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A B S T R A C T   

Immunostimulants play an important role in the treatment of immunodeficiency. Macrophages are the first line 
in our immune defense system and play a critical role in the immune response. Therefore, finding new and better 
substances to induce an immune response by activating macrophages is an attractive research topic, especially in 
the fields of immunopharmacology and cancer prevention. Keratinocytes actively crosstalk with immune cells 
during wound repair, so enhancing the function of keratinocytes is also an important part of improving im
munity. Beta-glucans are naturally occurring polysaccharides, consisting of D-glucose monomers linked by beta- 
glycosidic bonds. Several studies have investigated the immunomodulatory effects of beta-glucan, such as its 
anti-inflammatory and antibacterial properties. However, the use of yeast cell wall glucan has been limited 
because it is not soluble in water. In this study, we produced low-molecular-weight water-soluble yeast glucan 
(WSY glucan) and confirmed various aspects of its immune-enhancing effect. The structure of the beta-(1→3) and 
(1→6) bonds of WSY glucan were confirmed by nuclear magnetic resonance spectroscopy (1H-NMR) analysis. 
Our results showed that treatment with WSY glucan significantly and dose-dependently induced the production 
of inflammatory mediators (prostaglandin E2 (PGE2) and nitric oxide (NO)) and pro-inflammatory cytokines 
(tumor necrosis factor (TNF)-α and interleukin (IL)-6) in macrophages. In addition, WSY glucan treatment 
showed changes in the morphological structure of the macrophages and promoted phagocytic activity of the 
macrophages and wound healing in keratinocytes. Based on these results, WSY glucan is considered as a potential 
candidate for the treatment of diseases related to the weakening of the immune system without the limitation of 
insolubility.   

1. Introduction 

Immune stimulants activate innate immunity and promote the 
release of endogenous immune mediators as an important strategy in the 
treatment of immunodeficiency, chronic infection and cancer [1]. The 
dysregulated immune response in the elderly is mainly due to a weak
ened immune response, leading to an increased risk of infection and 
related complications in the elderly, therefore enhancing the immune 
response is very important for its improvement [2]. In cancer patients, 
activated immune cells such as macrophages and natural killer (NK) 
cells play a crucial role in the selective elimination of tumor cells [3]. 
Macrophages are the first line in our immune defense system and are 
effector cells of the innate immune system, which engulf bacteria and 
produce pro-inflammatory and antimicrobial mediators [1,4]. Macro
phages also play an important role in clearing damaged cells through the 

process of programmed cell death. They phagocytose foreign substances 
such as pathogens, cancer cells, and dying cells, secrete a variety of 
cytokines such as interleukin-1β (IL-1β), interleukin-6 (IL-6), tumor 
necrosis factor-α (TNF-α), and cytotoxic molecules such as nitric oxide 
(NO) and reactive oxygen species (ROS) to regulate innate immunity 
and adaptive immunity [4,5]. Therefore, finding new and better sub
stances to induce an immune response by activating macrophages is an 
attractive research topic, especially in the fields of immunopharmacol
ogy and cancer prevention [6]. As the main cell type in the skin, kera
tinocytes not only serve as structural cells, but also have important 
immune functions in defending the skin from infection [7]. Keratino
cytes actively crosstalk with immune cells during wound repair, which is 
mediated by secreted signaling proteins such as cytokines and chemo
kines or through direct interactions [7,8]. When skin is injured, the 
migration and proliferation of keratinocytes at the wound edge occurs to 

* Corresponding author. 
E-mail address: bioso@biospectrum.com (E. Jung).  

Contents lists available at ScienceDirect 

Biochemistry and Biophysics Reports 

journal homepage: www.elsevier.com/locate/bbrep 

https://doi.org/10.1016/j.bbrep.2022.101256 
Received 21 January 2022; Received in revised form 21 March 2022; Accepted 22 March 2022   

mailto:bioso@biospectrum.com
www.sciencedirect.com/science/journal/24055808
https://www.elsevier.com/locate/bbrep
https://doi.org/10.1016/j.bbrep.2022.101256
https://doi.org/10.1016/j.bbrep.2022.101256
https://doi.org/10.1016/j.bbrep.2022.101256
http://creativecommons.org/licenses/by-nc-nd/4.0/


Biochemistry and Biophysics Reports 30 (2022) 101256

2

initiate re-epithelialization [8]. Therefore, enhancing the function of 
keratinocytes is also an important part of improving immunity [7,8]. 

Beta-glucans are naturally occurring polysaccharides, consisting of D- 
glucose monomers connected by beta-glycosidic bonds [9]. They are 
essential structural elements of the cell wall and store energy in bacteria, 
and fungi (including yeast, algae, and plants), but do not exist in 
invertebrate and vertebrate tissue [10]. Knowledge about the health 
benefits of beta-glucan and its mechanism of action and relationship 
between structure and function continues to be studied [11], but many 
publications investigating the immunomodulating effects of 
beta-glucans such as immune-boosting, anti-inflammatory, and antimi
crobial effects have been reported [10]. However, not all beta-glucans 
have immune-regulating functions. The primary chemical structure of 
the beta-glucan determines these properties. For example, cellulose, a 
type of (1,4)-beta-linked glucan, dose not exert immunomodulatory ef
fects. On the contrary, yeast and fungi-derived beta-glucans, which are 
composed of (1,3)-beta-linked backbone with a small number of (1, 
6)-beta-linked side chains, are well known for their immunomodulating 
activities [12]. The difference of linkage and branching lead to various 
type of beta-glucan, which contribute to the tertiary structure, polymer 
charge, solubility, and the solution form (triple or single helix or random 
coil). Generally, insoluble beta-glucan from the yeast cell wall can be 
utilized as a functional food based on its excellent immune-enhancing 
effect [13,14]. However, cell wall beta-glucan is robust and difficult to 
solubilize, so there are many obstacles in absorption and delivery when 
it is used as a medicinal or cosmetic material. In this respect, improving 
the water solubility of yeast beta-glucan has been the subject of interest. 
The immune-enhancing effect of insoluble glucan has been widely 
studied, but the question of whether soluble glucan is also active in 
affecting the immune system needs to be confirmed in various experi
ments. In this study, we generated hydrolyzed water-soluble yeast 
glucan (WSY glucan) based on biotransformation using enzymes. In 
addition, efficacy experiments were performed to confirm the immu
nomodulatory efficacy of WSY glucan produced in this study. The results 
showed that treatment with WSY glucan significantly induced the acti
vation of immune response and promoted keratinocytes migration. 
Based on our results, WSY glucan demonstrated potential as a candidate 
for the treatment of diseases related to a weakened immune system 
without the limitation of insolubility. 

2. Materials and methods 

2.1. Materials 

Yeast beta-glucan was purchased from FocusHerb LLC (Xi’an, 
China). Depol 667p was purchased from Biocatalysts Ltd. (Parc Nant
garw, UK). Maltotriose (95%, MW 504.44 g/mol), Pullulan 1300 (for 
GPC, MW ~1,300 g/mol), and Pullulan 6000 (for GPC, MW ~5,900 g/ 
mol) were purchased from Sigma-Aldrich (St. Louis, MO, USA). Fetal 
bovine serum (FBS) and Dulbecco’s Modified Eagle Medium (DMEM) 
were purchased from Gibco (Grand Island, NY, USA) and penicillin/ 
streptomycin antibiotics were obtained from Invitrogen (Carlsbad, CA, 
USA). Water-soluble tetrazolium salt (WST-1 solution) was purchased 
from DoGenBio (Seoul, South Korea). Griess reagent, lipopolysaccharide 
(LPS), and TGF β1 were purchased from Sigma-Aldrich. The enzyme- 
linked immunosorbent assay (ELISA) kits for PGE2, TNF-α, and IL-6 
were purchased from R&D Systems, Inc. (Minneapolis, MN, USA). 

2.2. Preparation of water-soluble glucan 

The hydrolyzation of yeast beta-glucan for the water-soluble form 
was carried out based on biotransformation using an enzyme. Five 
grams of yeast beta-glucan were mixed with 100 mL of water using an 
agitator for 1 h, and the suspension was pretreated at 100 ◦C. After 
cooling, the yeast beta-glucan was reacted with Depol 667p (2% w/w 
dry matter) to hydrolyze beta glucan for 3 h at 55 ◦C (pH range is 

5.0–7.0). The reaction mixture was centrifuged at 8,000 rpm and 4 ◦C for 
10 min. Subsequently, the supernatant was filtered by decompression 
with a filter paper having a pore size of 1 μm, and lyophilized and dis
solved in water for this study. 

2.3. High-performance size-exclusion chromatography 

High-performance size-exclusion chromatography (HPSEC) was 
performed on a liquid chromatography system composed of a Waters 
2695 Separation Module and a Waters 2414 Refractive Index Detector. 
Separation was conducted on a Yarra SEC-2000 column (Phenomenex, 
Torrance, CA, USA) with an isocratic mobile phase of water with a flow 
rate of 1 mL/min at 30 ◦C. Maltotriose, and pullulan 1,300 and 6,000 
standards were used as reference molecules. 

2.4. Nuclear magnetic resonance (NMR) spectroscopy 

All NMR spectra were recorded on 500 MHz Bruker ADVANCE II 
NMR machine at the National Center for Interuniversity Research Fa
cilities (NCIRF) at Seoul National University. Dissolve the beta-glucan 
sample in the D2O (Deuterium oxide) at a concentration of 5 mg/mL. 
HSQC data were acquired on a 2048 × 256-point matrix for the full 
spectrum, with 64 scans per increment. HMBC data were acquired on a 
4096 × 256-point matrix for the full spectrum, with 64 scans per 
increment. 

2.5. Cell culture 

Mouse macrophage cell line (RAW 264.7 cells) were purchased from 
the Korean Cell Line Bank (Seoul, South Korea), and the human spon
taneously immortalized keratinocyte cell line (HaCaT) was purchased 
from the Korea Cell Line Bank. The cells were maintained in DMEM 
containing 10% FBS and 1% penicillin/streptomycin, under a humidi
fied 5% CO2 atmosphere at 37 ◦C. 

2.6. Cell viability assay and cell morphology assay 

The cell viability assay was conducted using the WST-1 solution. LPS 
is a large molecule consisting of lipid and polysaccharides found in the 
outer membranes of gram-negative bacteria. Since it is known to stably 
induce a strong immune response, we used LPS as the positive control. 
RAW 264.7 cells were plated at a density of 2 × 105 cells per well in 24- 
well plates and cultured for 24 h. Subsequently, the cells were treated 
with different concentrations of WSY glucan or 100 ng/mL of LPS for 24 
h, and un-treatment group is vehicle as a negative control. After treat
ment, 10 μL of the cell viability assay solution was added to each well, 
and the plate was incubated for 2 h. The absorbance was measured with 
a microplate reader (BioTek Instruments, Inc., Winooski, VT, USA) at a 
wavelength of 450 nm. Cellular morphology was analyzed after 24 h of 
incubation and photographed using an inverted microscope (Nikon Inc., 
Tokyo, Japan). 

2.7. Measurement of nitric oxide production 

RAW 264.7 cells were plated in 24-well culture plates at 2 × 105 cells 
per well. The cells were incubated with indicated concentrations of WSY 
glucan or 100 ng/mL LPS (positive control) for 24 h, and culture su
pernatants were collected. The nitrite levels were measured to assess 
nitric oxide production, it was determined by mixing the cell culture 
supernatant with the same volume of Griess reagent and incubated for 
10 min. The absorbance was measured by using spectrometry at a 
wavelength of 540 nm and calculated by using a sodium nitrite standard 
curve. 
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2.8. Measurement of PGE2, TNF-α by enzyme-linked immunosorbent 
assay (ELISA) 

The levels of PGE2 in the RAW 264.7 macrophages cell supernatants 
was measured by Prostaglandin E2 parameter assay kit, and cytokines 
(TNF-α and IL-6) was measured by mouse TNF-α, IL-6 Quantikine ELISA 
kit according to the manufacturer’s instructions. RAW 264.7 cells were 
incubated with indicated concentrations of WSY glucan or 100 ng/mL 
LPS for 24 h, and culture supernatants were collected and analyzed to 
measure the levels of PGE2, TNF-α, and IL-6. 

2.9. Phagocytosis assay 

Phagocytic activity was evaluated using an EZCell Phagocytosis 
Assay Kit (BioVision, CA, USA), following the manufacturer’s in
structions. Briefly, macrophages were cultured in a 24-well plate for 24 
h, and then treated with WSY glucan at indicated concentrations (10, 50, 
and 100 μg/mL) for 24 h. After incubation, fluorescein isothiocyanate 
(FITC)-labeled E.coli were added to the culture medium at a final dilu
tion of 200:1, and the macrophages were stimulated for 1 h. To stop the 
phagocytosis, the plates were placed on ice for 30 s. The non- 
phagocytosed E.coli were removed by washing with phosphate- 
buffered saline (PBS). After that, the macrophages were fixed with 4% 
paraformaldehyde and stained with rhodamine-phalloidin (5 U/ml) for 
2 h to mark the actin cytoskeleton. After washing three times with PBS, 
the cells were incubated with Hoechst 33342 (Invitrogen, Carlsbad, CA, 
USA) at a concentration of 1 μg/mL for 10 min. The cells were then 
examined using an EVOS fluorescence microscope (Advanced Micro
scopy Group, Bothell, WA, USA.). The numbers of cells were quantified 
and analyzed with a BD FACS Calibur™ flow cytometer and BD Cell
Quest™ Pro Software (Becton Dickinson, San Jose, CA, USA). 

2.10. Wound healing assay 

A scratch wound healing assay was used to determine the wound 
healing activity of WSY glucan in skin cells. Briefly, 2 × 105 HaCaT cells 
per well were seeded in a six-well tissue culture plate in DMEM medium 
containing 10% serum for 24 h. After the cells reached 90% confluence, 
they were scratched with 1000 μL micropipette tips and washed with 
PBS to remove the impaired cells. The cells were then incubated with 
different concentrations of WSY glucan (10, 50, and 100 μg/mL) or 10 
ng/mL TGF β1 (positive control) in serum-free medium for 48 h, and an 
untreated group was used as control group. Cell migration was observed 
under a microscope (Advanced Microscopy Group, Bothell, WA, USA.) 
and analyzed by ImageJ software (National Institutes of Health, 
Bethesda, MD, USA). 

2.11. Statistical analysis 

All experimental data are presented as the mean ± standard devia
tion. The differences between the control group and treatment groups 
were evaluated by one-way ANOVA (SPSS, IBM, Armonk, NY, USA). P- 
values of <0.05, 0.01, and 0.001 were considered statistically 
significant. 

3. Results 

3.1. Identification of low-molecular-weight beta-glucan by HPSEC and 
NMR spectra 

Since Depol™ 667P enzyme commercially available contains a 
standardized blend of glucanases from strains of Trichoderma sp., the 
selective enzyme was used to degrade beta-glucans and other insoluble 
yeast cell wall debris. Furthermore, the heat pre-treatment was carried 
out for the effective enzyme activity, due to the rigid tertiary structure of 
beta-1,3/1,6 glucans [15]. As a result of successful hydrolyzation, the 

aqueous solubility of yeast glucan was increased (Fig. 1A). The effective 
solubilization was believed to be due to the low-molecular-weight 
glucan, which is different from the original molecule. Fig. 1B shows 
the results confirmed by HPSEC analysis, which mostly showed small 
glucans with molecular weights ranging from 500 to 1300 g/mol after 
hydrolysis. In addition, beta-(1→6) branched beta-(1→3) glucan was 
confirmed by NMR analysis (Fig. 1C–F). The peaks between 4.50 and 
4.80 ppm in proton NMR spectrum of glucan are attributed to H-1 of 
glucoses linked beta-(1→3) and (1→6) linkage [16]. The overlapped 
proton signals from 3.20 ppm to 4.00 ppm are assigned to H2–H6 pro
tons in the sugar backbone, and the proton peaks around 5.40 ppm 
corresponds to alpha-anomer of the reducing glucose unit. 

Fig. 1E shows the edited HSQC spectrum giving the same information 
as 13C DEPT-135 experiment where CH and CH3 signals are phased up 
and CH2 signals are phased down [17]. In the DEPT-HSQC spectra, CH2 
and CH peaks are distinguished in red and black. The C-6 carbons of A 
glucose clearly shifted downfield to 68.85 ppm compared with C-6 
carbons (60.41–60.74 ppm) of B and C glucoses with the free OH group, 
at which point the H-6 of peaks attached to the C-6 carbons. Also, the 
correlations at 4.78 and 4.54 ppm for 1H and signals between 102.55 
and 103.02 ppm for 13C were assigned. In addition, long-range couplings 
via the glycosidic bonds were assigned by HMBC analysis. As shown in 
Fig. 1F, a cross peak in a blue rectangle was detected by three-bond 
correlation between C-6 resonance of A glucose and the H-1 signals of 
B glucose. The cross peaks by C-3 and H-1 signals of A and C glucose 
units were also assigned. The NMR data clearly show the presence of 
beta 1,6 branched beta 1,3 glucan. 

3.2. Effect of WSY glucan on the induction of morphological changes in 
RAW 264.7 macrophage cells 

Cell viability was measured using the WST solution and the results 
demonstrated that WSY glucan had no cytotoxicity to RAW 264.7 cells at 
concentrations ranging from 10 to 100 μg/mL, which were used in 
further studies (Fig. 2A). To evaluate the effect of WSY glucan on the 
production of immune mediators, the production of NO and PGE2, and 
the pro-inflammatory cytokines IL-6 and TNF-α were measured. As 
shown in Fig. 2 (B-E), immune mediators release was induced in RAW 
264.7 macrophages by WSY glucan in a dose-dependent manner. Fig. 2F 
presents the cell morphology of macrophage RAW 264.7 cells treated 
with WSY glucan or LPS (100 ng/mL). After 24 h, the cells were 
observed and photographed under an optical microscope (400x 
magnification). In the unstimulated cells (control group), the cell 
morphology was generally circular, whereas the LPS-activated RAW 
264.7 cells changed to an irregular shape while expanding in size and 
forming villi on the surface. Similarly, compared to the untreated group, 
WSY glucan treatment significantly increased cell size, as well as 
spreading, in a concentration-dependent manner (Fig. 2F). Most 
importantly, the attacked macrophages displayed dendritic contours 
with microvilli-like structures across their entire surface, indicating 
definite signs of their immune-boosting ability [18]. These morpholog
ical changes suggest that WSY glucan could induce macrophage activity. 

3.3. Phagocytic activity of WSY glucan in RAW 264.7 cells 

Phagocytosis of foreign substance is a key role of macrophages for 
host defense, which accompanied by change of cell morphology [19]. 
The effects of WSY glucan on the phagocytic activity of RAW 264.7 cells 
were investigated by the EZCell phagocytosis assay kit. As shown in 
Fig. 3A, the immunofluorescence staining results confirmed that the 
phagocytic activity was increased dose-dependently by WSY glucan 
treatment. This result was further confirmed using flow chemistry 
analysis (Fig. 3B–D). The phagocytic activity of cells treated with WSY 
glucan significantly and dose-dependently increase, and at 100 μg/mL, it 
was increased by 85% compared to the untreated control cells (Fig. 3D, 
calculated by mean value). The results indicated that WSY glucan could 
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stimulate the phagocytic activity of macrophages. 

3.4. Wound healing effect of WSY glucan in HaCaT cells 

We examined the effect of WSY glucan on the migration of HaCaT 
cells using a scratch assay. Platelet derived growth factor (PDGF), 
epidermal growth factor (EGF), fibroblast growth factor (FGF), and are 
endogenous growth factors, as is transforming growth factor (TGF)-β1. 
They are released from some T cells at the site and are presumed to be an 
essential part of wound healing [20,21]. By measuring the cell migration 
area in the scratch, the percentage recovery of the treated cells was 
calculated compared to the controls. As a positive control group, the 
TGF-β1-treated group showed 199% recovery of the scratched wounds, 
and the group treated with 100 μg/mL WSY glucan showed 187% re
covery (Fig. 4). 

4. Discussion 

Recently, yeast-derived beta-glucan has attracted attention for 
cosmetic, food additive, and medicinal purposes, and has also demon
strated beneficial effects on the outcome of various diseases [22]. 
However, the use of yeast cell wall-glucan has been limited because it is 
not soluble in water. In this study, we produced soluble yeast glucan by 
performing enzymatic hydrolysis. The results of HPSEC analysis 
confirmed that mostly small glucans with molecular weights ranging 
from 500 to 1300 g/mol were produced by hydrolysis. These results 
indicate that the application range of yeast beta-glucan can be broad
ened by reducing the molecular weight. Molecular weight and branch
ing structures are considered important for biological activity [23]. For 
beta-glucan found in yeast, it is composed of a (1,3)-beta-linked back
bone with a small amount of (1,6)-beta-linked side chains [12,24]. The 
ability of beta-1,3 and 1,6-glucans to activate innate immunity of cells 

Fig. 1. Identification of low-molecular-weight beta-glucan by HPSE C and 1H-NMR. (A) The solubility of Yeast beta-glucan (a) and WSY glucan (b) in water 
(0.5% w/w). (B) HPSEC analysis of WSY glucan with standard references of maltotriose 504, and pullulan 1300 and 6000. (C) Core chemical structure of yeast beta 
glucan (n = repeating unit), (D) 1H NMR, (E) DEPT-HSQC, and (F) HMBC spectrum of WSY glucan. 
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depends on their branched structure. And beta-1,3-glucan without any 
side chains (branches) has no effect on activating macrophages [23]. 
Therefore, the linkage type of WSY glucan was confirmed by 1H-NMR 
spectral analysis, and the structure of beta-(1→3) and (1→6) bonds was 
confirmed. In addition, the relative proportion of beta (1→6)-linked 
glucans were determined to be 52.1% of the total linkages. The rather 
high content of beta (1→6) bonds was thought to be due to the small 
cleavage of glucan by the enzymatic reaction. 

When activated by various stimuli, the phagocytic activity and 
ability of macrophages to kill ingested microorganisms was increased 
and cytokines and immune mediators, modulating cellular immune re
sponses, are produced [25,26]. The present study showed that WSY 
glucan significantly and dose-dependently potentiated the secretion of 
pro-inflammatory cytokines (IL-6 and TNF-α) by macrophages and 
enhanced inflammatory mediator (NO and PGE2) production which play 
an important role in many physiological processes including immune 
regulation and the inflammatory response by participating in cell-to-cell 
communication [27]. Two modes of action may be associated with the 
effect of beta-glucan immunostimulatory activity on wound healing. 
One is through indirect activation by various macrophage cytokines, and 
the other is through direct effects on keratinocytes and fibroblasts [28]. 
In previous studies, Seo et al. showed that beta-glucan promoted 
epithelial migration and dermal activation [29]. Cell migration is one of 
the essential steps in the proliferation phase and wound closure in the 
wound healing process [30]. Our scratch wound healing assay showed 
that WSY glucan treatment caused a marked increase in the wound 
repair capability of the HaCaT cells. 

After facing stimuli, the morphology of macrophages is changed due 
to the development of lamellipodia and filopodia from exterior bound
aries, which are hallmarks of the immune response [31]. Thus, to 

investigate the effect of WSY glucan on macrophage architecture, cell 
morphological changes were observed after treatment with various 
doses of WSY glucan. As presented in the results, the WSY glucan at all 
concentrations tested induced dynamic morphologic changes and 
enhancement of the phagocytic activity in RAW 264.7 macrophages. 
When beta-glucan receptors are combined with beta-1,3/1,6 glucan, 
immune cells including macrophages can improve all immune functions 
including phagocytosis, the release of certain cytokines such as TNF-α, 
IL-6, IL-1, interferons, granulocyte-macrophage colony-stimulating fac
tor (GM-CSF), and inflammatory mediators [32]. A previous study re
ported that yeast beta-glucan enhanced immune activity by binding to 
the Dectin-1 receptors of macrophages [33,34]. And toll-like receptors 
(TLRs) were recruited to yeast-containing phagosomes where they 
detected fungal components and induced the production of 
pro-inflammatory cytokines [35]. In this research, we did not explore 
the role of WSY glucan in signal transduction and which receptors were 
involved in enhancing immunity. Therefore, it is necessary to study the 
mechanism of WSY glucan in enhancing macrophage immunity further. 

In this study, we produced a soluble low-molecular-weight beta- 
glucan, WSY glucan, and confirmed various aspects of its immune- 
enhancing effects. Based on the results, WSY glucan demonstrated the 
potential as a candidate for the treatment of immune weakening-related 
diseases without solubility limitations. However, it is necessary to 
further determine the therapeutic effect of WSY glucan as an immune 
enhancer in established animal models and clinical trials. 
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Fig. 2. Effect of WSY glucan on the cell viability, and on the production of inflammatory mediators and pro-inflammatory cytokines and morphology of 
murine macrophage RAW 264.7 cells. (A) The cell viability assay was measured using WST-1 assay. (B) The levels of nitrite in the culture media were determined 
using Griess reagent and to reflect NO levels. The levels of (C) PGE2, (D) TNF-α, and (E) IL-6, in the culture medium were measured using an ELISA kit. The results are 
expressed as the mean ± standard deviation (SD) (n = 3). *p < 0.05, **p < 0.01, and ***p < 0.001 vs. controls. (F) Cellular morphology was assessed after 24 h of 
incubation and photographed using an inverted microscope (400x magnification). 
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Fig. 3. Phagocytic activity of WSY glucan in RAW 264.7 cells. (A) The phagocytic activity of macrophages was evaluated using the EZCell phagocytosis assay kit 
and observed by EVOS fluorescence microscopy, the scale bars are 100 μm. (B–D) The phagocytic activity of macrophages determined by flow cytometry. The results 
are expressed as the mean ± standard deviation (SD) (n = 3). **p < 0.01 and ***p < 0.001 vs. controls. 

Fig. 4. Wound healing effect of WSY glucan in HaCaT cells. (A) Cell migration was observed using a microscope and (B) analyzed by ImageJ software. The scale 
bars are 1000 μm. The results are expressed as the mean ± standard deviation (SD) (n = 3). **p < 0.01 and **p < 0.001 vs. controls. 
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