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Abstract 44 

Microbial exopolysaccharides (EPSs) are mostly produced by bacteria and fungi and have potential use in 45 

nutraceuticals, medicine, and industry. The present study investigated the in vitro biological activities and in 46 

vivo wound healing effects of EPSs produced from a Sclerotium-forming fungus (Sclerotium glucanicum DSM 47 

2159) and a yeast (Rhodosporidium babjevae), denoted as scleroglucan (Scl) and EPS-R, respectively. EPS 48 

yields of 0.9 ± 0.07 g/L and 1.11 ± 0.4 g/L were obtained from S. glucanicum and R. babjevae, respectively. The 49 

physicochemical properties of the EPSs were characterized using infrared spectroscopy and scanning electron 50 

microscopy. Both EPSs were cytocompatible toward the human fibroblast cell line and showed 51 

hemocompatibility. Wound healing capacities of the EPSs (10 mg/mL) were also determined in vivo. EPSs 52 

produced by S. glucanicum and R. babjevae have the potential as biocompatible components for dermal wound 53 

healing.   54 

Keywords: Exopolysaccharide (EPS); Rhodosporidium babjevae, Scleroglucan; Sclerotium glucanicum; Wound 55 
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Introduction 68 

Several strains of fungi and bacteria secrete exopolysaccharides (EPSs) to the surrounding environment (El-69 

Ghonemy 2021). These EPSs are homo- or hetero- long-chain branched biopolymers that are composed of 70 

monosaccharides (i.e., glucose) and inorganic constituents such as sulfate, phosphate, and acetyl, in the side 71 

chains, in varying compositions (Decho and Gutierrez 2017; Sathishkumar et al. 2021). EPSs are involved in a 72 

variety of physiological processes and functions such as protection of microbial cells from unfavorable 73 

environmental conditions (i.e., exposure to ultraviolet (UV) irradiation and toxic compounds), biofilm 74 

construction, nutrition acquisition, stress resistance, and antimicrobial resistance (Masoud Hamidi et al. 2018; 75 

Pirhanov et al. 2021; Sajna et al. 2021). EPSs are mainly produced by bacteria and fungi (Mahapatra and 76 

Banerjee 2013; Hamidi et al. 2022a) with fungi considered as a preferred EPS source due to their low 77 

production cost, sustainability, and low environmental influences, and biodegradability. Indeed, the advantages 78 

of fungal EPSs highlight their potential to compete favorably with biopolymers acquired from higher plants, 79 

marine algae, and synthetic polymers. Additionally, fungal EPSs are characterized by short production times 80 

(e.g., within a few days), simple recovery approaches and can be generated by industrial waste such as glycerol, 81 

hydrocarbon residue, and CO2, as carbon sources (Elsehemy et al. 2020a; Okoro et al. 2021).  82 

The structural composition and habitat of the host-microbe determine the specific roles of microbial EPSs. 83 

Furthermore, studying the content and structure of EPSs is necessary to assess their potential applications (Rana 84 

and Upadhyay 2020). Notably, variations in fungal EPSs compositions facilitate differences in structural, 85 

physicochemical properties and their biological effects with EPSs containing β-D-glucans recognized as 86 

biological response modifiers (BRMs) (Geller and Yan 2020; Han et al. 2020; Jaroszuk-Ściseł et al. 2020). 87 

BRMs are agents that can affect the normal immune response, with cytokine induction being one of the main 88 

modes of action (Chatterjee et al. 2018). For instance, Kwon et al. assessed the wound healing efficacy of β-89 

glucan extracted from Sparassis crispa in diabetic rats and observed enhanced wound healing and increased 90 

macrophage infiltration into the wound bed (Kwon et al. 2009). In addition, it was shown that EPSs containing 91 

mannose (mannans), could also function as potential BRMs (Liu et al. 2021b; Hamidi et al. 2022b) due to the 92 

presence of the mannose receptors on macrophages and dendritic cells (Apostolopoulos and McKenzie 2001).  93 

Scleroglucan (Scl) is a β-D glucan, which consists of β-(1→3)-linked glucose with a β-(1→6)-glycosyl branch 94 

on every third unit. It is a water-soluble EPS produced by fungi of the genus Sclerotium. i.e., Sclerotium 95 

glucanicum, Sclerotium rolfsii and Sclerotium delphinii (Elsehemy et al. 2020a; Zeng et al. 2021). Scl has 96 

various applications in the oil, food, pharmaceutical, and cosmetic industries (Mahapatra and Banerjee 2013; 97 
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Keshavarz et al. 2022). Scl solutions are  stable at temperatures up to 100–120 ̊C and throughout a wide pH 98 

range (1–13) (Viñarta et al. 2013). Furthermore, the neutral nature of EPS permits it to maintain pseudo-99 

plasticity even in the presence of salts such as NaCl, KCl, CaCl2, MgCl2, and MnCl2 (Viñarta et al. 2013). The 100 

use of Scl as an antitumor, antiviral, antimicrobial, immune-stimulating, hypocholesterolemic and 101 

hypoglycemic, as well as a drug-delivery vehicle agent, has also been reported (Pretus et al. 1991; Valdez et al. 102 

2019). For instance, Elsehemy et al. showed that Scl extracted from Athelia rolfsii TEMG, at 15 and 50 ng/mL 103 

of herpes simplex virus type-1 (HSV-1) and influenza viruse (H5N1), respectively, was able to reduce the 104 

cytopathic effect by 50% (EC50) (Elsehemy et al. 2020b). 105 

Rhodosporidium babjevae with the ability to thrive in nutrient (i.e., nitrogen) deficient environments and 106 

produce mannose-rich EPS has been selected as the preferred yeast microorganism. (Sitepu et al. 2013). R. 107 

babjevae was initially isolated from herbaceous plants in Moscow, Russia as a red-pigmented, non-108 

ballistosporogenous yeast with the EPS characterized by a monosaccharide composition of mannose (>80 109 

mol%) and glucose (Mirzaei Seveiri et al. 2020). Also, in our previous work, it was shown that the EPS from R. 110 

babjevae (called EPS-R in this study), has emulsifying and antioxidant activities and was biocompatible toward 111 

Madin-Darby Canine Kidney (MDCK) cell line (Mirzaei Seveiri et al. 2020). 112 

Therefore, due to the potential of β-glucans and mannans to be used as a therapeutic agents the current study, 113 

seeks to comparatively assess the biological and wound healing performances of Scl (representative of a β-114 

glucan) and EPS-R (representative of a mannan polymer), obtained from S. glucanicum and R. babjevae, 115 

respectively. Also, it is worth mentioning that this study seeks, for the first time, to assess the in vivo wound 116 

healing effects of Scl and an EPS from Rhodosporidium genus. 117 

Materials and methods 118 

Materials and reagents  119 

Potato dextrose broth (PDB) was purchased from HiMedia, India (Model Number: M403-100G). Agar (CAS 120 

number: 9002-18-0) was obtained from AppliChem, Germany. Sucrose (CAS number: 57-50-1) was purchased 121 

from Fisher Chemical, Belgium. Magnesium sulfate heptahydrate (CAS number: 10034-99-8), yeast extract 122 

(CAS number: 8013-01-2), and 1,1-diphenyl-2-picrylhydrazyl (DPPH) (CAS number: 1898-66-4) were 123 

purchased from Merck (St. Louis, MO, USA). Ethanol (96%) (CAS number: 64-17-5) was obtained from 124 

Avantor®, Belgium. RealTime-Glo™ MT Cell Viability Assay kit was purchased from Promega, Madison, WI, 125 

USA (catalog number: G9711). Commercial Scl was purchased from Biosynth Carbosynth, UK. 126 
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Microorganisms and inoculum preparation 127 

S. glucanicum DSM 2159 was acquired from the German Collection of Microorganisms and Cell Cultures 128 

GmbH (DSMZ), Braunschweig, Germany. It was cultured in the recommended medium of DSMZ (malt extract 129 

peptone agar) at 24 ˚C. To inoculate 100 mL of the basal medium, two agar discs of well-grown fungal culture 130 

(9 mm in diameter) were utilized (Selbmann et al. 2002) with some modifications for the inoculum preparation: 131 

D-glucose 30 g/L; NaNO3 3 g/L; yeast extract 1 g/L; MgSO4.7H2O 0.5 g/L; KH2PO4 1 g/L; citric acid 0.7  g/L; 132 

and ferrous sulfate 0.05 g/L, pH 4.5 in 250 mL Erlenmeyer flasks. The medium was then incubated at 28 ̊C, 150 133 

rpm for 72 h on a rotary shaker (New Brunswick Classic C24 Incubator Shaker, USA). 134 

The R. babjevae (IBRC-M 30088; equivalent to ATCC 90942), was provided by Dr. Jafar Amani (Professor at 135 

Applied Microbiology Research Center, Baqiyatallah University of Medical Sciences, Tehran, Iran). The R. 136 

babjevae single colonies were inoculated into a potato dextrose broth (PDB) medium and incubated for 48 h 137 

(180 rpm at 28 ˚C). The 48 h old culture, was harvested and used as the inoculum at a concentration of 8% (v/v) 138 

in all experiments (Mirzaei Seveiri et al. 2020). The basal medium for EPS production contained 30 g/L 139 

glucose, 2.5 g/L (NH4)2SO4, 1 g/L KH2PO4, 0.5 g/L MgSO4.7H2O, 0.1 g/L NaCl, 0.1 g/L CaCl2.2H2O and 3 g/L 140 

yeast extract. The medium's primary pH was adjusted to 5.5 (Ghada et al. 2012; Mirzaei Seveiri et al. 2020). 141 

EPSs extraction and purification  142 

The Scl was recovered and extracted according to the protocol reported in the literature (Elsehemy et al. 2020a) 143 

with slight modification. Briefly, the broth culture was initially homogenized in a mechanical blender for 5 min 144 

after which it was neutralized to pH 6.5–7 using NaOH solution (0.1 N). The neutralized culture was then 145 

diluted with distilled water (2:1 v/v) and heated in a water bath at 90 ˚C for 1 h to precipitate any protein present 146 

in the culture medium. After cooling, the broth was centrifuged (3K3 centrifuge, Sigma Laboraxentrifugen, 147 

Germany) at 12000 rpm for 20 min. The Scl was precipitated from the clear supernatant by the addition of cold 148 

ethanol (96 v/v%) with a volumetric ratio of cold ethanol to the supernatant of two employed. This mixture was 149 

then stored overnight at 4 ˚C to ensure complete Scl precipitation. The crude Scl obtained by sieving was then 150 

resuspended in distilled water and further purified by cold ethanol re-precipitation (twice). The obtained Scl was 151 

then freeze-dried (Christ freeze-dryer alpha I-5) and the mass of the dried Scl was obtained using a precision 152 

analytical balance (Sartorius 1702MP8, Germany) with the yield of Scl calculated and reported in g/L. For EPS 153 

extraction and purification from R. babjevae (EPS-R), the methods reported in the literature (Mirzaei Seveiri et 154 

al. 2020) with slight modifications were employed. After incubation, centrifugation at 8500 rpm (15 min, 4 ˚C) 155 

was employed to recover the EPS-R supernatant. The recovered EPS-R supernatant was precipitated by adding 156 
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two volumes of cold ethanol dropwise while stirring. The mixture was then stored at 4 ˚C for 24 h. The 157 

precipitated EPS-R was then ‘washed’ twice using cold ethanol (8500 rpm centrifugation for 12 min at 4 ˚C), to 158 

facilitate EPS-R precipitate recovery. To produce dried EPS-R pellets, the recovered EPS-R precipitate was then 159 

dried at room temperature to constant mass. The EPS-R pellets were dissolved in distilled water and centrifuged 160 

at 8500 rpm for 20 min at 4 ˚C and the EPS-R supernatant was recovered. The EPS-R was then recovered, dried 161 

and the yield was measured using similar methods to the Scl recovery methods discussed earlier. The total 162 

carbohydrate content of the extracted Scl and EPS-R were also determined using the phenol-sulphuric acid 163 

method with glucose utilized as the standard (Dubois et al. 1956). 164 

Scanning electron microscopy and Fourier transform infrared (FT-IR) spectroscopy 165 

The surface morphology and microstructure of the Scl were determined by coating 5 mg of the Scl sample with 166 

gold and then using the scanning electron microscope (SEM) (SU-70 Hitachi Ltd., Tokyo, Japan), operating 167 

with an accelerated voltage of 10–20 kV. Also, at room temperature, an Infrared Spectrometer (Jasco brand 168 

model FT/IR-6600, integrated with Spectra ManagerTM II Software) was used to obtain the FT-IR spectrum of 169 

Scl and the EPS-R in the wavelength region of 4000 to 400 cm-1, with a 4 cm–1 spectral resolution. Since the 170 

SEM images of the EPS-R have been reported in our previous report (Mirzaei Seveiri et al. 2020), SEM 171 

investigations were not undertaken in the current study.  172 

In vitro biological activities 173 

Antioxidant activity 174 

The antioxidant activity of the produced Scl was assessed according to the method in the literature (de Torre et 175 

al. 2019). The method involves the measurement of the free radical (DPPH•) scavenging activities of different 176 

concentrations (0.1, 0.25, 0.5, 1, 2.5, and 5, mg/mL) of Scl in distilled water. L-ascorbic acid was employed as a 177 

positive control due to its strong free radical scavenging ability. Briefly, different concentrations of 150 μL of 178 

the Scl sample in distilled water were combined with 150 μL of DPPH methanol solution (100 μM) and placed 179 

into different 96 well plates. The well plates were then incubated at room temperature for 40 min. Using a UV–180 

Vis Spectrophotometer (Microplate spectrophotometer, Epoch-BioTek, Winooski, USA), the absorbance of the 181 

combination was measured at 517 nm, and the percentage of DPPH inhibitory activity (inhibition%) of the Scl 182 

solutions was calculated as follows; 183 

  
                    % 1 100s sb

c b

Abs Abs

Abs Abs
Inhibition

æ öæ ö- ÷ç ÷ç ÷÷ç= - ´ç ÷÷ç ç ÷÷ç ÷ç -è øè ø
 

(1) 
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where Abss represents the absorbance of the sample (Scl in water and DPPH solution), Abssb represents the 184 

absorbance of the blank sample (Scl in water + methanol), Absc denotes the absorbance of the control (methanol 185 

+ DPPH) and the Absb denotes the absorbance of the blank (methanol only).  186 

Hemocompatibility test 187 

2 mL of anticoagulated human red blood cells (RBCc) was diluted with 2.5 mL of PBS (stock solution) and 200 188 

μL of this mixture was used in the preparation of Scl and the EPS-R solutions at different concentrations (1, 5, 189 

and 10 mg/mL). The mixture was then incubated at 37 ˚C for 60 min. The incubated RBCs + Scl/EPS-R 190 

solutions were then centrifuged at 1500 rpm for 5 min and the absorbance of the supernatant sample was 191 

measured at the wavelength of 545 nm using a BioTek absorbance microplate reader (ELX800, BioTek 192 

Instruments, Inc., Winooski, VT, USA). The hemolysis percent (He%) was then determined as follows (Ai et al. 193 

2019); 194 

  
                      % 100t nc

pc nc

D D
He

D D

æ ö- ÷ç ÷ç= ÷́ç ÷ç ÷-çè ø
 

(2) 

where Dt is the absorbance of the supernatant sample, (Au), Dnc is the absorbance of the negative control (blood 195 

diluted with PBS), (Au) and Dpc is the absorbance of the positive control (water lysed RBCs), (Au). 196 

 197 
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Effect of the EPSs on the viability of human fibroblast cell line 198 

Different concentrations of the Scl (400, 600, 800, and 1000 µg/mL) and the EPS-R (250, 500, 750, 1000, and 199 

2000 µg/mL), were prepared in Dulbecco's modified Eagle's medium (DMEM) (LONZA, Verviers, Belgium) 200 

for human fibroblast (ATCC: CCL-186) cell lines. The culture media were supplemented with Fetal Calf Serum 201 

(FCS) (10% v/v) and 1% (w/v) Penicillin-streptomycin (Gibco, Rockville, MD, USA). The cell viabilities were 202 

subsequently assessed using a luminescence assay that was based on Adenosine triphosphate quantification 203 

(CellTiter-Glo (Promega, Madison, Wisconsin)). Cell lines passage 19 were cultured and incubated at 37 ˚C, in 204 

a 5 v/v% CO2-humidified atmosphere. At cell confluency of 80%, the cells were retrieved and placed in 205 

triplicate in a white assay 96-well plate with 104/well density. 50 μL of the Scl and EPS-R samples were then 206 

used in the treatment of the human fibroblast cells after which, 50 µL of RealTime-Glo™ MT Cell Viability kit 207 

components, was added. Control cells were also cultured in a media in the absence of Scl and EPS. Cell viability 208 

was subsequently evaluated by monitoring Luminescence on a Microplate luminometer (Centro XS LB 960-209 

Berthold) set at 0, 24, and 30 h, following the manufacturer's instructions. 210 

In vivo wound healing experiments  211 

In vivo experiments were conducted to assess the wound healing effects of the extracted Scl and the EPS-R, 212 

using simulated wounds. 48 adult male Wistar rats (2 months old, weighing 200–220 g) were employed. The 213 

experiments were conducted in accordance with the National Institute of Health guidelines and the European 214 

Communities Council Directive (2010/63/EU) and approved by the Kermanshah University of Medical Sciences 215 

(IR.KUMS.REC.1400.247). Initially, the rats were divided into eight groups (Groups 1-8), with each group 216 

containing 6 rats. Group 1 was the negative control, which represented wounds without treatment, Group 2 was 217 

the positive control group, which represented wounds treated with commercial phenytoin cream 1%, while 218 

Groups 3, 4, and 5, denoted wounds treated with 1 mg/mL, 5 mg/mL, and 10 mg/mL of Scl solutions, 219 

respectively and Groups 6, 7 and 8, denoted wounds treated with EPS-R solutions at concentrations of 1, 5, and 220 

10 mg/mL, respectively. Prior to simulating the wounds, the rat models were subjected to general anesthesia 221 

composed of Ketamine 5% (70 mg/kg) and Xylazine 2% (6 mg/kg). Administration of the anesthesia was 222 

achieved using an intraperitoneal injection (IP). The back hair of the rat models was shaved, and the bare skin 223 

was subsequently sterilized using 70% (v/v) ethanol (Ghalayani Esfahani et al. 2020) after which a circular full-224 

thickness excision (diameter of 1 cm) was introduced with the bare skin. The wounds were then subjected to 225 

different treatments in accordance with the different rat groupings and subsequently evaluated to assess the 226 

percentage of wound closure (WC%) as follows;  227 
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(3) 

where OPw denotes the open wound area, in m2 IPw denotes the initial wound area, in m2.  229 

Histopathological evaluations were also undertaken using the Hematoxylin and Eosin (H&E) and Masson's 230 

trichrome (MT) staining technique after 14 d of treatment. An IP injection of a mixture of ketamine/Xylazine 231 

(150/20 mg per kg) was used to euthanize the rats, after which the wound area was harvested. The harvested 232 

wound area was then prepared in buffered formalin (10%, pH: 7.4) for 48 h, blocked, sectioned, and stained 233 

using H&E and MT.  234 

Statistical analysis 235 

All data are presented as the mean ± standard derivation (SD). GraphPad Prism 9.0.0 (GraphPad Software, LLC, 236 

USA) was used for in vitro and in vivo data analysis as well as for graph production. Since the data (WC% and 237 

cell viability results) followed a non-parametric distribution, the two-way ANOVA test followed by Dunnett's 238 

multiple comparisons was used. When p < 0.05, statistical significance was found. 239 

Results  240 

EPSs production and characterization 241 

The total yield of the Scl produced by S. glucanicum and the EPS yielded by R. babjevae (EPS-R) was 0.9 ± 242 

0.07 g/L and 1.11 ± 0.4 g/L, respectively. Further assessment of the Scl via the phenol-sulphuric acid method 243 

showed that the EPS mainly contained carbohydrates (91.29 % ± 1.71%, weight basis). The residual portion of 244 

the Scl (8.71 ± 3.42 %) was attributed to ash and non-carbohydrate substituents in the Scl such as proteins, 245 

nucleic acids, sulfate, pyruvate, methyl, or acetyl groups (Delattre et al. 2016). Moreover, the phenol-sulphuric 246 

acid method showed that the water-soluble EPS-R (Mirzaei Seveiri et al. 2020) contained mainly carbohydrates 247 

(80.1 ± 1.23%, weight basis%), similar to a previous study (Mirzaei Seveiri et al. 2020) (Mirzaei Seveiri et al. 248 

2020). The residual portion of the EPS-R (19.9 ± 2.46 %) was also attributed to ash and non-carbohydrate 249 

substituents in the EPS-R such as proteins, nucleic acids, sulfate, pyruvate, methyl, or acetyl groups (Delattre et 250 

al. 2016).  251 

Fig. 1 252 

The SEM image of the Scl and FT-IR spectrum of both EPSs are represented in Fig. 1. The extracted Scl 253 

showed irregular fibril (Fig. 1a). Fig. 1b, shows a broad peak at 3302.83 cm-1, which is due to the stretching 254 

vibrations of O–H and indicates the presence of polymeric O–H compounds i.e. repetitive units of O-H 255 
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monomers (Okoro and Sun 2020). The sharp peak observed at 2929.40 cm-1 is due to the stretching vibrations of 256 

C–H indicating the presence of the CH3 functional group (Vasanthakumari et al. 2015). The peaks observed at 257 

1644.69 cm-1 and 1410.63 cm-1 can be attributed to C=O stretching and C–H bending vibrations of carboxylic 258 

and CH3 or/and CH2 functional groups, respectively (Shuhong et al. 2014; Okoro and Sun 2020). Sharp peaks at 259 

1087.90 cm-1 and 644.31 cm-1 indicate the presence of C—O—C bonds and glycosidic linkages, respectively 260 

(Shuhong et al. 2014; Vasanthakumari et al. 2015).  261 

In vitro biological activities 262 

Antioxidant activity  263 

The antioxidant activity of the extracted Scl, measured in terms of the DPPH• scavenging activity rate, shows a 264 

positive correlation with concentration such that higher concentrations of 0.5 mg/mL increased scavenging 265 

activities (Fig. 2a). Also, the free radicals (DPPH•, •OH, O2
-•) scavenging activities of the EPS-R were observed 266 

to be dose-dependent and higher than hyaluronic acid (molecular weight 1,000,000-1,250,000 Da) (Mirzaei 267 

Seveiri et al. 2020) (a biopolymer that may scavenge free radicals and is used in cosmetics) in the previous 268 

study (Mirzaei Seveiri et al. 2020).  269 

Hemocompatibility  270 

The hemocompatibility of both EPSs was investigated at different concentrations (1, 5, and 10 mg/mL) using 271 

anticoagulated human blood (Fig. 2b). For all tested concentrations of the EPSs, there was significantly less 272 

hemolysis (5-8%) compared to the positive control (distilled water), demonstrating that the EPSs did not induce 273 

significant hemolysis or damage to human RBCs. EPSs did not have any adverse effect on the rupturing of 274 

RBCs (Raveendran et al. 2013).  275 

Cell viability assay 276 

The outcome of the treatment of human dermal fibroblast (HDF) (ATCC: CCL-186) cell line with the extracted 277 

Scl is shown in Fig. 2c. No decrease in cell viability was observed after treatment of the HDF cell line with the 278 

Scl concentrations varying from 400 μg/mL to 1000 μg/mL. Indeed, Scl was shown to enhance the viability of 279 

HDF cells at a concentration of 600 μg/mL in comparison with the control group, demonstrating that the Scl 280 

from S. glucanicum DSM 2159 could promote the proliferation of HDF cells at this concentration. Also, Fig. 2d 281 

shows that the EPS-R was cytocompatible at all the tested concentrations (250-2000 μg/mL) when applied to the 282 

HDF cell line until 30 h of incubation. 283 

Fig. 2 284 

In vivo wound healing effects of scleroglucan and EPS from R. babjevae 285 
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The full-thickness wound model on the back of rats was applied to assess the wound healing potential of the 286 

extracted Scl and the EPS-R. The animals were treated with different concentrations of the Scl and EPS-R for 14 287 

days and the healing process was monitored using WC% measurements during the treatment and histopathology 288 

observations (H&E and MT staining) at the end of the treatment (Fig. 3&4). Normal skin (without injury and 289 

treatment) was provided for comparison with the control groups and the test groups. 290 

Fig. 3 & Fig. 4 291 

When Scl was applied to the wound model, the highest WC% of 98 ± 0.82%, was obtained after treatment with 292 

the Scl 10 mg/mL which was statistically significant (p < 0.05), compared to the mean WC% of the negative 293 

control group of 84.33 ± 2.49%. The WC% of 98 ± 0.82% after treatment with Scl 10 mg/mL was comparable to 294 

the WC% recorded in the positive control group (98.33 ± 1.25%) (i.e., treatment with Phenytoin ointment of 295 

1%). 296 

The histopathological analysis using H&E and MT staining is presented in Fig. 3c. Also, Fig. 4 shows the WC% 297 

for the different test groups treated with the EPS-R, positive and negative controls, and the results of the 298 

histopathological evaluation of the wound healing potential of the EPS-R. Conclusively, Fig. 5 shows the 299 

relationship between WC% in controls and two test groups treated with the highest concentration of the samples 300 

(Scl/EPS-R 10 mg/mL) at different time intervals. 301 

Fig. 5 302 

H&E staining results presented in Fig. 3c and Fig. 4c show that in the negative control group, 14 days was 303 

inadequate to facilitate the full development of the epidermal layer with wound healing stagnating at the 304 

inflammatory phase as revealed by the infiltration of polymorphonuclear inflammatory cells (PMNs). The 305 

wound bed was also observed to be covered by crusty scabs (thick arrows in Fig. 3c & 4c) in these groups. Fig. 306 

3c & 4c further indicate that after 14 days, partial epidermal layer development was evident in wounds treated 307 

with Scl/EPS-R at 1 mg/mL and 5 mg/mL doses. 308 

Discussion 309 
 310 
For the first time, in this study, the biological and wound healing performances of Scl and a new EPS from the 311 

yeast R. babjevae, were characterized that could be a promising biocomponent for wound healing acceleration.  312 

The total yield of the Scl produced by S. glucanicum (0.9 ± 0.07 g/L) was not comparable to the Scl yields of 313 

7.14 – 42 g/L reported in the literature (Selbmann et al. 2002; Zeng et al. 2021). This lower yield can be 314 

attributed to the differences in fungal strains employed in the EPS production. Furthermore, the lower yield of 315 

the Scl in the present study also highlights the need to undergo further optimization studies to enhance the Scl 316 
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yield from the strain used in this study. Additionally, the yield of the EPS-R of 1.11 ± 0.4 g/L was determined to 317 

be comparable to the yield of 1.6 ± 0.2 g/L reported in our previous study (Mirzaei Seveiri et al. 2020).   318 

The microstructure of the Scl (Fig. 1a) produced by S. glucanicum DSM 2159 was similar to the morphology of 319 

Scl from Athelia (Sclerotium) rolfsii TEMG reported by Elsehemy et al. (Elsehemy et al. 2020a). Moreover, 320 

based on the earlier report (Mirzaei Seveiri et al. 2020), the EPS-R micrographs (Fig. 1b) have displayed a 321 

porous, three-dimensional structure, with numerous cracks visible in their microstructure. 322 

The peaks detected from the FT-IR spectrum (Fig. 1c), showed that the Scl produced by S. glucanicum DSM 323 

2159 has an identical FT-IR spectrum to the previously reported spectra of Scl from S. rolfsii ATCC 201126 and 324 

the commercial Scl (LSCL) (Valdez et al. 2019) and also the commercial Scl used in this study. In addition, the 325 

FT-IR spectrum from R. babjevae (Fig. 1c), is similar to the previously described spectra in the literature 326 

(Mirzaei Seveiri et al. 2020).   327 

The results of DPPH• assay demonstrated that the Scl enforces a dose-dependent antioxidant activity. This dose-328 

dependent antioxidant activity by the Scl produced by S. glucanicum DSM 2159 was anticipated since a similar 329 

observation was reported in the work by Elsehemy et al. when the scavenging activity of DPPH• by Scl from 330 

Athelia rolfsii TEMG was increased from  ̴17.5 % to  5̴0% as the concentration increased from 50 to 800 μg/mL 331 

(Elsehemy et al. 2020a). Moreover, there are several reports regarding the radical scavenging activities of 332 

microbial EPSs. For instance, Leuconostoc mesenteroides Shen Nong's (SN)-8 produced a new EPS. The 333 

structural analysis of EPS revealed that it belonged to the polysaccharide class and was primarily made of 334 

glucan. It also contained a small number of mannose residues, which were discovered to be linked by α-1,6 335 

glycosidic linkages. Additionally, the findings showed that EPS had a notable ability to partially scavenge free 336 

radicals and that this anti-oxidant capability was concentration-dependent (Wu et al. 2021). In another study, an 337 

EPS was found in a fungal strain called Lachnum YM262. The EPS had a mannose to galactose molar ratio of 338 

20.6:1 and exhibited a sharp increase in scavenging activity at the samples' concentration range (0–3 mg/mL). 339 

The EPS' DPPH radical scavenging rate was 78.3% at a concentration of 3.0 mg/mL (Chen et al. 2017). 340 

According to Xia et al., EPS (0.2-1 mg/mL) isolated from Cupriavidus pauculus 1490 obtained its maximal 341 

DPPH radical scavenging activity at 0.8 mg/mL for EPS (69%) and ascorbic acid (97.9%), respectively. The 342 

primary monosaccharides found in EPS were mannose, glucuronic acid, glucose, and xylose. (Xia et al. 2022). 343 

Thus, these findings are in agreement with Liang et al. who claimed that some microbial polysaccharides have 344 

antioxidant properties and can be exploited to make immune modulators (Liang et al. 2016; Ho Do et al. 2021) 345 
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and EPSs having antioxidant activities may be a suitable candidate to be used as a biomaterial in wound healing 346 

and skin tissue regeneration (Sun et al. 2020; Comino-Sanz et al. 2021).  347 

Sun et al. hypothesized that the presence of functional groups such as  -O-, C=O, and -OH in the EPS's structure 348 

may be responsible for its capacity to scavenge free radicals (Sun et al. 2015a). It is generally accepted that the 349 

aforementioned functional groups can directly bind to free radicals to produce stable radicals as well as donate 350 

electrons or hydrogen ions to reduce the free radicals (Sun et al. 2015a; Liang et al. 2016; Wang et al. 2016). 351 

The presence of the abovementioned functional groups in our EPS structures was confirmed via the FT-IR 352 

spectrum (Fig. 1). 353 

The antioxidant activities of EPSs are not dependent on a single factor but rather are the consequence of the 354 

interaction of several factors including the ratios of monosaccharide, molecular weight, and glycosidic 355 

branching (Chen et al. 2017; Zhu et al. 2018). Nevertheless, the underlying mechanism responsible for the 356 

antioxidant activity of the EPSs has not been fully illustrated (Kurečič et al. 2018). 357 

There are a few reports in the literature regarding the hemocompatibility evaluation of microbial EPS. For 358 

example, Mauran, a highly polyanionic sulfated EPS from moderately halophilic bacterium; Halomonas maura, 359 

was hemocompatible, when the highest concentration (1 mg/mL) was investigated demonstrating only 1.059 ± 360 

0.26% of hemolysis on human RBCs (Raveendran et al. 2013). Also, MBF-15 EPS obtained from Paenibacillus 361 

jamilae was hemocompatible (using mouse RBCs), when the maximum hemolysis percentage detected was 0.76 362 

± 0.14% (Zhong et al. 2018).  363 

The data of cell viability experiments are consistent with previous findings of cell toxicity for microbial EPSs in 364 

the literature. For example, Scl from Athelia rolfsii TEMG showed no cytotoxic effect against normal human 365 

fibroblast (WI 38) up to 4000 μg/mL assessed by MTT assay (Elsehemy et al. 2020a). On the other hand, the 366 

IC50 of the Scl toward WI 38, human liver carcinoma cells (HepG2), and human prostate cancer (PC3) cell lines 367 

was 5096.83 μg/mL, 5885.8 μg/mL, and 4803.90 μg/mL, respectively (Elsehemy et al. 2020a). Thus, the results 368 

revealed no significant changes between WI 38 cells, which represent normal cell lines, and HepG2 and PC3, 369 

which represent cancer cell lines. Furthermore, Liu et al. (Liu et al. 2021a), Wang et al. (Wang et al. 2018), and 370 

Uhliariková et al. (Uhliariková et al. 2020), found that the EPS from Phomopsis liquidambari NJUSTb1, 371 

Lactobacillus plantarum JLK0142, and cyanobacterium Nostoc sp., respectively, had no toxic effects on 372 

macrophage cell line (RAW 264.7) and promoted its proliferation. Moreover, the EPSs from Rhodotorula 373 

mucilaginosa sp. GUMS16 (Hamidi et al. 2020), Weissella cibaria (Vasanthakumari et al. 2015), and 374 
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Nitratireductor sp. PRIM-31 (Priyanka et al. 2016) was reported to be biocompatible with human fibroblast cell 375 

lines. Also, it was shown that the EPS-R was biocompatible with MDCK cell line (Mirzaei Seveiri et al. 2020). 376 

The animal studies showed dose-dependent wound healing effects after treatment with both EPSs. Notably, a 377 

dose-dependent WC% was observed since a positive correlation existed between increasing EPSs concentrations 378 

and increasing WC%. Interestingly, for treatments using Scl (10 mg/mL) and EPS-R (10 mg/mL), WC% of 98 ± 379 

0.82% and 99 ± 0.82% were determined, respectively, and were comparable to the WC% (98.33 ± 1.25%), 380 

achieved after treatment with commercial phenytoin 1% cream after 14 days. Thus, a dose-dependent wound 381 

healing capacity of the EPSs was determined and there was no significant difference between the two EPSs at 382 

the highest concentration (10 mg/mL) regarding their effects on WC%. 383 

The best wound healing outcome between the test groups was obtained after treatment with Scl/EPS-R 10 384 

mg/mL, which induced partially complete epidermal layer formation. Moreover, collagen fiber production and 385 

distribution were stained using MT staining during the healing process. As shown in Fig. 3c & 4c (right images 386 

with thick arrows), the collagen fibers are disordered and discontinuous in the negative control group and 387 

treatment using Scl/EPS-R 1 and 5 mg/mL. Increasing the concentration of Scl/EPS-R to 10 mg/mL induced 388 

more ordered and continuous collagen fiber synthesis (arrowheads). The Scl/EPS-R 10 mg/mL group had 389 

collagen fiber formation and maturation, as seen in Fig. 3c & 4c. Moreover, collagen fiber production and 390 

distribution were stained using MT staining during the healing process.   391 

Microbial EPSs such as β-glucans, bacterial cellulose, and hyaluronic acid have wound healing applications due 392 

to their antioxidant, antimicrobial, and proliferative effects (Trabelsi et al. 2017; Mohd Nadzir et al. 2021). For 393 

instance, an EPS from Polaribacter sp. SM1127 was used to promote wound healing in rat skin (Sun et al. 394 

2015b). Scratch wound assay demonstrated that the EPS could promote HDF cells migration. Also, the capacity 395 

of SM1127 EPS to enhance skin wound healing was demonstrated in the full-thickness cutaneous wound 396 

experiment using Sprague-Dawley (SD) rats. The EPS boosted the wound healing rate and stimulated tissue 397 

repair, which was observed by microscopy and histologic investigation (Sun et al. 2020). 398 

Clinically, β-glucans have been used as a wound dressing to promote wound healing (Williams 1999; Majtan 399 

and Jesenak 2018). Macrophages, keratinocytes, and fibroblasts are the main target cells of β-glucans during 400 

wound healing. β-glucans increase macrophage infiltration, which promotes tissue granulation, collagen 401 

deposition, and reepithelialization, which aids wound healing. Nissola et al. examined the wound healing ability 402 

of a hydrogel containing Lasiodiplodan (a linear (1,6) fungal β-glucan) on the Wistar rats. Cell re-403 

epithelialization and proliferation were enhanced by the hydrogel, as well as collagen fiber synthesis (Nissola et 404 
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al. 2021). Cheng et al. assessed the wound healing efficacy of hot aqueous extract of Ganoderma lucidumin 405 

(10% w/w) having β-glucan in diabetic rats and observed that the WC% (97%) was higher than the positive 406 

control group (70%) (treated with Intrasite gel) after 12 days. The results also showed high antioxidant activity 407 

in the serum of rats and lower lipid damage and oxidative protein products under treatment with the extract 408 

compared to the controls (Cheng et al. 2013). Additionally, Bae et al. evaluated the wound healing efficacy of 409 

EPS isolated from Phellinus gilvus (Schw.), and observed enhanced wound healing in normal and diabetic rats 410 

(Bae et al. 2005a; Bae et al. 2005b). These studies proposed that the wound healing mechanism under treatment 411 

with the EPSs containing glucan may involve the modulation of the macrophages and fibroblasts migration and 412 

an increased rate of type I and III collagen biosynthesis due to their antioxidant and proliferative effects. 413 

Mannans can also increase blood vessel regeneration and stimulate macrophage activities, therefore it may be 414 

developed as wound-healing materials (Liu et al. 2021b). For instance, Jiang et al. determined that the mannan 415 

EPS produced from Phellinus pini displayed elevated macrophage-activating ability for enhanced phagocytosis 416 

via nitric oxide production, tumor necrosis factor, and reactive oxygen species (Jiang et al. 2016). Also, in our 417 

recent work, the EPS from Papiliotrema terrestris PT22AV was used to evaluate the wound healing effects in 418 

rats. Like the Scl and EPS-R, the EPS from P. terrestris PT22AV presented a dose-dependent wound healing 419 

effect using an in vivo full-thickness wound model (Hamidi et al. 2022b). 420 

Even though β-glucan and mannan have been used in various fields, there are still several challenges to be 421 

resolved. The purity, molecular weight, and spatial structure of β-glucans and mannans produced by various 422 

extraction, separation, and purification procedures were all varied, resulting in diverse biological activity (Liu et 423 

al. 2021b). As a result, more tests were needed to investigate the effect of the structure-activity and dose-activity 424 

relationships on the biological activities of EPSs, including the two fungal EPSs used in this study (Liu et al. 425 

2021b).  426 

Overall, in this study, two fungal EPSs produced by S. glucanicum and R. babjevae were extracted and partially 427 

characterized. The biological properties of the EPSs were examined via in vitro and in vivo studies. The EPSs 428 

were determined to be hemocompatible and cytocompatible toward human fibroblast cell lines. Furthermore, in 429 

vivo tests using the full thickness wound models showed that both EPSs facilitated wound healing at the 430 

concentration of 10 mg/mL. These findings demonstrated that the EPSs from S. glucanicum and R. babjevae 431 

constitute a promising biopolymer for wound healing and may be utilized in the manufacture of wound 432 

dressings. 433 
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Legends to illustrations 642 

Fig. 1. a) SEM images showing the surface morphology of the scleroglucan produced by S. glucanicum DSM 643 

2159 at ×900 and ×2000, magnifications. b) SEM images showing the surface morphology of the EPS from R. 644 

babjevae (EPS-R) at ×15000 and ×50000, magnifications. c) FT-IR spectrum of the commercial scleroglucan 645 

(commercial Scl), extracted scleroglucan from S. glucanicum DSM 2159 (Scl), and the EPS from R. babjevae 646 

(EPS-R). 647 

Fig. 2. a) The DPPH radical scavenging activity (capacities) of the scleroglucan from S. glucanicum DSM 2159 648 

with ascorbic acid as the positive control. b) Hemocompatibility assay of the scleroglucan from S. glucanicum 649 

DSM 2159 and the EPS from R. babjevae on human red blood cells. The results are expressed as hemolysis 650 

percentage in relation to the positive control (distilled water). The values are the means of 3 independent 651 

experiments performed in triplicate ± S.D. (*p ≤ 0.05) versus the positive control group. RLU-RealTime-Glo™ 652 

cell viability assay of c) the scleroglucan from S. glucanicum DSM 2159 and d) the EPS from R. babjevae on 653 

human fibroblast cell (ATCC: CCL-186) line after 24h and 30h of incubation. Each value is expressed as mean 654 

± SEM (n = 3) (*p < 0.05) versus control group (without EPSs). 655 

Fig. 3. a) Contraction of excisional wounds in rats treated with three different concentrations of the scleroglucan 656 

(Scl) from S. glucanicum DSM 2159, sterile distilled water (as the negative control group) and Phenytoin 1% 657 

cream (as the positive control group). b) Percentage wound closure in controls and treated groups at different 658 

time intervals. Results are expressed as percentage wound closure and are the mean ± SD of three independent 659 

experiments. Data were analyzed using a two-way ANOVA test (*p < 0.05). c) Microscopic images of 660 

Hematoxylin and Eosin (left) and Masson's trichrome (right) -stained tissues after 14-days post-surgery in three 661 

different magnifications after 14-days post-surgery in three different magnifications. Thick arrow in H&E: 662 

Crusty scab, Thick arrow in MT: disordered collagen fibers, Arrowhead: Ordered connective tissue, Thin 663 

arrow: polymorphonuclear inflammatory cells, E: Epidermis layer, F: Hair follicle. 664 

Fig. 4. a) Contraction of excisional wounds in rats treated with three different concentrations of the EPS from R. 665 

babjevae, sterile distilled water (as negative control group) and Phenytoin 1% cream (as positive control group). 666 

b) The relationship between percentage wound closure in controls and treated groups at different time intervals. 667 

Results are expressed as percentage wound closure and are the mean ± SD of three independent experiments. 668 

Data were analyzed using a two-way ANOVA test (*p < 0.05). c) Microscopic images of Hematoxylin and 669 

Eosin (left) and Masson's trichrome (right) -stained tissues after 14-days post-surgery in three different 670 

magnifications after 14-days post-surgery in three different magnifications. Thick arrow in H&E: Crusty scab, 671 
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Thick arrow in MT: disordered collagen fibers, Arrowhead: Ordered connective tissue, Thin arrow: 672 

polymorphonuclear inflammatory cells, E: Epidermis layer, F: Hair follicle, S: sebaceous glands. 673 

Fig. 5. The relationship between percentage wound closure percent in controls and Scl/EPS 10 mg/mL groups at 674 

different time intervals. Results are expressed as wound closure % and are the mean ± SD of three independent 675 

experiments. Data were analyzed using a two-way ANOVA test (*p < 0.05). 676 
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