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� P. terrestris PT22AV as a new yeast
was identified.

� The extracted EPS has antioxidant and
antibacterial activities and could be
biocompatible and hemocompatible.

� The EPS showed a dose-dependent
wound healing effect using an in vivo
full-thickness wound model.

� The EPS can be a promising
biopolymer for wound healing
acceleration and designing 3-
dimensional scaffolds for biomedical
applications.
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Introduction: Exopolysaccharides (EPSs) are high-value functional biomaterials mainly produced by bac-
teria and fungi, with nutraceutical, therapeutic and industrial potentials.
Objectives: This study sought to characterize and assess the biological properties of the EPS produced by
the yeast Papiliotrema terrestris PT22AV.
Methods: After extracting the yeast’s DNA and its molecular identification, the EPS from P. terrestris
PT22AV strain was extracted and its physicochemical properties (structural, morphological, monosaccha-
ride composition and molecular weight) were characterized. The EPS’s in vitro biological activities and
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Papiliotrema terrestris
Biological activity
Wound healing
Yeast
in vivo wound healing potential were also evaluated.
Results: The obtained EPS was water-soluble and revealed an average molecular weight (Mw) of 202 kDa.
Mannose and glucose with 97% and 3% molar percentages, respectively, constituted the EPS. In vitro
antibacterial activity analysis of the extracted EPS exhibited antibacterial activity (>80%) against
Escherichia coli, Staphylococcus aureus, and Staphylococcus epidermidis at a concentration of 2 mg/mL.
The EPS showed cytocompatibility against the human fibroblast and macrophage cell lines and the ani-
mal studies showed a dose-dependent wound healing capacity of the EPS with higher wound closure at
10 mg/mL compared to negative and positive control after 14 days.
Conclusion: The EPS from P. terrestris PT22AV could serve as a promising source of biocompatible macro-
molecules with potential for skin wound healing.
� 2022 The Authors. Published by Elsevier B.V. on behalf of Cairo University This is an open access article

under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Introduction

Exopolysaccharides (EPSs) are natural extracellular metabolites
secreted by microorganisms through their cellular membrane to
the environment [1]. Although the mechanism of EPS production
remains rudimentary, these metabolites are hypothesized to be
generated from intracellular nucleotide sugars via chemical con-
densation reactions during microbial metabolic activity [2,3]. EPSs
with inherent free radical scavenging, antimicrobial, and
immunomodulatory activities have potential biomedical applica-
tions such as anticancer agents with bifidogenic characteristics,
plasma expander, and pharmaceutical excipient [4–8]. For
instance, EPSs could be used as immune modulators [9]. Mannose,
glucose, galactose, and/or arabinose residues in polysaccharides
have been shown to contribute to immunomodulatory action
[10,11]. For example, b-glucans (bGs), containing only glucose resi-
dues, are one of the EPSs found in yeasts and filamentous fungi,
and their immunostimulatory and immunomodulatory potential
in the immune system has been intensively examined [8,10,12].
bGs, both branched and linear, are recognized as physiologically
active chemicals known as biological response modifiers (BRMs).
These glucans could be used to treat bacterial, viral, and protozoal
diseases, and as anticancer medications [8,13,14]. Maity et al.
extracted a water soluble bG from an edible mushroom Entoloma
lividoalbum having molecular weight (MW) �2 � 105 Da. This bG
activated macrophages in a dose-dependent manner, with maxi-
mum NO generation at 35 g/mL. Also, it was concluded that
12.5 lg/mL and 100 lg/mL are the optimum concentrations of this
EPS for splenocytes and thymocytes proliferation, respectively
[15].

bGs trigger signal transduction in polymorphonuclear phago-
cytes (e.g., macrophages, monocytes, dendritic cells, and natural
killer cells) and neutrophils by interacting with pattern recogni-
tion receptors (PRRs) such as Dectin-1, complement receptor 3
(CR3), scavenger receptors, and lactosylceramide (LacCer) [8,16–
18]. The PRRs’ effectiveness is determined by the cell characteris-
tics; for example, CR3 is mostly responsible for G-induced neu-
trophil regulation, whereas Dectin-1 is the most important G
receptor on macrophages [8,19,20]. The activation of receptors
by bG binding to the lectin site of the CR3 on phagocytes and
NK cells enhances cytotoxicity against iC3b-opsonized target cells
[8,21,22]. Dectin-1 recognizes bG on macrophages, which acti-
vates the downstream signaling pathway, which leads to phago-
cytosis, ROS production, microbial death, and cytokine secretion
[8,20,23].

Moreover, different microbial EPSs have been shown to excite
macrophages, which can kill pathogens directly through phagocy-
tosis and indirectly protect the immune system by releasing cyto-
toxic chemicals [8,9]. It was previously shown that a a-glucan
derived from Hirsutella sinensis may significantly improve macro-
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phage phagocytosis and boost nitric oxide (NO), IL-1, IL-6, and
tumor necrosis factor (TNF)-a production by activating the p38,
JNK, and NF-B signaling pathways [24]. In another study, a
water-soluble polysaccharide (MSP-3–1) from Morchella sextelata
as a-glucan, which is primarily composed of mannose, glucose,
and galactose was found to significantly boost macrophage
RAW264.7 proliferation, phagocytosis, and NO generation [24].
In RAW 264.7 cells, Wang et al. discovered that EPS from Tricho-
derma pseudokoningii could dramatically increase NO, TNF-a,
and IL-1 production as well as phagocytic activity. These findings
imply that T. pseudokoningii EPS activates RAW 264.7 cells via NF-
B and MAPK signaling pathways mediated by TLR4 and Dectin-1
[25].

EPSs have been shown to exhibit antibacterial properties
against a wide range of pathogenic microorganisms in numerous
studies [26], especially Staphylococcus aureus, Enterococcus faecalis,
Bacillus subtilis, Pseudomonas aeruginosa, and Escherichia coli
[27,28]. Many antibacterial mechanisms have been proposed in
this regard, including preventing cell division and destroying
DNA [29,30]. Ganoderma applanatum EPS, for example, was discov-
ered to have antibacterial action against S. aureus [31]. Antimicro-
bial activity of EPSs from Hirsutella sp. against B. subtilis and
Micrococcus tetragenus was also observed [32].

The application of EPSs depends mainly on their monomer com-
position and functional groups in their chemical structures [33,34].
For instance, the presence of a-(1 ? 6) and a-(1 ? 4) glycosidic
linkages in pullulan enhances its adhesive characteristics and, thus,
its capability to form fibers [35,36]. Similarly, the presence of b-
glucan monomers in some EPSs enhances their antidiabetic effects
due to the ability of b-glucans to transform to di- and tri-
saccharides, which have been reported to improve insulin sensitiv-
ity [37,38].

Our study sought to investigate EPS production by the yeast
Papiliotrema terrestris, a basidiomycetous organism of the sub-
phylum of Agaricomycotina, family Tremellaceae [39]. P. terrestris
was selected due to its elevated anti-competitive behavior
against a number of economically significant important fungal
pathogens in post-harvest [40,41]. P. terrestris was also selected
as a potential source of EPS due to its capability to resist factors
that may inhibit EPS production (i.e. pathogens) through antago-
nistic effects against plant pathogens, a feature related to the high
tolerance of P. terrestris to resist oxidative and other cellular (i.e.
osmotic) stresses [39]. In the present study, a detailed taxonomic
characterization of a new yeast strain of P. terrestris, PT22AV, was
initially undertaken via rRNA gene sequencing. Subsequently, a
fermentation operation for EPS production prior to its extraction,
chemical characterization, and assessment of its biological activ-
ity via in vitro studies, was carried out. A full-thickness wound rat
model was also used to evaluate the EPS’s wound healing
potential.

http://creativecommons.org/licenses/by-nc-nd/4.0/
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Materials and methods

Materials

Potato dextrose broth (PDB) was purchased from HiMedia,
India. Agar was obtained from AppliChem, Germany. Sucrose was
purchased from Fisher Chemical, Belgium. Ammonium sulfate
((NH4)2SO4) was obtained from Acros Organics, USA. Potassium
dihydrogen phosphate (KH2PO4) was purchased from Alfa Aesar,
U.S.A. Methanol, magnesium sulfate heptahydrate (MgSO4�7H2O),
sodium chloride (NaCl), yeast extract, and Mueller Hinton Broth
(MHB) were bought from Merck, Germany. Calcium chloride dehy-
drated (CaCl2�2H2O) was purchased from Agro Organics, South
Africa. Ethanol (96%) was purchased from Avantor�, Belgium.
RealTime-GloTM MT Cell Viability Assay kit was bought from Pro-
mega, USA. 1,1-diphenyl-2-picrylhydrazyl (DPPH) was obtained
from Merck Sigma-Aldrich (St. Louis, MO, USA).

Ethics statement

All the in vivo studies are consistent with the National Institute
of Health guidelines and the European Communities Council Direc-
tive (2010/63/EU) and are authorized by Kermanshah University of
Medical Sciences (IR.KUMS.REC.1400.247).

Molecular identification of the microorganism

DNA extraction and polymerase chain reaction (PCR)

P. terrestris PT22AV, is a yeast isolated from olives in Molise
(Italy) [42]. As yeast extract peptone dextrose (YPD) medium is
recommended for routinely growing yeast cells [43], for DNA
extraction, cellular pellet of P. terrestris PT22AV from a 2-day old
YPD agar plate (Bacto-peptone 20 g/L, yeast extract 10 g/L, Dex-
trose 20 g/L) was inoculated in 20 mL of liquid YPD in a 50 mL flask
and incubated or rotary shaking at 28 �C 160 rpm for 48 h. The cul-
ture was subsequently centrifuged using a 5810 Eppendorf (Ham-
burg, Germany) at 13000 rpm (5 min, 25 �C). The supernatant that
resulted was disposed, and as reported in the literature, genomic
DNA was isolated from the residual cells by a solvent mixture con-
taining phenol/chloroform/isoamyl alcohol (50:48:2 v/v/v) [44].
For the amplification of the internal transcribed spacer (ITS)
regions of P. terrestris PT22A, universal primers (ITS1 and ITS4)
[45] were utilized. The PCR was carried out using a denaturation
at 95 �C for 2 min, 33 cycles of denaturation at 95 �C for 30 s,
annealing at 55 �C for 30 s, extension at 72 �C for 1 min, and a final
extension at 72 �C for 5 min [46] using High Fidelity Phusion Taq.
PCR reaction was mixed with DNA loading dye and run on a 1%
agarose gel (v/w) at 70 V for 1 h, then visualized under UV light
[47].

Phylogenetic study

For phylogenetic analysis, the ITS sequences of representative
type strains of Papiliotrema species, namely P. terrestris CBS
10810, P. laurentii CBS 139, P. aurea CBS 318, P. taeanensis CBS
9742, P. bandonii CBS 9107, P. rajasthanensis CBS 10406, P. pseu-
doalba CBS 7227, and P. flavescens, were downloaded from Gen-
Bank. For other P. terrestris strains, the ITS region of strain LS28
was downloaded from GenBank (accession LR697098.1), while
those of strains CBS 10811, CBS 10812, and CBS 10,813 were
obtained from the Westerdijk Institute website. Cryptococcus
depauperatus CBS 7841 was used as an outgroup. The sequences
were aligned by the Muscle algorithm, and the MEGA 7 software
program was employed to infer the evolutionary history through
3

the Maximum Likelihood Phylogenetic Tree using the Tamura 3-
parameter model (T92 + G) model [48].

Growth conditions for EPS production

According to the literature, a high C:N ratio and enough carbon
and nitrogen supplies may enhance EPS formation by yeast cells
and other microorganisms [49,50]. Then, for EPS extraction, cellu-
lar pellet of P. terrestris PT22AV from a 2-day old YPD agar plate
was transferred with a loop on Potato Dextrose Agar (PDA) (as it
has high C:N ratio (10:1)) [51] Petri dish and subsequently incu-
bated at 28 �C for 24 h. The basal medium for getting more EPS
yield comprised (g/L): sucrose, 30; yeast extract, 1; KH2PO4, 1;
(NH4)2SO4, 3; MgSO4�7H2O, 0.5; NaCl, 0.1; and CaCl2�2H2O, 0.01
[52]. The medium’s pH was fixed to 5.3 at the beginning, and it
was sterilized for 15 min at 121 �C. Batch culture containing
100 mL medium were used for microbial growth and EPS synthesis
in a shaking incubator for 96 h (140 rpm, 28 �C) (New Brunswick
Classic C24 Incubator Shaker, USA).

EPS extraction, purification, and characterization

EPS extraction and purification

A 10% (v/v) inoculum of P. terrestris PT22AV was made from a
one-day culture in the basal culture medium (mentioned above)
and incubated using the shaking incubator for 96 h (28 �C,
150 rpm). After incubation, the EPS-containing supernatant was
collected by centrifugation at 8500 rpm for 30 min at 4 �C. From
the supernatant, with adding dropwise cold ethanol with simulta-
neous stirring, the EPS was precipitated and then incubated over-
night at 4 �C. Then, the precipitated EPS was ’twice washed’ with
ethanol to enhance EPS purity, followed by 20 min of 8500 rpm
centrifugation at 4� [53,54]. To make dried EPS pellets, the EPS resi-
due was dried at room temperature to a constant mass. After dis-
solving the EPS pellets in distilled water, the EPS solution was
lyophilized (Christ freeze-dryer alpha I-5). The mass of the dried
EPS was determined using a precision analytical balance (Sartorius,
Germany), and the EPS yield was calculated (g/liter of culture med-
ium). The phenol–sulphuric acid approach (using glucose as the
standard) was applied to define the overall carbohydrate content
of the EPS [55]. Additionally, protein content was concluded by
the Bradford technique utilizing bovine serum albumin (BSA) as
the reference [56]. Possible nucleic acid contaminations were
assessed employing a spectrophotometer (GenesysTM 10S UV–Vis,
USA) with the optical density (OD) of the EPS determined at the
wavelengths of 260 nm and 280 nm.

Measurement of exopolysaccharide (EPS) solubility and
intrinsic viscosity

The EPS solubility in distilled water, chloroform, and methanol
was investigated according to the method previously described
[57]. In brief, 1 mL of each solvent was blended with determined
quantities (0.5, 1, 2, 3 and 4 mg) of the EPS in 2 mL microtubes
and vortexed (1 min at room temperature).

A Lovis 2000 M/ME Rolling-ball viscometer (Anton Paar GmbH,
Germany) was used to determine the intrinsic viscosity of the EPS.
It was fitted with a glass capillary with a radius of 1.59 mm and a
steel ball with a radius of 1.5 mm at a 30 angle. At 25 �C, viscosity
was estimated for five concentrations of EPS in distilled water (0.5
to 4 mg/mL). Before the test, the solutions were filtered within a
0.45 mm Millipore filter.

The intrinsic viscosities, [g] in mL/mg, of the EPS, were subse-
quently determined by calculating their reductions of viscosities
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and extrapolating the associated concentrations to infinite dilution
following the Huggins equation as follows;

½g� ¼ limgred as C ? 0 (1)

where gred represents the reduced viscosity (mL/g), gsp is the
specific viscosity (dimensionless) and C is the EPS concentration
(mg/mL).

Scanning electron microscopy

The surface morphology of the EPS was evaluated using a scan-
ning electron microscope (SEM) (SU-70 Hitachi Ltd., Tokyo, Japan).
In this work, 5 mg of the EPS was applied on SEM stubs using
double-sided tape, followed by a layer of gold coating and observa-
tion at 10–20 kV accelerating voltage [58,59].

Physicochemical characterization

Fourier transform infrared (FTIR) spectrum of the EPS was
acquired by means of PerkinElmer spectrophotometer system (Per-
kinElmer Inc., CA, USA) equipped with an attenuated total reflec-
tance (ATR) for determination of its functional groups. 4 mg of
the EPS was introduced to the cleaned ATR crystal surface and
the generated spectral signals documented in the wavelength
range of 400 to 4000 cm�1 [53,60].

The EPS sample was scanned with an X-Ray Diffractometer
(XRD; Bruker ecoD8 advance Eco, Germany) in the range of
5�<2b < 60�with Cu Ka irradiation (k = 0.154060 nm) at 40 kV and
25 mhA to create XRD arrays at various ranges of two-theta angles
(10–70). The diffractometer was run at a frequency of 1.2 per min,
with a step size of 0.019 and a scan step time of 96.00 s [61,62].

Molecular weight determination

The chromatographic retention technique was used with a
steric exclusion chromatography (SEC)-HPLC (Agilent 1100 Series,
Agilent Technologies, Waldbronn, Germany) to estimate the Mw

of the EPS. The SEC-HPLC was equipped by a TSKgel G3000PWXL
(10 lm, 7.8 � 300 mm) and a TSKgel G5000PWXL (10 lm, 7.8 � 3
00 mm) connected with a differential refractometer (DRI) and pre-
ceded by a TSKgel PWXL pre-column (12 lm, 6.0 � 40 mm). Iso-
cratic elution was carried out by means of 0.1 M NaNO3 solution
at a 1 mL/min flow rate at 30 �C. 20 lL Pullulan samples (Mw rang-
ing from 1.3 kDa to 800 kDa) were injected as standard polysaccha-
rides at 10 g/L. The EPS was injected at a concentration of 10 g/L
and eluted as described above [53].

Monosaccharide composition determination

The monosaccharide composition of the EPS was determined
using gas chromatography-mass spectrometry (GC–MS). Briefly,
1 mL of 2 M trifluoroacetic acid (TFA) was applied to 10 mg EPS
to catalyze the preliminary hydrolysis of EPS to its monomers.
The resulting mixture was then vortexed for 10 s and after that,
a 90-min incubation period at 120 �C in a water bath was under-
taken, followed by a solvent evaporation procedure in a nitrogen
stream. The procedure of trimethylsilylation derivatization was
carried out as described by Pierre et al. [63] and D-Glucose (D-
Glc), D-Mannose (D-Man), D-Xylose, D-Galactosamine (D-GalN),
(D-Xyl), D-Galactose (D-Gal), D-Glucuronic acid (D-GlcA), D-
Glucosamine (D-GlcN), D-Galacturonic acid (D-GalA), L-
Rhamnose (L-Rha), L-Arabinose (L-Ara), and L-Fucose (L-Fuc) were
used as internal standards. Agilent 6890 Series GC System, con-
nected with an Agilent 5973 Network Mass Selective Detector,
were utilized for GC–MS analysis applying electron impact (EI) ion-
ization as previously reported in the literature [64].
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In vitro biological activities

Antibacterial activity

Based on the literature, the main bacterial agents responsible
for nosocomial and skin infections belong to Staphylococci, a wide
variety of Enterobacteriaceae, Pseudomonas species, Acinetobacter
species [65–68]. So, Gram-positive (Staphylococcus aureus ATCC
25,923 and Staphylococcus epidermidis ATCC 14990) and Gram-
negative (Escherichia coli ATCC 27195) bacteria were selected to
examine the antibacterial activity of the EPS sample based on the
protocol provided by clinical and laboratory standards institute
(CLSI) [69]. Briefly, Muller–Hinton broth (MHB) medium was incu-
bated at 37 �C until an absorbance value of 0.5 McFarland corre-
sponds to a cellular concentration of 1.5 � 108 CFU/mL [69]. The
inoculum was diluted in the MHB medium to reach a final concen-
tration of approximately 1 � 106 CFU/mL [69]. The sterile lyophi-
lized EPS was solubilized in MHB medium at a concentration of
2 mg/mL. Different concentrations of samples (2–2000 lg/mL)
were analyzed via 2-fold serial dilution in 96 well plates. Bacterial
growth was assessed by determining its absorbance at 600 nm fol-
lowing incubation at 37 �C (24 h). The antibacterial activity was
estimated by the subsequent equation:

Antibacterial activity %ð Þ ¼ Ac � As

Ac

� �
� 100 ð2Þ

where the absorbance of the control (MHB medium) and sam-
ple at 600 nm, respectively, are Ac and As. [70]. All experiments
were done in triplicates. To examine whether there was a signifi-
cant differences between treatments and concentrations, the
one-way ANOVA was performed.
Antioxidant activity

Natural antioxidants have recently received a lot of interest
from scientists and the general public because of their potential
to replace synthetic antioxidants in maintaining human health
and preventing and treating diseases [4]. Polysaccharides, espe-
cially EPSs, have been identified as promising antioxidants that
could be exploited to generate effective and non-toxic pharmaceu-
ticals for a variety of uses, including wound healing [71,72]. One of
the most extensively used methods for screening antioxidant
chemicals is the 2,2-diphenyl-1-picryl-hydrazyl-hydrate (DPPH)
test [73]. Thus, the EPS sample’s antioxidant activity was quanti-
fied at various concentrations (0.1, 0.25, 0.5, 1, 2.5, and 5 mg/mL)
by measuring its DPPH radical scavenging activity. L-ascorbic acid
was used as the positive control. The DPPH activities of the differ-
ent EPS concentrations were investigated using the method
reported in the literature [74]. Briefly, 150 lL of the EPS solution
(in water) was blended with 150 lL of methanol solution of DPPH
(100 lM) and transferred into a 96-well plate which was held in
the dark at room temperature (40 min). The absorbance of the mix-
ture was subsequently documented at 517 nm employing a UV–Vis
Spectrophotometer (Microplate spectrophotometer, Epoch-BioTek,
Winooski, USA), and the DPPH inhibition activity percent of the EPS
solutions was determined by the equation (3);

Inibition% ¼ 1� Abss � Abssb
Absc � Absb

� 100 ð3Þ

where Abss implies the absorbance of the sample (EPS in
water + DPPH solution), Abssb indicates the absorbance of the blank
sample (EPS in water + methanol), Absc stand for the absorbance of
the control (methanol + DPPH) and the Absb is the absorbance of
the blank (methanol only).
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Hemocompatibility test

2.5 mL PBS (stock solution) was used to dilute 2 mL of anticoag-
ulated human red blood cells (RBCs) and 200 lL of this mixture
was used in the preparation of EPS solutions at various concentra-
tions (1, 5, and 10 mg/mL). The blend was then maintained at 37 �C
(60 min). The incubated RBCs + EPS solution was then centrifuged
(1500 rpm, 10 min) and the absorbance of the supernatant test was
determined at the wavelength of 545 nm by the Microplate Reader.
The hemolysis percentage was then determined as follows [75,76];

Hemolysis% ¼ Dt � Dnc

Dpc � Dnc
� 100 ð4Þ

where Dt represents the absorbance of the supernatant sample,
Dnc represents the absorbance of the negative control (RBCs diluted
in PBS), and Dpc represents the absorbance of the positive control
(water lysed RBCs).
Effect of the EPS on the viability of human fibroblasts and
macrophages cell lines

Macrophage (U937, a pro-monocytic humanmyeloid leukaemia
cell line, ATCC:CRL-1593.2) and human fibroblast (ATCC:CCL-186)
cell lines were treated by various concentrations of the EPS (250,
500, 750, 1000, and 2000 lg/mL), and their viabilities were
assessed using a luminescence test based on adenosine triphos-
phate quantification (CellTiter-Glo, Promega, Wisconsin). Cell lines
passage 19 were cultured, respectively in Roswell Park Memorial
Institute Medium (RPMI-1640) and in Dulbecco’s modified Eagle’s
medium (DMEM) (LONZA, Verviers, Belgium) complemented with
Fetal Calf Serum (FCS) (10% v/v), 1% (w/v) Penicillin-streptomycin
(Gibco, Rockville, MD, USA) and kept at 37 �C, in a 5% CO2-humid-
ified atmosphere. When the cells reached 80% confluency, they
were plated in triplicate in a white 96-well plate with 104/well
density [77]. The human fibroblast and macrophage cells were -
treated with 50 lL of the EPS samples (dissolved in the cell culture
media) and 50 lL of RealTime-GloTM MT Cell Viability kit compo-
nents. Control cells were cultured in a media not containing the
EPS. The viability of cells was subsequently evaluated according
to manufacturer instruction by monitoring Luminescence on a
Microplate luminometer (Centro XS LB 960-Berthold) set at 0, 16,
24, 40 and 48 h.
Wound healing studies

The full-thickness wound healing effects of the EPS were
assessed in vivo employing 30 adult male Wistar rats (2 months
old, weighing 200–220 g). The rats were initially divided at random
into five groups (six rats per group) as follows; Group1, without
treatment (the negative control group), Group 2, treated with com-
mercial phenytoin cream 1% (the positive control group), and
Groups 3, 4 and 5, handled with EPS solutions at the concentrations
of 1, 5, and 10 mg/mL (test groups), respectively. General anesthe-
sia containing a mixture of Ketamine 5% (70 mg/kg) and Xylazine
2% (6 mg/kg) was administered using an intraperitoneal injection
(IP). The rats’ back hair was shaved, and the skin was sterilized
using 70% (v/v) ethanol [78]. A circular full-thickness skin excision
(diameter of 1 cm) was performed on the back of each rat. The cre-
ated wounds were treated (immediately after the wound induc-
tion) every other day according to the above-mentioned grouping
and evaluation was based on the wound closure percent and
histopathological evaluations. The microscopic appearance of the
wounds was monitored during the healing process and the wound
closure percent (WC%) was calculated as follows;
5

WC% ¼ 1� OPw

IPw
� 100 ð5Þ

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

The histopathological assessments were conducted using the
H&E and MT staining at 14 d after treatment. Briefly, the rat models
were euthanized using an IP injection of a mixture of Ketamine/
Xylazine (150/20 mg per kg). The wound zone was harvested, pre-
pared in buffered formalin (10%, pH: 7.4) for 48 h, blocked, sec-
tioned, and stained by Hematoxylin and Eosin (H&E) and
Masson’s trichrome (MT) methods. The results were observed
and interpreted by an independent pathologist by means of a light
microscope (Olympus, Tokyo).

Statistical analysis

Statistical investigation regarding the relationship between WC
%with different time intervals and different treatment groups were
conducted using Minitab �20.4 software. Data analysis and all
graphs (in vitro and in vivo), were generated using GraphPad Prism
9.0.0 (GraphPad Software, LLC, USA). The two-way ANOVA test
with Dunnett’s multiple comparisons was used to check for the sig-
nificance. When p < 0.05, a statistically significant difference was
indicated between the groups.

Results and discussion

Morphological and genome characteristics

P. terrestris PT22AV grown in YPD rich media produce yellow/
orange and smooth colonies (Fig. 1a), while in PDA medium P. ter-
restris PT22AV colonies appeared as white/yellow, bright, and
highly mucoid (Fig. 1b) at temperatures ranging from 15 �C and
30 �C. The mucoid part in the PDA agar represents the EPS pro-
duced by P. terrestris PT22AV on a Petri dish (Fig. 1b). Because of
the undefined composition of the nutrients present in this media,
at the moment it is unclear how the EPS production is regulated
at a physiological level.

The ITS region indicated that PT22AV strain shares 100% simi-
larity with the type of strain of P. terrestris CBS 10,810 as displayed
in the maximum-likelihood (ML) phylogenetic tree with log-
likelihood tree of �2176.40 (Fig. 1c). PT22AV strain was also clo-
sely related to P. flavescens and P. aurea, and is distinct from the
P. laurentii subclade, in accordance with previous results [79].

EPS production and characterization

EPS production, solubility, and intrinsic viscosity

The total yield of the EPS extracted from the P. terrestris PT22AV
grown in the basal medium was 780 ± 1.8 mg/L and composed
mainly of carbohydrates (93 %), proteins (0.3 %), and nucleic acids
(0.1%), as validated by their OD at 260 and 280 nm. Thus the EPS is
predominantly comprised of carbohydrates, proteins, nucleic acids
(94.6 %), and a low portion (5.4 %) of ash and non-carbohydrate
substituents, for instance sulfate, pyruvate, methyl, or acetyl
groups [80–83].

This observation is in agreement with the other studies. For
example, Seviri et al. reported that the EPS from R. babjevae that
was estimated by phenol–sulphuric acid technique, was composed
of carbohydrate (78%) and protein (1.1%) [52]. Furthermore, the
EPS from R. mucilaginosa sp. GUMS16 was primarily constituted
of carbohydrates (61.7%), with relatively minor amounts of nucleic
acid (0.7%) and protein (0.8%) [53].



Fig. 1. Papiliotrema terrestris strain PT22AV streaked onto YPD (a) and PDA (b) plates and incubated at 28 �C for 10 days (c) Phylogenetic relation of representative
Papiliotrema species based on ITS analysis. For the investigation of P. terrestris, numerous strains were included. By means of the Maximum Likelihood approach and the
Tamura 3-parameter model, the evolutionary history was inferred. The highest log-likelihood tree (-2176.40) is presented. Next to the branches is the proportion of trees in
which the related taxa clustered together. The initial tree(s) for the heuristic search were automatically created by employing the Neighbor-Join and BioNJ algorithms to a
matrix of pairwise distances computed by the Tamura 3 parameter model, and then picking the topology with the maximum log-likelihood value. The evolutionary rate
differences between sites were modeled using a discrete Gamma distribution [5 categories (+G, parameter = 0.2909)]. The branch lengths are calculated in the number of
substitutions per site, and the tree is depicted to scale. There were 14 nucleotide sequences in this analysis. The total number of positions in the final dataset was 583.
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Several yeast strains can produce EPSs. For example, Candida
boidinii has been found to produce <1 g/L of EPS [84]. A Rhodotorula
glutinis strain produced EPS at a yield of about 0.8 g/L [85]. Further-
more, after 14 days of fermentation, the maximum amount of EPS
produced by Antrodia cinnamomea (an edible Basidiomycete) was
0.49 g/L [86]. Thus, it can be concluded that, in addition to the type
of strain, factors such as culture conditions and the medium com-
position can affect the production of the EPSs and they need to be
optimized. Therefore, in future studies, it is hoped that the produc-
tion of the EPS by P. terrestris PT22AV be scaled up for industrial
applications [52].
6

At 22 �C, the EPS was soluble in water but insoluble in the
organic solvents (chloroform and methanol). Polysaccharides have
a wide range of solubility: some are insoluble in water, such as cel-
lulose; some are only soluble in hot water, such as starch; and
some, like pullulan, gum Arabic and most of microbial EPSs, are
easily dissolved in cold water [87,88]. Polysaccharides include
many OH groups, with a significant attraction for water molecules.
However, hydrogen bonding results in a strong contact between
polysaccharide molecules. As a result, understanding polysaccha-
ride solubility requires a balance of molecule–molecule and
molecule-water interactions [87]. The interactions between
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polysaccharide molecules and water molecules are energetically
beneficial for soluble polysaccharides, and the solvent forms a sol-
vating envelope around the polymer chain, keeping the polysac-
charide molecules apart [87]. Thus the observed solubility of the
EPS was consistent with previous reports [52,53]. For example,
EPSs produced from Rhizobium tropici SEMIA 4077 and Rho-
dosporidium babjevae were soluble in water however insoluble
in the organic solvents (methanol, chloroform, and toluene)
[52,57]. Similarly, EPS extracted from R. mucilaginosa sp. GUMS16
was soluble in distilled water but not chloroform [53].

The intrinsic viscosity of the isolated EPS was 0.16 mL/mg. The
intrinsic viscosity of the EPS was lower than commercial polysac-
charides that range from 0.5 to 5 mL/mg [89]. The low intrinsic vis-
cosity of the EPS from P. terrestris PT22AV implies that its solution
in water will exhibit poorer thickening than commercial polysac-
charides in that intrinsic viscosities will require higher concentra-
tions (> 4 mg/mL) of the EPS solution.
Surface morphology, FTIR spectrum, and XRD pattern

As presented in Fig. 2a, the EPS has porous surface structure
with grain-like elongated structural units. These grain-like elon-
gated structural units, have been reported to be responsible for
the compactness of polysaccharides [90]. Notably, these surface
Fig. 2. (a) SEM images displaying the surface morphology of the EPS generated by P. terre
FTIR spectrum of the EPS produced by P. terrestris PT22AV. (c) XRD pattern of the EPS ext
the EPS from P. terrestris PT22AV for MW estimation. As it can be seen, it is a polydispers
have a mixture of high and low molecular weight polymers. (e) GC–MS chromatogram
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properties of the EPS are consistent with the previous reports.
For example, EPSs from R. mucilaginosa sp. GUMS16 and R. babjevae
exhibited similar porous surfaces with grain-like structural unit
characteristics [52,53].

FTIR has proven to be an effective method for tracking struc-
tural changes in biopolymers [91,92]. Fig. 2b shows the FTIR spec-
trum of the EPS. The observed broad peak at 3252 cm�1 is related
to the stretching vibrations of O–H [93–95] and the sharp peak
noticed at the 2928 cm�1 is because of the stretching vibrations
of C–H indicating the presence of the CH3 functional group [94–
96]. The peaks at 1638 cm�1 and 1406 cm�1 can be attributed to
C = O stretching and C–H bending vibrations of carboxylic and
CH3 or/and CH2 functional groups, respectively [93,94,97]. Sharp
peaks at 1070 cm�1 and 599 cm�1 indicate the existence of C—
O—C bonds and glycosidic linkages, respectively [96,97]. The FTIR
spectroscopy showed that the EPS contains CH3, CH2, and car-
boxylic functional groups and glycosidic linkages [96,97] and it is
in consistent with other microbial EPSs. For example, it was
reprtred that EPSs such as xanthan molecules are identified by
peaks at wave numbers of 3400 cm�1 (–OH stretch), 2940 cm�1

(C–H stretch) and 1040 cm�1 (C–O bond from the alcohol group)
[98]. Moreover, it might be concluded that carboxyl groups in
the EPS may act as binding sites for divalent cations [91,98].

In Fig. 2c, the XRD pattern of EPS depicts five intensive distinct
sharp peaks between 10�– 40�. These sharp peaks were observed at
stris PT22AV at � 1000 (A), �1300 (B), �3500 (C) and � 7000 (D) magnifications. (b)
racted from P. terrestris PT22AV. (d) Steric exclusion chromatography (SEC)-HPLC of
e fraction that is several families with several MW can be observed. As a result, we
of the EPS from P. terrestris PT22AV for analysis of monosaccharide composition.
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16.52�, 21.18�, 23.45�, 28.36�, and 29.22�and are related to inter planar
spacing (d-spacing) of 5.36 Å, 4.20 Å, 3.79 Å, 3.14 Å and 3.04 Å,
respectively. The XRD investigation showed that the EPS holds an
almost semi-crystalline nature with the crystallinity index (CI) of
0.442. This finding is in agreement with reports on EPSs isolated
from Leuconostoc lactis KC117496 and Weissella confusa MD1 [99].

Molecular weight and monosaccharide composition analysis

As displayed in Fig. 2d, the average Mw of the EPS sample was
202 kDa. It was also determined via GC–MS (Fig. 2e) that mannose
constitutes the main monosaccharide unit (97% on a molar basis)
present in the EPS, with the residual component being glucose.
The Mw evaluation revealed that the EPS contains a high content
of mannose monosaccharide units since this Mw is comparable to
the Mw of mannan I and mannan II (i.e. mannose sugars) from Rho-
dotorula acheniorum MC that were 310 kDa and 249 kDa, respec-
tively [100]. Moreover, the CI value obtained from XRD analysis
is matched with the value reported for the mannan EPSs (i.e. EPSs
containing only monomeric mannose units) characterized by semi-
crystalline structures (CI of 0.5) [99].

In vitro biological activity

Antibacterial activity

The antibacterial activity of the EPS was investigated against
E. coli, S. aureus and S. epidermidis (Fig. 3a). EPS at the concentration
of 2 mg/mL inhibited 89.46 ± 1.8 %, and 84.07 ± 0.5 % of bacterial
growth against E. coli and S. aureus, respectively. Besides, the
antibacterial activity of the EPS was more effective on S. epider-
midis compared to E. coli and S. aureus with the antibacterial activ-
ity of 92.56 ± 3 % and 88.78 ± 2.5 % against S. epidermidis at the
concentration of 2 and 1 mg/mL, respectively. According to the
published literature, this is the first investigation on the antibacte-
rial activity of the EPS produced in Papiliotrema genus.

Vazquez-Rodriguez et al. reported that when serial dilutions of
the EPS from R. mucilaginosa UANL-001L were applied against S.
aureus (ATCC 6538), a dose-dependent inhibitory action was
detected. The EPS has the highest antibacterial action, inhibiting
60 % of bacterial growth at doses between 1000 and 2500 ppm.
The EPS was also susceptible to E.coli (ATCC 11229) and P. aerugi-
nosa (ATCC 27853) at 2000 and 2500 ppm, limiting bacterial
growth by 27 % and 24 %, respectively [101]. In another study,
the EPS from Lacticaseibacillus rhamnosus (isolated from human
breast milk) was found to have significant antibacterial activity
against Salmonella enterica serovar Typhimurium and E. coli [26].
When tested against E. coli and S. aureus, the EPS generated by Lac-
tiplantibacillus plantarum C70 isolated from camel milk induced a
2–3 log reduction in viability [102]. The EPS from Aspergillus sp.
DHE6 revealed excellent antibacterial efficacy against the tested
dangerous human pathogens in an agar diffusion assay (S. aureus,
B. subtilis, Bordetella pertussis and P. aeruginosa) [5].

It is worth mentioning that in our future studies, we will under-
take an experimental trial to optimize the minimum inhibitory
concentration capable of reducing microbial growth of the species
tested (using C50 and C90) according to the CLSI protocol. Also,
some appropriate experiments will be planned to do in the future
to determine the bactericidal or bacteriostatic action of EPS against
the pathogenic bacteria tested.

Antioxidant activity

The antioxidant activity of the EPS at different concentrations
(0.1–5 mg/mL) was studied based on DPPH radical scavenging
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activity (Fig. 3b). The results showed a positive relationship con-
cerning the EPS concentrations and the DPPH radical antioxidant
activity. Increasing the EPS concentration from 0.1 mg/mL to
5 mg/mL, improved the scavenging activity from 20% to 37%. The
in vitro evaluations revealed a DPPH antioxidant activity for the
EPS that may be because of its ability to prevent the creation of
hydroxyl radicals via the hydrogen or electron abstraction proce-
dure [103]. Furthermore, the strong abstraction effects of the
hydrogen from mannose monosaccharide units in the EPS may
be responsible for the observed DPPH radical scavenging activity
[104–107]. A few further studies on the antioxidant properties of
EPSs generated from yeasts have been published. For instance,
Wang et al. described that the maximum scavenging level of super-
oxide anion and hydroxyl radicals by the EPS from Rhodotorula sp.
RY1801 is 29% and 84%, respectively [108]. Similarly, EPSs pro-
duced by R. mucilaginosa sp. GUMS16 (28.7 ± 2.62% at the concen-
tration of 7.5 mg/mL), R. babjevae (25.2 ± 1% at the concentration of
10 mg/ml), and Rhodotorula minuta IBRC-M 30,135 (21.8 ± 0.7%, at
the concentration of 10 mg/ml) exhibited concentration-
dependent DPPH radical scavenging activities [52,53,109].
Hemocompatibility test

The hemocompatibility of the EPS was examined at 3 distinct
concentrations (1, 5, and 10 mg/mL) using an anticoagulated
human blood (Fig. 3c). The findings indicated that at all tested con-
centrations of the EPS, there was significantly (p < 0.0001) less
hemolysis (5–6%) compared to the positive control (distilled
water), demonstrating that the EPS did not induce significant
hemolysis or damage to human red blood cells (RBCs). The hemo-
compatibility results showed that even at the high concentration of
the EPS (10 mg/mL), hemolysis was low (5.33 ± 0.4%) which com-
parable to the value of 5% reported in the literature [110]. Our
result showed that the EPS did not have any adverse effect on
the rupturing of RBCs [110]. Similarly, MBF-15 EPS obtained from
Paenibacillus jamilae was also hemocompatible [111].
Cell viability assay

Cell viability is defined as the amount of healthy cells in a sam-
ple, and cell proliferation is an important property that can clarify
the mechanisms underlying the survival or death of cells after
exposure to toxic chemicals [112]. Different cell viability assays
have been developed; some of these monitor metabolic activity,
ATP content, or cell growth to offer a readout of cell health. In this
study, cell viabilities were assessed using adenosine triphosphate
quantification by means of RealTime-GloTM MT Cell Viability kit.

The outcomes of the treatment of human fibroblast (ATCC:CCL-
186) [Fig. 3d] and macrophage (U937, a pro-monocytic human
myeloid leukaemia cell line, ATCC: CRL-1593.2) [Fig. 3e] cell lines
with the EPS at concentrations ranging from 250 to 2000 lg/mL
up to 48 h, are shown in the Fig. 3d&e. Based on the results, the
EPS was cytocompatible at concentrations < 1000 lg/mL. More-
over, using a concentration of 1000 and 2000 lg/mL of EPS on
fibroblast cell line, a higher cell viability value was noted than that
of the control.

The cell viability results of the EPS are consistent with EPS cell
toxicity results reported in the literature. For example, the EPS (100
to 1000 lg/mL) from R. mucilaginosa sp. GUMS16 (a novel cold-
adapted yeast), was biocompatible toward human dermal fibrob-
last (HDF) cell line during 48 h [53]. In addition, the EPS (10 to
1000 lg/mL) from Weissella cibaria EIR/P2 did not have a toxicity
effect against human periodontal ligament fibroblast cells
(hPDLFCs) during 24 h and also showed proliferative effect on
hPDLFCs [113]. In addition, Liu et al. [114], Wang et al. [115], and



Fig. 3. (a) Antibacterial activity of EPS from P. terrestris PT22AV against E. coli ATCC 27195, S. aureus ATCC 25923, and S. epidermidis ATCC 14990. (b) The DPPH radical
scavenging activity of the EPS from P. terrestris PT22AV with L-ascorbic acid as the positive control. (c)Hemocompatibility assay of the EPS from P. terrestris PT22AV on human
red blood cells (RBCs). The results are stated as hemolysis percentage with respect to the positive control (distilled water). The values are the means of 3 independent tests
performed in triplicate ± SD. (d) RLU-RealTime-GloTM cell viability assay of the EPS from P. terrestris PT22AV on human fibroblast cell (ATCC: CCL-186) line after 16 h, 24 h, 40 h
and 48 h of incubation. (e) RLU-RealTime-GloTM cell viability assay of the EPS from P. terrestris PT22AV on human macrophage cell line (U937, a pro-monocytic human myeloid
leukaemia cell line) after 16 h, 24 h, 40 h and 48 h of incubation. Each value is stated as mean ± SEM (n = 3) (*p < 0.05, **p � 0.01, ****p � 0.0001) vs. control group (without
EPS). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

M. Hamidi, Oseweuba Valentine Okoro, G. Ianiri et al. Journal of Advanced Research xxx (xxxx) xxx

9



Fig. 4. (a) Contraction of excisional wounds in rats treated with three distinct concentrations of the EPS from P. terrestris PT22AV, sterile distilled water (as negative control
group) and Phenytoin 1% cream (as positive control group). (b) Percentage wound closure (WC%) in controls and treated groups at different time intervals. Results are stated
as WC% and are the mean ± SD of three individual tests. Data were investigated by means of a two-way ANOVA test, a-d bars that do not share a letter are significantly
dissimilar at p < 0.05. (c) The relationship betweenWC% and different treatment groups. (d)Microscopic images of Hematoxylin and Eosin-stained tissues after 14-days post-
surgery in three different magnifications. (e) Microscopic images of Trichrome Masson-stained tissues after 14-days post-surgery in three different magnifications. Thick
arrow: Crusty scab, E: Epidermis layer, F: Hair follicle, Stars in the negative control group: Disordered connective tissue, Stars in the tests group: Ordered connective tissue.
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Uhliariková et al. [116], found that the EPS from Phomopsis liq-
uidambari NJUSTb1 (between 31.25 and 500 lg/mL), Lactobacillus
plantarum JLK0142 (between 50 and 1000 lg/mL), and cyanobac-
10
terium Nostoc sp. (between 0 and 1000 lg/mL), respectively, had
no toxicity effects on macrophage cell line (RAW 264.7). Moreover,
Jiang et al. determined that the mannan EPS extracted from P. pini
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displayed elevated macrophages-activating ability for enhanced
phagocytosis via nitric oxide production, reactive oxygen species
and tumor necrosis factor [117].
Wound healing

The wound healing effect of the EPS was assessed using a rat
model for 14 d and macroscopic (percentage of wound closure
(WC%)) and microscopic (histopathology) observations were
recorded (Fig. 4a-e). Fig. 4b shows that the WC% for the negative
and positive control groups were 85.3 ± 5.1% and 98.3 ± 4.2%,
respectively. The results highlighted that the EPS facilitated a
dose-dependent WC%, so that the highest WC% was 99.2 ± 4.0%
when a treatment of EPS 10 mg/mL was administered. This highest
WC% due to the EPS was comparable to the WC% due to the appli-
cation of commercial phenytoin 1% cream. Fig. 4c represents the
relationship between WC% and different treatment groups and
indicates that the wound treated with EPS 10 mg/mL resulted in
the best WC%.

The WC is a critical step in the wound healing process and can
be used as a metric for the wound healing efficacy of a biomaterial.
As shown in Fig. 4a-c, the treatment using the EPS accelerated the
WC% and induced a dose-dependent WC%. The induced WC% upon
the treatment using EPS 5 and 10 mg/mL at days 10 and 14, were
statistically significant than the negative and EPS 1 mg/L
(p < 0.0001). Similar to this study, in vivo wound healing ability
of the EPS-Ca6 generated by Lactobacillus sp.Ca6 strain was tested
by Trabelsi et al. On the 9th day, the WC% in rats treated with
EPS-Ca6 was 89.4%, and on the 13th day, it was 97.91%. Also, they
reported 77.16% and 80.62% of WC% in the physiological serum
groups, respectively. There were no significant differences between
the ‘‘Cytol Centella�” (positive control) and the EPS-Ca6 treated
groups of rats [118]. Therefore, our finding is consistent with ear-
lier research that the natural and complete WC% takes place by the
21st post-wounding day [118–120].

The histopathological evaluation using H&E and MT staining
was performed to evaluate the wound healing progression under
treatment with the EPS at the microscopic scale. Fig. 4 d&e show
that in the negative control group (without treatment), the epider-
mal layer has not completely shaped after 14 d. Additionally, the
infiltration of polymorphonuclear inflammatory cells (PMNs) was
apparent in this group. Partial formation of the epidermal layer
was observed under treatment with the EPS at concentrations of
1 mg/mL and 5 mg/mL. Although, in these groups (negative control,
1 mg/mL and 5 mg/mL treatment groups), the wound was covered
by a crusty scab and the presence of PMNs was evident, indicating
that the healing process has not been completed. In the group trea-
ted with EPS 10 mg/mL, the epidermal layer was formed, and seba-
ceous glands and hair follicles were observed (Fig. 4 d&e). MT
staining was utilized to stain collagen fibers creation and distribu-
tion under treatments during the healing process. As shown in
Fig. 4e, the highest collagen fibers synthesis and maturation were
observed in EPS 10 mg/mL group.

To maximize regeneration and repair, skin wound healing is a
multistage process involving various cellular and molecular inter-
actions that affect cell behaviors and dynamic remodeling of extra-
cellular matrix [121]. Inflammation, proliferation, and remodeling
are the three steps that make up the wound healing process
[122]. The proliferative and remodeling stages are less common
in chronic wounds. The wound is still in the inflammatory phase,
which inhibits tissue regeneration and prevents it from healing.
Thus, targeting and treating the cellular and molecular causes of
persistent wound inflammation may be an effective way to heal
the wound [122]. Furthermore, the wound-healing process’ effi-
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cacy is dependent on the balance of proinflammatory and pro-
regenerative signals mediated by cytokines [123].

Platelets are triggered at the site of blood vessel rupture after
skin damage and stimulate clot formation to limit blood loss. Pla-
telets also release substances that attract immune cells from the
surrounding bloodstream into the wound. The inflammatory phase
begins at this point. The first to arrive are polymorphonuclear neu-
trophils, followed by monocytes that quickly develop into macro-
phages [122]. To clean the wound, neutrophils produce reactive
oxygen species (ROS), proteases, and pro-inflammatory cytokines.

To clear the wound, macrophages will phagocytose bacteria and
debris. The wound is disinfected and ready for tissue regrowth in
the proliferative phase. Wound cells proliferate and move to
rebuild the destroyed tissue. Endothelial cells, fibroblasts, and ker-
atinocytes are examples of these cells [122].

Natural polysaccharides including microbial EPSs have received
a lot of interest in recent years for their ability to modulate the
inflammatory response during wound healing [124]. For example,
Glucan wound treatment has been demonstrated to boost macro-
phage numbers, and promote fibroplasia, re-epithelialization, and
wound strength [125,126]. Also, Xin et al. showed that in macro-
phages, treatment with water-soluble yeast (WSY) glucan
increased the production of inflammatory mediators (prostaglan-
din E2 (PGE2) and nitric oxide (NO)) as well as pro-inflammatory
cytokines (tumor necrosis factor (TNF)- and interleukin (IL)-6) sig-
nificantly and dose-dependently. Furthermore, WSY glucan admin-
istration caused alterations in macrophage morphology and
increased macrophage phagocytic activity as well as wound heal-
ing in keratinocytes [127]. It is critical to make sure that the mate-
rial used to treat chronic wounds doesnot exacerbate the
inflammatory response [122,128].

In the present study, the animal experiments showed dose-
dependent wound healing effects under treatment with the EPS
from P. terrestris PT22AV. The favorable wound healing effects of
the EPS may be due to mannose facilitated recruitment of fibrob-
lasts, keratinocytes, and macrophages under treatment via the
mannose receptor-mediated migration [129]. Mannose may
reduce the wound inflammation and the quantity of neutrophils
due to its ability to inhibit hyaluronic acid (HA) by depleting uri-
dine diphosphate N-acetylglucosamine as a raw component of
HA bound to the CD44 receptor on neutrophils [130,131]. Mannose
may also attach to the mannose receptor on macrophages inducing
the transformation of M1 into phenotype M2 macrophages by
stimulating the extracellular signal-regulated kinase (ERK) signal-
ing route [132]. The phenotype M2 macrophages may accelerate
the release of Interleukin 10, and transforming growth factor-
beta (TGF-b), which reduces the inflammation phase of wound
healing [133].

Conclusions

The present study investigated the yeast of P. terrestris PT22AV
and its EPS product via an exploration of its structural, morpholog-
ical, compositional, and biological properties as a precursory step
to assessing the wound healing potential of the EPS. The PT22AV
strain was completely similar to the more common strain of P. ter-
restris CBS 10,810 with the EPS product had antibacterial and
antioxidant properties. The EPS from the PT22AV strain had the
potential to enhance wound healing, thus constituting a promising
biopolymer for the fabrication of wound dressings.

In the future, the authors anticipate more enthusiasm toward
research into the development of PT22AV strain-EPS based wound
dressings, with specific research activities focusing on the tuning of
EPS to enhance its mechanical properties. It is the authors’ opinion
that future studies will also seek to explore the fundamental
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molecular mechanisms of EPS-induced wound healing. This knowl-
edge will enhance EPS transistion to clinical trials. Finally, we pre-
dict that the PT22AV strain will potentially serve as an
economically competitive source of the EPS biopolymer due to its
ease of culturing and EPS recovery.
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