) which in agreement with HPLC analysis.

The FTIR spectrum of the EPS displayed characteristic bands and peaks of the polysaccharide within the range 4000 -400 cm -1 (Zaghloul and Ibrahim, 2019) (Figure 3). The broad band with multiple peaks in the range of 3250 -3520 cm -1 which were attributed to the stretch vibration of the hydroxyl (OH) groups might be involved in inter-and intra-molecular interactions in the EPS chains (Nehal et al., 2019). The band around 3401 cm -1 was assigned in previous studies to the (OH) groups in the polysaccharide (Saboural et al., 2014). The moderate absorption peaks at 1671 and 1622 cm -1 represented the stretching vibration of C=O group both in the free state and involved in inter-and intramolecular interactions, respectively (Zhou et al., 2016). The occurrence of the strong absorption peak observed around 1080 cm -1 ascertained the existence of saccharide moieties. In addition, the strong absorptions at 1110 and 1083 cm -1 within the anomeric range of 1200 -1000 cm -1 were attributed to C-O-C and C-O groups in the polysaccharide. However, the band at 1110 cm -1 was reported for C-O-C bending. The band around 838 cm -1 in the literature reflected the index of the βglycosidic linkage between glycosyl residues (Shi et al., 2016). g/mol based on the RI increment (δn/δc) value of 0.17 mL/g (data not shown). The dispersity (Đ), which is defined as the ratio of ( ) per number-average molar mass ( ) was equal to 1.78. The obtained in our case was higher than that reported by Costa et al. (2019) ( = 1.8 x 10 4 g/mol), which may be related to the difference in the cultivated conditions.

Regarding morphology of the lyophilized SEI-EPS using electron microscopy. The SEM micrograph demonstrated irregular blocks agglomerates and compact layers-like structures with smooth surfaces as well as the associations of some crystals related mainly to minerals (Figure 4). 

Biological activities of SEI-EPS

In order to examine the anticoagulant activity of SEI-EPS, APTT assay was used. The extracted EPS was found to increase the blood coagulation time from 33s to 56 and 251s at concentration of 10 and 100 mg/mL, respectively (Table 2). On the other hand, the cytotoxicity was higher against the human skin fibroblast cell line and the IC50 was recorded to be as low as 47 µg/mL. In accordance with our results, Li et al. investigated that the EPS produced from A. terreus that composed mainly of mannose showed an anti-proliferative effect in vitro on human cervical Zhou, K., Zeng, Y., Yang, M., Chen, S., He, L., Ao, X., Zou, L., and Liu, S. (2016).

Production, purification and structural study of an exopolysaccharide from Lactobacillus plantarum BC-25. Carbohydr. Polym., 144, 205-214. Zong, A., Cao, H., and Wang, F. (2012). Anticancer polysaccharides from natural resources: A review of recent research. Carbohyr. Polym., 90(4), 1395-1410.
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 1 Figure 1. Colony appearance on CYA medium (left) and spore (right) of A. terreus SEI after seven days at 28 °C.Furthermore, the SEI isolate was identified as Aspergillus sp. based on its growth on different media, namely; CYA, GP and PDA. Regarding the species identification, the following parameters were tested and measured for identification, specifically, conidia length, width, shape and ornamentation, stipe length, width and ornamentation, phialide shape and branching pattern. Accordingly, SEI was identified as Aspergillus terreus. The purified fungal culture was stored in Al-Azhar Assiut

Figure 2 .

 2 Figure 2. Phylogenetic dendrogram of fungal isolate A. terreus SEI 18S rDNA. In the literature, the isolation of marine-derived A. terreus had been reported by some research groups. Where Xu-Hua et al. isolated A. terreus SCSGAF0162 from the South China Sea gorgonian corals Echinogorgia aurantiaca (Xu-Hua et al., 2014). While, Wang et al. isolated A. terreus PT06-2 from the sediment of the Putian Sea

  The 1 H NMR spectrum consists of two major regions: (i) the downfield anomeric region (δ 4.95 -5.63 ppm), indicating the presence of monosaccharide residues in the EPS, and (ii) the upfield ring proton signals (δ 3.07 -4.24 ppm) which signified the protons attached to C2 -C6 of sugar moieties where the signals were broad and were not properly resolved because of their overlapping chemical shifts. Besides, numerous proton signals were observed in the anomeric region between δ 4.95 -5.63 ppm indicating the abundance of the monosaccharides with α-type, and the rare proton signals between (δ 4.5 -5.0 ppm) signified the modest presence of β-anomers. The high intensity peak at 4.99 ppm referred to the anomeric proton of the α (1 → 6) linkages in the main chain, while the non-obvious or the rare proton resonances between δ 5.30 -5.35 ppm referred to the absence or the little existence of the anomeric protons of α-(1→3) of glycosidic linkages
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 3 Figure 3. SEI-EPS, FTIR spectrum (Left) and SEC chromatography (Right). The phenol sulfuric acid test estimated the total carbohydrate contents of SEI-EPS to be ~ 70.7% of the crude EPS, while the SEC analysis (Figure 3) estimated the average-weight molar mass ( ) of the EPS of A. terreus SEI ( ) to be ~ 5.0 x 10 4
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 4 Figure 4. Scanning electron microscopy micrograph of the SEI-EPS.
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 5 Figure 5. Cytotoxicity of SEI-EPS tested against (A) breast cancer and (B) human skin fibroblast cell line.
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  theobromae produced an exocellular β-(1→6)-d-glucan (lasiodiplodan) that showed anticoagulant activities after it was derivatized by sulfonation(Vasconcelosa et al., 2013). As well, Martinichichen-herrero et al. showed that the anticoagulant activity of sulfonated β-(1→6)-d-glucan at 30 and 40 g/mL concentration was 5 and 7 times greater, respectively(Martinichen-Herrero et al., 2005). Moreover, the cytotoxicity of SEI-EPS was evaluated against breast cancer and human skin fibroblast cell lines as indicated in Figure5. The EPS had slight toxicity against breast cancer cell line and the IC50 was determined to be > 100 µg/mL as the cell viability started to decrease at 0.01 mL and continued to decrease gradually at higher concentrations.
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Table 1 .

 1 The highest EPS yield (4.982 g/L) was obtained by SEI that is more abundant in biomass (8.051 g/L). The lowest EPS yield (0.435 g/L) was obtained with SEI3 which is also the least abundant in biomass (1.082 g/L).

Table 1 . Biomass and EPS production yields by fungal isolates Isolate

 1 

	SEI	8.051 ± 0.065	4.982 ± 0.117
	SEI1	4.532 ± 0.087	1.411 ± 0.101
	SEI2	7.719 ± 0.035	2.627 ± 0.071
	SEI3	1.082 ± 0.041	0.435 ± 0.045

Biomass (g/L) EPS (g/L)

Table 2 . Anticoagulant activity of SEI-EPS based on APTT assay

 2 

	EPS Concentration (mg/mL)	*APTT (s)
	Control	33 ± 0.36
	10	56 ± 0.48
	100	251 ± 0.19
	*APTT: activated partial thromboplastin time, (s) Second. Plasma sample APTT 30.

To the best of our knowledge, this is the first study to investigate the anticoagulant activity of A. terreus EPS, but the anticoagulant activity of other fungi EPS had been recorded in some studies. Vasconcelona et al. reported that the fungus Lasiodiplodia theobromae produced an exocellular β-(1→6)-d-glucan (lasiodiplodan) that showed anticoagulant activities after it was derivatized by sulfonation
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Characterization of SEI-EPS

High-performance liquid chromatography (HPLC)

The main monosaccharide composition of EPS was identified using HPLC (Agilent 1260 Infinity Series, USA; detector: refractive index (RI) at 40 °C). The lyophilized EPS was hydrolyzed using 4.0 M trifluoroacetic acid (TFA) at 80 °C for 12 h, followed by filtration through 0.45-μm syringe filter. Then, TFA was removed by coevaporation with methanol till dryness using a rotary vacuum evaporator (Vinothini et al., 2019). The re-dissolved residue in methanol was injected into the HPLC system.

The separation was achieved using isocratic elution by HPLC grade water (mobile phase) with a flow rate of 0.8 mL/min. Control samples for the broth and blank were analyzed under the same conditions to identify the peaks belonged to the medium broth and the elution system.

Nuclear magnetic resonance spectroscopy (NMR)

Identification of the monosaccharides for the SEI-EPS was carried out upon drying under vacuum overnight at 40 °C through the 1 H NMR analysis in D2O at 15 mg/mL.

The experiment was recorded using JEOL ECA 500 II spectrometer, USA (500 MHz) at 298.0 K.

Fourier-transform infrared spectroscopy (FTIR)

The EPS (~ 2.0 -3.0 mg) was subjected to FTIR analysis in order to identify the major functional groups. The IR spectrum was acquired between the frequency ranges of 4000 -400 cm -1 at a resolution of 4.0 cm -1 using Bruker spectrometer equipped with a horizontal attenuated total reflection (ATR) system (ALPHA, Germany).

Ultraviolet-visible spectrometry (UV-Vis)

The total carbohydrate content in the produced EPS was determined using the phenolsulfuric acid method (DuBois et al., 1956). In short, 1.0 mL of 2.5% phenol and 5.0 mL of conc. H2SO4 were added consecutively to a 1.0 mL aliquot of the EPS, and then the mixture was vortexed immediately. The mixture was incubated at ambient temperature for 20 min and the absorbance was recorded at 480 nm against blank reagent using a UV-Vis spectrophotometer (JENWAY 6800 Japan).

Size exclusion chromatography (SEC)

The In the literature, the isolation of marine-derived A. terreus had been reported by some research groups. Where Xu-Hua et al. isolated A. terreus SCSGAF0162 from the South China Sea gorgonian corals Echinogorgia aurantiaca (Xu-Hua et al., 2014).

While, Wang et al. isolated A. terreus PT06-2 from the sediment of the Putian Sea Saltern, Fujian, China (Wang et al., 2011). Interestingly, marine fungi are found to be rich sources of natural products with diverse bioactivities. In particular, the fungi from genera Penicillium and Aspergillus were classified as very important sources for most of the active marine fungi compounds (Cao and Wang, 2020). It should be noted that the yield of EPS produced by fungi depends mainly on the components of growing media and the physical conditions used during fermentation (Zong et al., 2012).

Recently, Costa et al. produced AT-EPS from A. terreus with 1.34 g/L using optimum conditions of fermentation at 28 °C, pH 8.79, agitation with 98 rpm, carbon source using 2.39% glucose and nitrogen source using 0.96% ammonium nitrate (Costa et al., 2019).

Physio-chemical characterization of SEI-EPS

The characterization of the EPS from A. terreus SEI started through the identification of the monosaccharides' composition using HPLC analysis against six reference carcinoma cell lines (HeLa) and human breast carcinoma cell lines (MCF-7) in a dose and time dependent manner (Li et al., 2016).

In conclusion, the present study emphasized the production of EPS from marinederived A. terreus SEI showing promising anticoagulant activities and cytotoxicity against breast cancer and HSF cell lines. The chemical and structural analysis of SEI-EPS using HPLC, NMR, FTIR, SEC and SEM revealed that it is composed mainly of O-glucosamine 59.2%, D-fucose 1.27%, D-glucose 0.88% and D-galactose 0.56%.

The lyophilized EPS exists as an irregular blocks-like structure having a smooth surface with a weight-average molar mass ( ) of ~ 5.0 x 10 4 g/mol.