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Abstract 

Inflammation, oxidative stress, and intestinal barrier dysfunction are closely 

interconnected in the development of many chronic disorders. Natural polysaccharide-

protein (PSP) complexes from Cordyceps sinensis strain Cs-HK1 offer a sustainable 

source of multifunctional biomacromolecules with potential therapeutic and nutritional 

applications. This research systematically investigated two distinct types of PSPs: an 

extracellular PSP obtained from the liquid fermentation medium of Cs-HK1 

(EPS-derived PSP), and an ultrasound-released PSP (US-PSP) derived from ultrasonic 

disruption of the mycelial fermentation broth, which releases intracellular PSP 

conjugates that combine with extracellular components. 

The EPS-derived PSP was fractionated by stepwise ethanol precipitation. After the 

high-molecular-weight fraction was precipitated at 40% ethanol (v/v), additional 

ethanol was added to the supernatant to a final concentration of 80% (v/v) to recover 

the low-molecular-weight fraction (EPS-LM). EPS-LM had an average molecular 

weight of 6.58 × 10⁵ Da and consisted of polysaccharide and protein components 

forming a typical polysaccharide-protein complex. In RAW264.7 macrophages, EPS-

LM demonstrated potent anti-inflammatory and antioxidant activities by suppressing 

LPS-induced nitric oxide and reactive oxygen species production and inhibiting 

activation of the TLR4/MyD88/NF-κB signaling pathway. Co-immunoprecipitation 

analysis further confirmed that EPS-LM disrupted the association between TLR4 and 
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MyD88, thereby suppressing downstream inflammatory signaling and cytokine 

production. 

Further evaluation in Caco-2 epithelial cells revealed that EPS-LM effectively 

mitigated H₂O₂-induced oxidative stress, restored the activities of antioxidant enzymes 

(SOD, GSH-Px, CAT), and normalized NRF2-NQO1 redox signaling. It also 

reinforced epithelial barrier integrity, as evidenced by increased transepithelial 

electrical resistance, reduced fluorescein permeability, and upregulated expression of 

tight-junction proteins (Occludin, ZO-1, and Claudin-1). Activation of the ERK 

signaling pathway enhanced the stability of these junctions, indicating the potential of 

EPS-derived PSP as a functional ingredient for intestinal health. 

To extend the functional applications of Cs-HK1-derived PSPs, the ultrasound‑released 

PSP (US‑PSP) was obtained through ultrasonic disruption of the mycelial fermentation 

broth, followed by enrichment using an alkali‑solubilization and acid‑precipitation 

method. The resulting US-PSP fraction was then utilized to develop a pH-induced, 

solvent-free quercetin-PSP complex as a natural carrier for poorly water-soluble 

flavonoids. The complex exhibited a uniform particle size, high encapsulation 

efficiency, and excellent thermal and ionic stability. Spectroscopic analyses confirmed 

that hydrogen bonding and hydrophobic interactions were the major driving forces for 

complex formation. Complexation with PSP significantly enhanced the antioxidant and 

anti-inflammatory activities of quercetin and increased its intestinal bioaccessibility to 
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approximately 70%, nearly five times that of free quercetin under simulated 

gastrointestinal conditions. 

In conclusion, Cs-HK1-derived PSP complexes demonstrate dual bio-functional and 

delivery potential. The EPS-derived PSP functions as a potent anti-inflammatory, 

antioxidant, and barrier-protective agent, while the US-PSP serves as an effective 

biocompatible carrier that improves the stability, activity, and bioavailability of 

hydrophobic nutraceuticals such as quercetin. These findings provide fundamental and 

applied insights into the development of PSP-based functional foods, nutraceutical 

formulations, and health products targeting inflammation, oxidative stress, and 

intestinal health. 
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Chapter 1 Introduction 

Inflammation, oxidative stress, and intestinal barrier dysfunction are interlinked drivers 

of many chronic diseases. Acute inflammation is indispensable for host defense and 

tissue repair, but when persistent or improperly resolved it sustains the production of 

proinflammatory cytokines and enzymes, fosters aberrant tissue remodeling and 

fibrosis, and contributes to pathologies such as inflammatory bowel disease, metabolic 

syndrome, cardiovascular disorders, neurodegeneration, and cancer (Ahmed, 2011). 

Oxidative stress, an imbalance between reactive oxygen/nitrogen species and 

endogenous antioxidant defenses, exacerbates this trajectory by inducing lipid 

peroxidation, protein carbonylation, and DNA damage, while activating 

redox‑sensitive pathways that amplify inflammation and cell death (Birben et al., 2012). 

The intestinal epithelial barrier, maintained by tight junction proteins (e.g., Occludin, 

Claudins, ZO-1), is especially vulnerable: barrier disruption increases paracellular 

permeability, facilitates translocation of endotoxins and antigens, provokes mucosal 

inflammation and dysbiosis, and can propagate systemic inflammatory responses 

(Camilleri et al., 2012; Turner, 2009). 

Cordyceps sinensis (Ophiocordyceps sinensis), a famous medicinal fungus, provides a 

tractable source of bioactive macromolecules through submerged mycelial 

fermentation. Compared with scarce and variable wild fruiting bodies, standardized 

mycelial fermentation, as exemplified by the Cs-HK1 strain, offers sustainable, scalable, 

and reproducible production of polysaccharide-protein (PSP) complexes. These 
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naturally occurring complexes feature mannose- and glucose-rich polysaccharide 

backbones that are covalently or physically associated with protein constituents. The 

integration of protein components introduces additional functional groups, such as 

amino, carboxyl, and hydroxyl moieties, that complement those already present in 

polysaccharide chains, enriching the physicochemical diversity of the complexes 

(Augustine et al., 2019; McClements, 2018; Yan et al., 2014). 

Building on these structural features, PSP complexes have emerged as multifunctional 

bioactive macromolecules capable of modulating key physiological processes linked to 

inflammation, oxidative stress, and intestinal barrier dysfunction. Their structural 

diversity-including variations in monosaccharide composition, glycosidic linkage 

patterns, branching degree, molecular weight, and the nature of PSP associations-

determines conformation, solubility, and the ability to engage with biological targets. 

Such structural complexity underlies a broad spectrum of biological activities: these 

complexes can regulate innate and adaptive immune responses, suppress 

pro-inflammatory signaling pathways, scavenge free radicals, activate endogenous 

antioxidant systems, and maintain epithelial integrity through modulation of tight 

junctions (J. H. Li et al., 2024; Xiao et al., 2020). 

Despite the promising bioactivities of PSP complexes, the effective utilization of 

dietary or therapeutic polyphenols remains limited, because many flavonoids, such as 

quercetin, are poorly soluble in water and exhibit low stability and gastrointestinal 

bioavailability (Almeida et al., 2018). To address these challenges, covalently linked 
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PSP complexes can act as multifunctional macromolecules capable of forming 

noncovalent physical interactions with flavonoid polyphenols. The diverse binding 

domains of these complexes, including hydrophobic regions, hydrogen‑bonding sites, 

and aromatic residues, facilitate stable physical associations with quercetin, improving 

its dispersion, colloidal stability, and resistance to environmental degradation. Such 

PSP complex-polyphenol interactions can enhance the apparent bioaccessibility of 

quercetin and reinforce the overall antioxidant and anti‑inflammatory potential of the 

system (Ji et al., 2022; Pan et al., 2014; Shao et al., 2024). 

In this study, submerged mycelial fermentation of Cs-HK1 was employed to obtain 

bioactive covalently linked PSP complexes with integrated structural and functional 

characteristics. These complexes are of particular interest because they combine the 

physicochemical and biological attributes of both polysaccharides and proteins within 

a single covalent framework, enabling the modulation of key processes related to 

inflammation, oxidative stress, and intestinal barrier integrity. Furthermore, the 

physical association of quercetin with the PSP complexes was designed to improve the 

physicochemical stability and intestinal bioaccessibility of this poorly water-soluble 

flavonoid, providing a model for synergistically functionalized biomacromolecules.  
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Chapter 2 Objectives and Significance 

2.1 Objectives 

This study aims to investigate the bioactive properties of polysaccharide-protein (PSP) 

complexes derived from Cordyceps sinensis strain Cs-HK1 mycelial fermentation and 

to develop PSP-based delivery systems for poorly water-soluble flavonoid polyphenols. 

Two distinct PSP samples were investigated: the extracellular PSP secreted into the 

medium (EPS-derived PSP), consisting of extracellular polysaccharide-protein 

complexes naturally secreted by fungal mycelia into the liquid culture medium, and the 

ultrasound-released PSP (US-PSP), obtained by ultrasonic disruption of the mycelial 

fermentation broth, which releases intracellular polysaccharide-protein conjugates that 

mix with the extracellular fraction to form a mixture containing both extracellular and 

intracellular components. 

1.To prepare and fractionate both EPS‑derived and ultrasound-released (US-PSP) 

complexes from Cs-HK1 mycelial fermentation, and to comprehensively characterize 

their molecular properties, including chemical composition, molecular-weight 

distribution, conformational features, and functional groups, to elucidate correlations 

between structural characteristics and potential bioactivities. 

2.To evaluate the biological activities of the PSP fractions, particularly the 

anti-inflammatory, antioxidative, and epithelial-barrier-protective effects of the 
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EPS-derived PSP using relevant cellular models of inflammation, oxidative stress, and 

barrier dysfunction. 

3.To further investigate the mechanisms responsible for the bioactivities of the 

EPS‑derived PSP, focusing on key signaling pathways involved in inflammation, 

oxidative stress, and epithelial junction regulation, as well as potential interactions with 

gut‑related processes.  

4.To design and develop PSP-based delivery matrices using the US-PSP fraction for 

quercetin encapsulation, and to evaluate their encapsulation efficiency, 

physicochemical stability, gastrointestinal dispersibility, in vitro digestion behavior, 

and overall bioaccessibility. 

2.2 Significance 

Inflammation, oxidative stress, and intestinal barrier dysfunction are intricately 

interconnected processes that are central to the pathogenesis of numerous chronic 

disorders. Despite extensive mechanistic insights (Ahmed, 2011; Anderson et al., 2012; 

Birben et al., 2012), conventional therapeutic strategies such as antibiotics, 

corticosteroids, and low molecular weight antioxidants remain limited by adverse 

effects, drug resistance, and suboptimal long-term efficacy. These constraints highlight 

an urgent need for safer, food grade bioactive suitable for preventive or adjunctive 

management of inflammation associated diseases (Rao, 2025). 
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Natural PSP complexes, particularly those derived from medicinal fungi, are 

recognized as biological response modifiers (BRMs) with bioactivity functions (Wu, 

2015). The Cs-HK1 strain, derived from Cordyceps sinensis, is noteworthy for its 

capacity to produce substantial amounts of PSP through mycelial fermentation. 

Characterizing these PSP fractions will elucidate how their structural attributes relate 

to antioxidant, anti-inflammatory, and barrier supporting functions, thereby providing 

mechanistic insights into the coupled axes of inflammation, redox imbalance, and 

epithelial dysfunction. The findings will advance understanding of food derived 

macromolecular networks that act at multiple biological levels to maintain intestinal 

and systemic homeostasis. 

Furthermore, numerous flavonoid polyphenols such as quercetin exhibit potent in vitro 

antioxidant and anti-inflammatory activities but suffer from poor aqueous solubility, 

chemical instability, and low gastrointestinal bioavailability (C. Chen et al., 2022). 

Developing biocompatible PSP based delivery matrices offers a promising, food safe 

strategy to address these limitations by enhancing dispersibility, protecting against 

digestive degradation, and improving the bioaccessibility of hydrophobic polyphenols. 

The Cs-HK1PSP with flavonoid compounds exemplifies a synergistic approach that 

bridges the gap between naturally occurring bioactive and practical functional food or 

nutraceutical applications. 

Collectively, this research provides a comprehensive platform for elucidating the 

compositional, functional, and mechanistic basis of Cs-HK1 PSP and for developing 
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PSP based carrier systems that potentiate flavonoid activity. The anticipated outcomes 

possess dual significance: scientifically, they contribute to a fundamental understanding 

of fungal macromolecular interactions underlying anti-inflammatory and antioxidative 

processes; industrially, they support the rational design and commercialization of 

evidence based functional foods and health products targeting the inflammation-

oxidative stress-barrier dysfunction axis. 
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Chapter 3 Literature Review 

3.1 Bioactive macromolecules in fungi 

Medicinal and edible fungi constitute one of the most valuable natural resources for the 

discovery of novel bioactive substances. Rare species such as Cordyceps have been 

used for millennia in traditional Asian medicine and continue to serve as model 

organisms in modern biotechnology. These fungi exhibit a wide spectrum of 

pharmacological and health-promoting effects, including immunomodulation, 

enhancement of stress resistance, anti-inflammation, and metabolic regulation, which 

have been progressively validated by modern pharmacological studies  (Hobbs, 2023). 

The structural and functional diversity underlying these effects primarily originates 

from the bioactive macromolecules that fungi synthesize during growth and 

development, notably polysaccharides, proteins, and a variety of PSP conjugates. These 

macromolecules have become a focal point of research at the crossroads of chemistry, 

immunology, and functional food science due to their high efficacy, low toxicity, and 

ecological sustainability (Li et al., 2020).  

3.1.1 Polysaccharides as predominant functional components 

Polysaccharides are natural carbohydrate polymers formed by monosaccharide residues 

linked through glycosidic bonds. In evolutionary terms, they play dual roles-serving as 

structural frameworks (e.g., chitin, β-glucans) and as energy reserves (e.g., glycogen, 

trehalose) (Kabir et al., 2022a; B. w. Xu et al., 2024). However, during the past few 
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decades, their function has expanded beyond these basic physiological roles. Fungal 

polysaccharides exhibit bio-regulatory and signaling activities that are rare among 

natural biomolecules, positioning them as a cornerstone of modern nutraceutical and 

immunopharmacological research (Mohammed et al., 2021). 

The biological functions of fungal polysaccharides are intimately tied to their structural 

characteristics. β-D-glucans from Ganoderma lucidum and Lentinus edodes, mannose-

rich polymers from Cordyceps sinensis, and heteropolysaccharides from 

Tremella fuciformis are prime examples of molecules whose activity depends on 

molecular weight, degree of branching, solubility, and spatial conformation (Khan et 

al., 2015). In many cases, β-1,3 and β-1,6 linkages form triple-helix structures that are 

recognized by pattern recognition receptors (PRRs) expressed on macrophages, 

dendritic cells, and neutrophils (Batbayar et al., 2012). Once engaged, these receptors, 

including Dectin‑1 (dendritic cell‑associated C‑type lectin‑1), complement 

receptor 3 (CR3, also known as CD11b/CD18), and Toll‑like receptors 2 and 4 (TLR2 

and TLR4), activate nuclear factor kappa‑B (NF‑κB), mitogen‑activated protein 

kinase (MAPK), and phosphatidylinositol‑3‑kinase/protein kinase B (PI3K/Akt) 

signaling cascades, leading to the production of cytokines and reactive oxygen species 

that are essential for innate and adaptive immune activation (Xiao et al., 2020). 

Beyond immunostimulation, fungal polysaccharides exhibit context-dependent 

bidirectional regulation. Under inflammatory conditions, they suppress excessive 

activation of NF-κB and nucleotide-binding oligomerization domain-like receptor 
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family pyrin domain-containing 3 (NLRP3) inflammasomes, reduce the release of 

proinflammatory mediators such as tumor necrosis factor-alpha (TNF-α) and 

interleukin-1 beta (IL-1β), and induce M2 macrophage polarization, thereby promoting 

tissue repair and immune tolerance (Y.-Y. Zhu et al., 2024). These molecular processes 

translate into a broad physiological activity spectrum encompassing antioxidant, 

antiviral, anti-hyperglycemic, and hepatic-protective effects. Importantly, such 

multifaceted actions reflect the polysaccharides’ ability to act on multiple targets and 

interconnected pathways, which is a distinctive advantage over single-target synthetic 

drugs (B. w. Xu et al., 2024). Collectively, the complexity of fungal polysaccharide 

architectures confers them a biological versatility that continues to inspire applications 

from immune adjuvants and anti-tumor co-therapeutics to prebiotic food additives 

aimed at modulating the gut microbiota and metabolic balance. 

3.1.2 Fungal proteins as precision functional molecules  

In parallel with polysaccharides, fungal proteins constitute another core class of 

bioactive macromolecules. Proteins are linear polymers of amino acids that fold into 

unique three-dimensional conformations, conferring them highly specific biological 

functions (Dhara & Nayak, 2022). Within fungi, many secreted or cell-associated 

proteins have evolved precise mechanisms to interact with host molecules, functioning 

as enzymes, ligands, or immunomodulators that fine-tune host pathways (Erjavec et al., 

2012). 
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Among these, the fungal immunomodulatory proteins (FIPs) form the best-

characterized group. Ganoderma lucidum produces FIP LZ-8, a ~13 kDa homodimeric 

protein rich in β-sheet structure. It binds T-cell receptors and mediates 

NF-κB-dependent signaling, thereby adjusting Th1/Th2 cell responses, enhancing 

immune vigilance under suppression, or damping hyperactivation when inflammation 

is excessive (Liu et al., 2020). Such bidirectional immunoregulation presents clear 

advantages over non-specific immunostimulants. 

Another widely studied category includes lectins, fungal proteins widely distributed in 

Volvariella volvacea and other species that participate in cell recognition, signaling, 

and immune modulation. Fungal lectins bind specifically to glycoconjugates on tumor 

cell surfaces, disturbing membrane signaling and triggering apoptosis or growth arrest 

(Glorani, 2019). Their glycan-selective recognition also contributes to anti-viral 

attachment inhibition, representing a bridge between innate defense and targeted 

therapy. Enzyme-based proteins, including copper- and manganese-containing 

oxidoreductases such as superoxide dismutase (SOD) and laccases, further contribute 

to antioxidative defense by scavenging free radicals and maintaining redox homeostasis 

(Erjavec et al., 2012). Moreover, several small peptides isolated from G. lucidum and 

Cordyceps militaris exhibit angiotensin-converting enzyme (ACE) inhibition, offering 

natural antihypertensive potential (Ahmed et al., 2024a). These emerging findings 

illustrate that fungal proteins are not only metabolic catalysts but also signaling 

molecules with therapeutic potential. 
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3.1.3 Polysaccharide-protein complexes and synergistic actions 

Although both fungal polysaccharides and proteins exhibit unique bioactivities, their 

individual applications face inherent limitations (Dhara & Nayak, 2022; Erjavec et al., 

2012). Polysaccharides, while potent immunomodulators and generally recognized as 

safe for consumption, often display structural heterogeneity, limited receptor specificity, 

and poor membrane permeability, which constrain their precision in regulating cellular 

responses (Kabir et al., 2022b). Conversely, fungal proteins possess high catalytic 

activity and molecular selectivity, making them effective in targeted biological 

processes; however, they are structurally unstable, being prone to denaturation or 

proteolytic degradation under adverse environmental conditions such as extreme pH or 

heat (Dhara & Nayak, 2022).  

To address these drawbacks, the integration of polysaccharides and proteins into linked 

complexes effectively overcomes the limitations of each single component by 

combining their complementary strengths. The polysaccharide moiety forms a 

protective hydrophilic matrix that stabilizes proteins, enhances resistance to enzymatic 

digestion, and improves mucosal adhesion, whereas the protein fraction contributes to 

structural and immunological specificity that underlies receptor interactions and 

signaling activation (Ahmad et al., 2024; c Ooi & Liu, 2000; Fontes-Candia et al., 2025). 

This synergistic molecular architecture enables coordinated interaction with multiple 

targets, sustained biological responses, and optimized pharmacokinetic performance 

compared with either component alone (c Ooi & Liu, 2000). 
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In fungi, polysaccharides and proteins naturally coexist as covalently or noncovalently 

linked complexes, forming intrinsic macromolecular assemblies that give rise to 

enhanced and fine-tuned biological activities (Li et al., 2023; Q.-Z. Li et al., 2019). 

Such complexes integrate the broad-spectrum immune recognition of polysaccharides 

with the target specificity of proteins, generating multitarget and persistent signaling 

patterns. The polysaccharide framework further enhances protein stability and 

facilitates tissue adhesion, particularly within the intestinal mucosa. A representative 

example is polysaccharopeptide (PSK) from Trametes versicolor, which has been 

clinically approved as an adjuvant cancer therapy owing to its robust 

immunostimulatory and antitumor actions (Winder et al., 2021). Mechanistically, PSK 

activates macrophages, natural killer (NK) cells, and cytotoxic T lymphocytes, 

upregulates the secretion of interleukins and interferons, and concurrently suppresses 

immunosuppressive tumor microenvironments, yielding an integrated 

immunotherapeutic response.  

Similarly, the extracellular polysaccharide-protein complex (EPS-P) isolated from 

Cordyceps Cs-HK1 exhibits prominent anti-inflammatory and antioxidant activities 

through inhibition of NF-κB activation, downregulation of proinflammatory cytokines 

(TNF-α, IL-1β, and IL-6) (Li et al., 2020). Beyond these cases, other fungal PSP 

complexes, such as those derived from Ganoderma lucidum, Lentinus edodes, and 

Flammulina velutipes, have shown synergetic effects in immune enhancement, gut 

microbiota regulation, antioxidant defense, and metabolic modulation (Jun Hui Li et al., 
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2024; Zhao, Gu, et al., 2024) . Collectively, these findings suggest that the conjugated 

configuration of PSPs not only stabilizes labile protein structures but also facilitates 

receptor cross-activation on immune and epithelial cells, leading to cooperative and 

sustained signal amplification. With their dual functional architecture and 

biocompatible nature, PSP complexes hold promise as next-generation multifunctional 

biomaterials for nutraceutical, pharmaceutical, and biomedical applications. They can 

serve as smart delivery vehicles that protect bioactive compounds, improve mucosal 

adhesion, and enable controlled immune or metabolic regulation.  

Taken together, the interplay between fungal polysaccharides, proteins, and their 

conjugated complexes highlights the remarkable molecular versatility of fungi. These 

macromolecules not only function as protective and signaling agents within the fungal 

organism but also provide a diverse reservoir of bioactive candidates for modern 

medicine, nutrition, and functional food development. The representative molecules, 

their structural characteristics, cellular targets, and biological functions are summarized 

in Table 3-1. 
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Table 3-1 Functions and mechanisms of fungal polysaccharides, proteins, and polysaccharide-protein complexes. 
Category Sources Structural features Research models Targets Biological activities References 

Polysaccharide 
(β-glucans) 

Ganoderma 
lucidum, Lentinus 
edodes 

β-1,3/β-1,6 
linkages; 
triple-helix 

In vitro macrophages; 
murine tumor models 

Dectin-1, 
CR3, 
TLR-2/4 

Immunomodulation, 
antitumor, antiviral 

(Batbayar 
et al., 
2012; Xiao 
et al., 
2020)  

Polysaccharide 
(mannose-rich) 

Cordyceps 
sinensis mycelia 

Mannose/glucose 
backbone, branched 
chains 

PC12 oxidative 
model; animal stress 
model 

ROS 
scavenging, 
NF-κB 
inhibition 

Antioxidant, 
neuroprotection 

(Huang et 
al., 2013b; 
Leung et 
al., 2006) 

Polysaccharide 
(heteropolysacchari
de) 

Tremella 
fuciformis 

Mannose, fucose, 
xylose-rich 

Clinical & food 
applications 

Gut mucosal 
adhesion; 
PRRs 

Moisturizing, 
hypoglycemic, gut 
barrier 

(Khan et 
al., 2015; 
Wu, 2015) 

Protein (FIPs) FIP-LZ8 
(Ganoderma 
lucidum) 

~13 kDa small 
protein 

T-lymphocyte assays; 
animal models 

T-cell 
receptors; 
NF-κB 
balance 

Bidirectional 
immunoregulation 

(Liu et al., 
2020) 

Protein (Lectins) Volvariella 
volvacea, others 

Glycan-binding 
domains 

Tumor cell models Glycans on 
tumor cell 
surface 

Antitumor, apoptosis 
induction 

(Glorani, 
2019) 

Enzymatic proteins  Pleurotus; Asper
gillus species 

Cu/Mn‑containing r
edox enzymes 

Antioxidant, 
oxidative stress  
animals 

ROS and O₂⁻• 
scavenging 

Antioxidant; anti‑agin
g; hepatoprotective 

(Erjavec et 
al., 2012) 
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ACE‑inhibitory pep
tides/proteins 

Ganoderma lucid
um; Cordyceps mi
litaris 

Low‑MW (< 5 kDa) 
hydrophobic peptide
s 

Enzymatic hydrolysat
es; ACE activity assa
ys 

ACE active‑si
te inhibition 

Antihypertensive activ
ity 

(Ahmed et 
al., 2024a) 

PSP complex 
(PSK) 

Trametes 
versicolor 

Covalently linked 
glycan–peptide 
(~100 kDa) 

Cancer adjuvant 
therapy (Japan) 

PRRs + T-cell 
signaling 

Immunostimulatory, 
antitumor adjuvant 

(Winder et 
al., 2021) 

PSP complex 
(Cs-HK1 EPS) 

Cordyceps 
Cs-HK1 

Mixed glycan-
protein 

Cell/animal 
inflammation  

NF-κB, 
cytokine 
balance 

Anti-inflammatory, 
antioxidant 

(Li et al., 
2020) 

Emerging  
complexes 

Hericium erinace
us; Flammulina v
elutipes 

Glycoproteins (20-
150 kDa); high carb
ohydrate ratio 

Gut‑microbiota or ne
uroprotection studies 

PRRs; EGFR; 
STAT3 signal
ing 

Neuroprotective; gut‑i
mmune modulation 

(Contato & 
Conte-
Junior, 
2025) 
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3.2 Acquisition of fungal bioactive macromolecules 

To further explore these bioactive macromolecules and elucidate their functions, 

reliable methods for acquisition, extraction, purification, and structural analysis are 

essential. The processes of extracting, purifying, and identifying polysaccharides from 

complex fungal materials constitute a systematic and technically demanding workflow. 

Typically, this workflow involves several stages: pretreatment, extraction, purification, 

and structural characterization. 

3.2.1 Fungal polysaccharides 

Fungal polysaccharides are among the most extensively studied bioactive 

macromolecules, exhibiting immunomodulatory, antioxidant, and anti-inflammatory 

properties (Guo et al., 2023). Their extraction forms a critical step that determines both 

yield and structural integrity. 

Hot-water extraction remains the most classical and widely applied technique due to its 

safety and simplicity, though it often requires long processing times (Barbosa et al., 

2020). To enhance efficiency, microwave-, ultrasound-, and enzyme-assisted extraction 

methods have been increasingly used to disrupt fungal cell walls and accelerate solute 

transfer, achieving higher yields and retaining biological activity (Cheong et al., 2016). 

Recent studies emphasize the integration of multiple extraction modes to balance 

process efficiency and molecular stability (Yang et al., 2022). 
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After extraction, fractional precipitation using stepwise ethanol addition (typically 30-

90%) is commonly employed to separate polysaccharides according to molecular 

weight, while maintaining food-grade safety. To improve homogeneity and purity, 

anion-exchange and gel-filtration chromatography are often combined for higher 

resolution, yielding distinct neutral and acidic fractions (J. Yan et al., 2019). Despite 

extensive progress, large-scale production remains hindered by cost and the complexity 

of multi-step processes. 

Compositional and structural analyses typically integrate colorimetric, 

chromatographic, and spectroscopic methods. The phenol-sulfuric acid assay is the 

standard for total carbohydrate content (DuBois et al., 1956), while high performance 

liquid chromatography (HPLC), ultra performance liquid chromatography mass 

spectrometry (UPLC-MS), and gas chromatography mass spectrometry (GC-MS) 

provide reproducible profiles of monosaccharide composition. High-performance 

gel-permeation chromatography coupled with light-scattering detection enables precise 

determination of molecular-weight distribution. Complementary structural elucidation 

through methylation analysis, nuclear magnetic resonance (NMR), and MS based 

fragmentation reveals glycosidic linkage patterns and conformational features such as 

triple helix structures  (Galermo et al., 2018). Representative extraction, purification, 

and analytical methods for fungal polysaccharides, together with their main parameters, 

advantages, and limitations, are summarized in Table 3-2a. 
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Table 3-2a Extraction, purification, and analytical methods for fungal polysaccharides. 

Step Method Principle & parameters Yield / Application Advantages / Limitations References 

Extraction Hot water extraction 
Boiling for several 
hours 

~30% yield; Pleurotus 
ostreatus 

Safe, classical / Low 
selectivity, time-consuming 

(Barbosa et al., 
2020) 

Extraction Microwave-assisted (MAE) 1300 W, 5 min 
6.2% yield; Cordyceps 
mycelia 

Fast, efficient / Possible 
degradation 

(Cheong et al., 
2016) 

Purification 
Stepwise ethanol 
precipitation 

30-90% ethanol 
gradient 

Fractionated EPS; 
Hericium erinaceus 

Simple, food-grade / Low 
resolution 

(Chou et al., 
2019) 

Purification Ion-exchange (DEAE) Separation by charge 
Neutral vs acidic 
polysaccharides 

High selectivity / Labor 
intensive 

(J. Yan et al., 
2019) 

Purification 
Gel filtration 
(Sephadex/Sepharose) 

Size-exclusion 
separation 

Homogeneous 
polysaccharides 

Precise MW / Costly, not 
scalable 

(Liu et al., 
2015) 

Analysis HPGPC + MALLS/CAD 
MW distribution 
profiling 

2-200 kDa 
Sensitive, accurate / Requires 
standards 

(L. F. Li et al., 
2022) 

Analysis 
Monosaccharide 
composition 

Hydrolysis + GC-MS / 
PMP-HPLC 

Glucose, mannose, 
galactose, etc. 

High sensitivity / Hydrolysis 
variability 

(Song et al., 
2024) 
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3.2.2 Fungal proteins 

Fungal proteins represent another major class of bioactive macromolecules exhibiting 

diverse enzymatic, structural, and therapeutic functions (Ahmed et al., 2024a; Rojas-

Osnaya et al., 2024). Their extraction and purification are technically challenging 

because the rigid chitinous cell wall restricts release, and proteins themselves are highly 

sensitive to heat, shear stress, and extreme pH conditions. 

The isolation of intracellular proteins requires effective disruption of the fungal cell 

wall composed mainly of chitin, glucans, mannans, and structural proteins. Physical 

approaches, such as liquid-nitrogen grinding, bead milling, ultrasonication, and 

high-pressure homogenization, are routinely applied at the laboratory or pilot 

scale (Gupta & Roy, 2021; Zin et al., 2025). These methods efficiently liberate 

intracellular proteins but may risk partial inactivation due to nonselective mechanical 

disruption. In contrast, extracellular proteins secreted into the culture broth, including 

hydrolases, antioxidant enzymes, and fungal immunomodulatory proteins, can be 

directly recovered by centrifugation and ultrafiltration or salting out, which better 

preserves native conformation but typically yields lower quantities (Rojas-Osnaya et 

al., 2024). 

To enhance recovery and functional stability, green and solvent-based extraction 

strategies have gained prominence. Sub-critical water, super-critical CO₂, 

ultrasound- and microwave-assisted techniques, and emerging deep-eutectic solvent 
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systems enable efficient cell disruption and protein solubilization under mild conditions 

that minimize denaturation (Ahmed et al., 2024a; Pobiega et al., 2024). Buffer systems 

such as Tris-HCl remain widely used for their stabilizing effect on proteins and 

peptides (Choohan et al., 2022; Rojas-Osnaya et al., 2024), while solvent mixtures 

(acetone, ethanol, or isopropanol) are applied to recover hydrophobic or 

membrane-associated proteins. 

Enzymatic extraction represents an alternative mild and selective approach, commonly 

employing proteolytic enzymes such as pepsin, trypsin, or alkaline protease. Process 

optimization through statistical techniques, including orthogonal design and response 

surface methodology, is increasingly adopted to maintain protein integrity while 

maximizing yield. Combined physical and enzymatic systems (e.g., ultrasound assisted 

enzymatic extraction) have been highlighted as green and efficient techniques for 

isolating active proteins and bioactive peptides (Ahmed et al., 2024a) . 

After crude extraction, precipitation and chromatographic purification steps are 

required to concentrate and refine protein products. Salting-out and pH-induced 

precipitation offer simple, economical solutions for large-scale concentration (Alvarez 

& Enriquez, 1988), whereas gel-filtration, hydrophobic-interaction, and affinity 

chromatography achieve higher resolution and purity, albeit with greater cost. 

Additionally, membrane-based separations, such as microfiltration and ultrafiltration, 

have proven effective for concentrating or desalting thermolabile proteins while 

avoiding thermal denaturation (Ahmed et al., 2024a). 
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Following extraction and purification, accurate quantification and characterization of 

the obtained proteins are essential to evaluate product quality, yield, and structural 

integrity. Total protein content is usually determined by Bradford, Lowry, or 

bicinchoninic acid (BCA) assays (Bradford, 1976; Lowry et al., 1951; Smith et al., 

1985), while sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) 

and two-dimensional electrophoresis (2-DE) are applied to assess purity and 

molecular-weight distribution. These electrophoretic fingerprints have been used to 

compare fungal strains and evaluate product quality (Li et al., 2018; Li et al., 2017). 

Furthermore, amino-acid composition analysis by automated HPLC analyzers provides 

quantitative insight into nutritional value and structural characteristics (J. Li et al., 

2022). Representative extraction, purification, and analytical methods for fungal 

proteins, along with their main features and limitations, are summarized in Table 3-2b.
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Table 3-2b Extraction, purification, and analytical methods for fungal proteins. 

Step Method Principle & parameters Yield / Application Advantages / Limitations References 

Extraction 
Physical disruption (LN₂ 

grinding, bead milling) 

Mechanical cell wall 

breakage 

High recovery; 

intracellular proteins 

Simple, effective / Limited 

scalability 
(Zin et al., 2025) 

Extraction 

Ultrasound-assisted 

enzymatic extraction 

(UAEE) 

25 °C, 100 W, 3.2 h + 

protease 

45% protein, 16% peptide; 

C. militaris 

Mild, preserves bioactivity / 

Costly, enzyme residues 

(Ahmed et al., 

2024b) 

Purification 
Salting-out (ammonium 

sulfate) 

Precipitation by ionic 

strength, pH 
Crude protein isolates 

Inexpensive, scalable / Risk of 

denaturation 

(Alvarez & 

Enriquez, 1988) 

Analysis SDS-PAGE / 2-DE 
Electrophoretic 

separation 

Protein purity, MW; QC in 

C. sinensis 

High resolution / Labor 

intensive 
(Li et al., 2017) 

Analysis Amino acid analyzer 
Hydrolysis + HPLC 

quantification 

Amino acid composition; 

nutritional analysis 

Nutritional insight / 

Destructive method 
(J. Li et al., 2022) 
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3.3 Cordyceps sinensis and its fermented mycelia 

Among various medicinal fungi, Cordyceps sinensis has attracted considerable 

scientific and pharmacological interest owing to its unique entomopathogenic life cycle 

and diverse therapeutic activities (Zhang et al., 2012). The following sections 

summarize its biological features, cultivation strategies, and the structural and 

functional properties of its fermentation products. 

3.3.1 Biological characteristics and traditional applications 

Cordyceps sinensis commonly referred to as the caterpillar fungus, is an 

entomopathogenic complex formed through the parasitic infection of ghost moth larvae 

(Hepialidae) by the fungus in Figure 3-1. Following infection, the larval host is 

gradually mummified and colonized by fungal mycelia, from which a characteristic 

fruiting body emerges. C. sinensis, classified under the phylum Ascomycota, order 

Hypocreales, and family Clavicipitaceae, is regarded as the most extensively 

investigated species in the genus Cordyceps. Naturally, it is endemic to the high-altitude 

environments of the Tibetan Plateau, encompassing regions of Tibet, Qinghai, western 

Sichuan, and parts of Yunnan and India, where it has long been valued as a traditional 

Chinese medicine (Chen et al., 2013a). 

Its unique life cycle involves the fungus infecting the larva and forming a sclerotium 

during winter, absorbing host nutrients, and then producing a fruiting body in summer-

hence its name resembling both insect and plant. Cordyceps contains various bioactive 
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components, including polysaccharides, proteins, nucleosides, and peptides, conferring 

both nutritional and medicinal value. It has long been celebrated in traditional Chinese 

medicine as the “king of medicinal fungi” (Zhang et al., 2012). With rising demand for 

healthcare products and medicinal resources, the limited yield and high price of wild 

Cordyceps can no longer meet market needs, making artificial cultivation essential. Two 

main approaches are applied: solid-state cultivation using agricultural substrates, and 

liquid submerged fermentation that enables large-scale mycelial production within a 

short time (Yan & Wu, 2014). 

 

Figure 3-1 Cordyceps sinensis fruiting body-caterpillar complexes: morphology and 

natural habitat (Paterson, 2008). 
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3.3.2 Artificial cultivation and fermentation technology 

(Oh et al., 2007) reported that cultivation at 25 °C and mildly acidic initial pH 4-5, 

using sucrose (40 g/L) with yeast extract (6 g/L) and polypeptide (2 g/L) plus 

KH2PO4/K2HPO4 and MgSO4·7H2O, supported vigorous growth and substantial 

extracellular biopolymer output. In a 5 L stirred-tank, maximal dry biomass (28 g/L) 

was obtained at 300 rpm, whereas extracellular biopolymer production peaked (2.5 g/L) 

at a milder agitation (150 rpm), underscoring shear/oxygen-dependent morphological 

control (looser, hairier pellets at higher aeration) as a lever for secretion. Size-exclusion 

profiling resolved three extracellular biopolymer fractions with distinct molecular 

weights (1831, 27, and 2.2 kDa) and compositions-mannose/galactose-rich 

polysaccharide moieties and protein moieties enriched in acidic/nonpolar amino acids 

(Asp, Glu, Gly, Val)-implicating protein-carbohydrate architecture in biofunction. 

In larger-scale studies, the research group of Wu Jianyong at The Hong Kong 

Polytechnic University isolated the Cs-HK1 strain from wild Cordyceps collected in 

the Qinghai-Tibet Plateau. Fermentation in shake flasks or pilot-scale bioreactors 

yielded 20-25 g/L dry mycelia and 2-5 g/L extracellular polysaccharides (Yan & Wu, 

2014). Kinetic studies revealed a strong correlation between extracellular 

polysaccharide synthesis and mycelial growth. During the exponential growth phase, 

polysaccharide content increased rapidly, whereas it plateaued during the stationary 

phase. Moreover, the chemical composition of extracellular polysaccharides varied 

with fermentation time: early-stage polysaccharides contained higher protein 
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proportions and lower sugar content, whereas later-stage polysaccharides exhibited 

increasing sugar content and decreasing protein ratios, suggesting a biosynthetic 

process in which a protein backbone is gradually extended by polysaccharide chains, 

consistent with the formation of polysaccharide-protein complexes (Leung et al., 2009). 

3.3.3 Polysaccharides-protein complex from Cs-HK1 mycelial fermentation  

Research on the PSP complexes derived from Cordyceps sinensis (Cs-HK1) has 

undergone systematic development since 2009, progressing from crude extracts to 

detailed structural characterization and mechanistic elucidation at the signaling level. 

In the early stage, (Leung et al., 2009) obtained crude extracellular polysaccharides 

(EPS) from Cs-HK1 culture supernatants by ethanol precipitation. The preparation 

contained approximately 65-70 % carbohydrate and 25 % protein, forming a typical 

β-D-glucan-based polysaccharide-protein complex with branched chains. It exhibited 

antioxidant activity (TEAC ≈ 35-40 µmol Trolox g⁻¹; FRAP ≈ 50 µmol Fe²⁺ g⁻¹), and 

the activity correlated positively with protein content, suggesting that the protein 

moieties contributed significantly to free-radical scavenging. Subsequently, (Wang et 

al., 2011) purified an acidic PSP fraction using DEAE-52 cellulose ion-exchange 

chromatography followed by Sephadex G-75 gel filtration. The fraction consisted of 

about 70 % carbohydrate and 30 % protein with a Man: Glc: Gal molar ratio of 4 : 11 : 1. 

Rich in carboxyl groups and negatively charged, it enhanced macrophage phagocytosis 

and nitric oxide production, indicating a dual role of the polysaccharide–protein 

complex in immunomodulation and antioxidation. (Huang et al., 2013b) further 
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fractionated the EPS by gradient ethanol precipitation to obtain three components 

(EPS-P1, P2, and P5) with increasing protein but decreasing carbohydrate content. 

Electron microscopy revealed spherical architectures composed of intertwining 

polysaccharide and protein chains; the higher the protein proportion, the stronger the 

antioxidant and cytoprotective effects, suggesting a synergistic relationship between 

the carbohydrate and protein components. 

(J. Y. Wu et al., 2014) isolated a low-molecular-weight O-linked polysaccharide-

protein complex (Cs-GP1) from the low-molecular fraction of EPS (EPS-2) using 

Superdex 75 gel filtration and DEAE-cellulose purification. Cs-GP1 contained about 

30 % carbohydrate and 52 % protein, with a molecular weight of 6 kDa. The 

polysaccharide moiety, composed of glucose and mannose (3.2: 1), was covalently 

linked to a peptide backbone enriched in Asp, Glu, and Gly residues. FT-IR and NMR 

spectroscopy confirmed its O-linked structure. Cs-GP1 showed exceptionally high 

antioxidant capacity (TEAC ≈ 1180 µmol Trolox g⁻¹; FRAP ≈ 610 µmol Fe²⁺ g⁻¹) and 

effectively protected PC12 neuronal cells against H₂O₂-induced oxidative injury, 

revealing the potential of low-molecular polysaccharide–protein complexes in 

neuroprotective oxidative stress defense. (Cheung et al., 2015) employed an ultrasonic 

disruption–ethanol precipitation process to extract intracellular and extracellular PSP, 

obtaining a broad molecular-weight distribution (1-670 kDa) of PSP complexes (30-

60 % carbohydrate, 10-70 % protein). The low-molecular species generated by 

ultrasonication exhibited greater solubility, higher bioavailability, and stronger 
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antioxidant and anti-apoptotic activities, effectively protecting PC12 cells from 

oxidative damage. 

(Li et al., 2020) obtained a low-molecular EPS fraction (EPS-LM; 25.5 % carbohydrate, 

20.1 % protein, major peak at 3.6 × 10⁵ Da) through a two-step ethanol precipitation 

procedure and confirmed it as a stable PSP complex. EPS-LM significantly inhibited 

LPS-induced NF-κB activation and suppressed the production of NO and IL-1β 

(IC₅₀ < 5 µg mL⁻¹), demonstrating prominent anti-inflammatory activity and 

representing a functional transition from antioxidative to signaling-level 

immunoregulatory mechanisms. Building on these findings, (Y. Y. Zhu et al., 2024) 

further confirmed that EPS-LM remained an active PSP complex and elucidated its 

molecular mechanism. Mechanistic studies showed that EPS-LM suppressed TLR4-

MyD88 interaction and NF-κB p65 nuclear translocation, thereby reducing the levels 

of NO, IL-1β, and ROS. These results provide clear evidence that the complex exerts 

dual anti-inflammatory and antioxidant actions through modulation of the 

TLR4/MyD88/NF-κB signaling pathway. The structural characteristics and 

representative bioactivities of these PSP complexes are summarized in Table 3‑3.
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Table 3-3 Structural features and biological activities of Cs‑HK1 PSP complexes. 

PSP source Purification method Sugar: protein 
Molecular 

weight  
Main structural features Representative bioactivities 

Crude EPS 

(Leung et al., 

2009)  

Ethanol precipitation 

of fermentation broth 

Sugar ≈ 65-70%; 

Protein ≈ 25% 

≈ 5 kDa –

 > 200 kDa 

β-D-glucan backbone with 

slight branching; protein 

cross-linking 

Moderate antioxidant activity: 

activity increases with protein 

content. 

Acidic PSP 

(Wang et al., 

2011)  

DEAE-52 anion 

exchange + Sephadex 

G-75 gel filtration 

Sugar ≈ 70%; 

Protein ≈ 30% 
≈ 36 kDa 

Acidic polysaccharide 

containing carboxyl groups; 

Man: Glc: Gal = 4: 11: 1 

Enhances macrophage 

phagocytosis and NO production; 

immunomodulatory and antioxida

nt functions 

EPS-P1, P2, P5 

(Huang et al., 

2013b)  

Fractional ethanol 

precipitation 

(1/5 to 5 vol. ratio) 

Sugar 30 -6%; 

Protein 28-64% 

P1 ≈ 2.5 × 

10⁵ Da; P5 

≈ 16 kDa 

Polysaccharide chains 

intertwined with proteins 

forming spherical complexes 

Antioxidant and cytoprotective ac

tivities increase with protein ratio 
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Glycopeptide C

s-GP1 (J.-Y. 

Wu et al., 

2014) 

Superdex75 gel filtratio

n + DEAE cellulose chr

omatography 

Sugar ≈ 30%; 

Protein ≈ 52% 
6.0 kDa 

Low-MW O-linked glycopept

ide; Glc: Man ≈ 3.2: 1; peptide

 rich in Asp/Glu/Gly 

Strong antioxidant and 

neuroprotective effects against 

H₂O₂-induced oxidative damage  

Ultrasound-Ext

racted PSP 

(Cheung et al., 

2015)  

Ultrasonic cell disrupti

on + ethanol precipitati

on 

Sugar 30-60%; 

Protein 10-

70% (adjustable) 

1-670 kDa  

(broad) 

Sonication enhances solubilit

y and produces low-MW fract

ions 

Enhanced antioxidant and anti-ap

optotic activities; protects PC12 c

ells 

EPS-LM 

(Low-MW Frac

tion) (Li et al., 

2021b)  

Two-step ethanol preci

pitation (second fractio

n). 

Sugar 25.5%; 

Protein 20.1% 

Main 

peak ≈ 3.6 

× 10⁵ Da 

Stable low-MW PSP  

Man: Glc: Gal  

= 7.76: 13.87: 1  

Potent anti-inflammatory and anti

oxidant effects via TLR4/MyD88/

NF-κB pathway 
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3.4 Inflammation, oxidative stress, and barrier function 

3.4.1 Overview of the inflammation-oxidative stress axis 

Inflammation represents a fundamental biological defense mechanism activated by 

mechanical injury, microbial invasion, chemical irritation, or immune disturbance. The 

response involves a coordinated interplay of vascular, humoral, and cellular events, 

including vasodilation, increased permeability, leukocyte recruitment, and secretion of 

various inflammatory mediators that act synergistically to eliminate harmful stimuli 

and initiate tissue repair. Under tightly regulated conditions, this transient inflammation 

is indispensable for host protection and maintenance of internal homeostasis. However, 

when regulatory mechanisms fail, as in persistent infection, metabolic disturbance, or 

autoimmune activation, sterile chronic inflammation emerges. It is characterized by 

sustained cytokine release, oxidative burst, and progressive tissue breakdown. This 

pathological inflammation has been identified as an etiological factor in many disorders, 

including rheumatoid arthritis, inflammatory bowel disease (IBD), metabolic 

syndromes, cardiovascular disease, and cancer (Ahmed, 2011; Harvanová & 

Duranková, 2025; Rajendran et al., 2018).  

A defining molecular hallmark of chronic inflammation is its reciprocal relationship 

with oxidative stress. Activated immune cells, particularly macrophages and 

neutrophils, generate excessive reactive oxygen and nitrogen species (ROS/RNS) 

through NADPH oxidases, nitric oxide synthases, and the mitochondrial respiratory 
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chain. In turn, oxidative intermediates act as second messengers, stimulating 

pro‑inflammatory enzymes and transcription factors such as NF‑κB. This close 

feedback loop, often called the inflammation-oxidative stress axis, allows inflammation 

to self‑amplify and persist even without the initial triggering factor. Persistent ROS 

signaling disturbs cellular redox balance, propagates lipid peroxidation, and damages 

nucleic acids and proteins, thereby reinforcing cytokine overproduction and tissue 

dysfunction (Braunstein et al., 2025). The gastrointestinal epithelium, which is 

continuously exposed to microbial antigens and dietary oxidants, is particularly 

susceptible to this vicious cycle (Altanam et al., 2025). 

3.4.2 Inflammatory cytokine network 

Cytokines serve as molecular conductors orchestrating innate and adaptive immune 

responses. Among them, TNF‑α acts as an early and potent initiator. Released by 

activated macrophages and monocytes, TNF‑α rapidly induces the expression of 

endothelial adhesion molecules such as intercellular adhesion molecule‑1 (ICAM‑1) 

and vascular cell adhesion molecule‑1 (VCAM‑1), facilitating leukocyte rolling, 

attachment, and extravasation into inflamed tissues. At the same time, TNF‑α stimulates 

neutrophils and macrophages to release proteases and additional cytokines, forming a 

cyclical amplification cascade (Opal & DePalo, 2000). IL‑1β complements TNF‑α by 

inducing fever, stimulating prostaglandin synthesis, and promoting hepatic acute‑phase 

responses. IL‑6 bridges innate and adaptive immunity by promoting B‑cell 

differentiation and antibody production while driving systemic metabolic changes. 
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Chemokines such as IL‑8 (CXCL8) provide spatial guidance for neutrophil migration 

to inflammatory sites and play crucial roles in purulent reactions (Dash et al., 2025). 

At the transcriptional level, the NF‑κB pathway governs cytokine regulation. Activation 

of TLR4 by microbial lipopolysaccharides or endogenous ligands initiates the MyD88-

IRAK-TRAF6 signaling cascade, which then activates the inhibitor of kappa B (IκB) 

kinase (IKK) complex. Degradation of inhibitor of IκB frees NF‑κB to translocate to 

the nucleus, where it upregulates, genes encoding TNF‑α, IL‑1β, IL‑6, and 

cyclooxygenase‑2 (COX‑2), thereby amplifying inflammation (Akira & Takeda, 2004). 

Chronic or excessive NF‑κB activation transforms transient inflammation into a 

persistent pathological state, resulting in tissue injury, fibrosis, and even malignant 

transformation (Hayden & Ghosh, 2011). Anti‑inflammatory cytokines such as IL‑10 

counterbalance this process by inhibiting NF‑κB translocation and suppressing 

pro‑inflammatory gene transcription (Dinarello, 2000). The equilibrium between pro‑ 

and anti‑inflammatory cytokines ultimately determines whether inflammation resolves 

or progresses toward chronic disease. 

3.4.3 Oxidative damage and antioxidant defense 

Under physiological conditions, ROS participate in essential signaling pathways such 

as cell differentiation, proliferation, and antimicrobial defense. However, when ROS 

production exceeds the neutralizing capacity of antioxidant systems, oxidative stress 

develops. Major enzymatic sources of ROS include NADPH oxidase (NOX) family 
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members, xanthine oxidase (XO), COX, and mitochondrial complexes I and III, all of 

which generate superoxide anions and hydrogen peroxide as metabolic byproducts 

(Bedard & Krause, 2007; Madamanchi & Runge, 2007). Superoxide radicals induce 

lipid peroxidation, oxidize protein thiols, and damage DNA bases, leading to cellular 

dysfunction, senescence, or apoptosis (Fujii et al., 2022). 

Organisms maintain a multilevel antioxidant defense system to counteract such damage. 

Primary defenses comprise enzymatic scavengers such as superoxide dismutase (SOD), 

which convert superoxide into hydrogen peroxide. The latter is further detoxified by 

catalase (CAT) or glutathione peroxidases (GPx) in cooperation with reduced 

glutathione (GSH). Secondary defenses involve the thioredoxin (Trx) and 

peroxiredoxin (Prx) systems, which maintain protein thiol homeostasis and redox 

signaling integrity (Deneke, 2001; Sies, 2017). 

Central to redox regulation is the Kelch-like ECH-associated protein 1 (Keap1)-nuclear 

factor erythroid 2-related factor 2 (Nrf2) signaling pathway, a cytoprotective 

transcriptional mechanism responsive to oxidative or electrophilic stress. Under basal 

conditions, Nrf2 is sequestered in the cytoplasm by Keap1 and targeted for proteasomal 

degradation via the Cullin 3 (Cul3)-based E3 ubiquitin ligase complex. When oxidative 

stress modifies cysteine residues in Keap1, this inhibition is lifted and Nrf2 translocates 

into the nucleus, where it binds antioxidant response elements (AREs). The resulting 

gene activation, including heme oxygenase‑1 (HO‑1) and NAD(P)H:quinone 

oxidoreductase 1 (NQO1), GPx, and CAT, restores glutathione reserves, maintains 
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NADPH recycling, and re‑establishes redox balance (Kensler & Wakabayashi, 2010; 

Kobayashi et al., 2004). 

A dynamic interplay exists between Nrf2 and NF‑κB pathways. ROS activate NF‑κB 

by inducing IκB phosphorylation and degradation, which increases cytokine release. 

Meanwhile, persistent NF‑κB activation promotes NOX and COX expression, 

producing additional ROS and thereby perpetuating an inflammatory‑oxidative cycle 

(Ozougwu, 2016). Conversely, Nrf2 activation mitigates this cycle by inducing 

antioxidant enzymes and inhibiting NF‑κB nuclear translocation, providing an intrinsic 

“off switch” that differentiates adaptive responses from pathological inflammation 

(Silvestro & Mazzon, 2023). 

3.4.4 Barrier disruption and signaling crosstalk 

The intestinal epithelium is constantly exposed to dietary antigens and microbial 

components. Its tight‑junction (TJ) network, mainly composed of occludin, claudins, 

and zonula occludens‑1 (ZO‑1), functions as a selective barrier between the lumen and 

internal environment. When the integrity of this junctional network is compromised, 

endotoxins and pathogens can translocate across the epithelium, triggering mucosal 

immune activation (Oami et al., 2025). 

Pro‑inflammatory mediators such as TNF‑α and IL‑1β reduce TJ expression and 

phosphorylate cytoskeletal regulators through the myosin light‑chain kinase (MLCK) 

pathway. MLCK‑driven phosphorylation of myosin light chain induces actomyosin 
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contraction, disrupts junctional scaffolds, and increases paracellular permeability (Al-

Sadi et al., 2008; Shen et al., 2006). Oxidative stress further aggravates junctional 

remodeling by modifying junctional proteins and weakening cell adhesion. 

Simultaneously, excess ROS and cytokines promote epithelial apoptosis and suppress 

crypt stem cell proliferation, impairing mucosal repair (Wu et al., 2013).  

The combined effect of NF‑κB‑dependent cytokine production and redox‑mediated 

stress forms a feed‑forward loop that leads to barrier failure and generalized 

inflammation (John et al., 2011).Experimental studies consistently show that the 

sustained activation of the NF‑κB-MLCK axis contributes to “leaky‑gut” pathology, 

characteristic of IBD, diabetes, and obesity (Neurath et al., 2025). 

Protective signaling pathways counteract this damage. Nrf2 activation induces the 

expression of HO‑1, NQO1, and glutathione‑forming enzymes, reducing intracellular 

ROS levels and preserving TJ localization (Wen et al., 2019). In addition, MAPK 

pathways have dual functions: transient extracellular signal‑regulated kinase 1/2 

(ERK1/2) activation facilitates epithelial proliferation and migration during tissue 

restitution, promoting TJ reassembly; in contrast, persistent ERK activation under 

chronic inflammation works synergistically with NF‑κB to aggravate mucosal injury 

(Kuo et al., 2022). 

Taken together, inflammation, oxidative stress, and epithelial barrier disruption 

represent interconnected pathological cascades that reinforce one another through 
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overlapping signaling networks. Persistent activation of the NF‑κB axis, redox 

imbalance, and cytoskeletal remodeling create a self‑perpetuating loop that culminates 

in chronic mucosal injury and systemic inflammation (Rao, 2008).  

Figure 3-2 Schematic illustration showing the inflammation-oxidative stress-barrier 

dysfunction axis and the associated signaling pathways regulating epithelial 

permeability. 
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3.5 PSP complexes as bio carriers and protective agents  

Biopolymers, especially natural polysaccharides and proteins have emerged as 

promising candidates for the design of biodegradable and biocompatible delivery 

systems. Their reactive functional groups, including hydroxyl, carboxyl, amino, and 

sulfhydryl groups, enable extensive intermolecular interactions through hydrogen 

bonding, electrostatic association, and hydrophobic attraction. These molecular 

features allow the fabrication of nanoparticles, hydrogels, films, and microcapsules 

with tunable surface charge, elasticity, and degradation behaviors that can be adapted 

for food, pharmaceutical, and biomedical applications (McClements, 2018). 

Polyphenolic compounds, particularly flavonoids, possess potent antioxidant and 

anti‑inflammatory activities; however, their poor aqueous solubility and chemical 

instability under variations in light, temperature, and pH often result in low 

bioavailability (Santos-Buelga et al., 2023). Encapsulation of these bioactive within 

PSP effectively protects them against oxidative degradation and improves compatibility 

with biological membranes, thus promoting controlled transport along the 

gastrointestinal tract (Liang et al., 2017). 

The performance of carrier systems based on natural polymers largely depends on their 

structural configuration, degree of cross‑linking, and interfacial interactions. 

Polysaccharides encapsulate small or chemically sensitive compounds primarily 

through hydrogen bonding and electrostatic forces. For example, chitosan, a cationic 
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polysaccharide, interacts with negatively charged polyphenols to form stable 

nanoparticles that protect loaded bioactive in acidic environments and enhance 

intestinal absorption through mucosal adhesion (Lawson, 2023). Proteins, owing to 

their amphiphilic nature, can encapsulate hydrophobic or aromatic bioactive via 

noncovalent interactions-for instance, casein and whey proteins effectively stabilize 

phenolic compounds and enable enzyme‑responsive release during digestion (Dönmez 

et al., 2020; Viljanen et al., 2004).  

When polysaccharides and proteins are combined, their complementary 

physicochemical characteristics result in hybrid systems with superior functional 

performance. Electrostatic attractions, hydrogen bonds, and hydrophobic interactions 

drive the self-assembly of these components into cohesive nanocomposites that exhibit 

improved thermal stability, oxidation resistance, and colloidal uniformity. 

Representative examples include chitosan-whey protein and alginate-gelatin 

nanocarriers, which show enhanced encapsulation efficiency, sustained release 

behavior, and increased stability in gastrointestinal environments (Eghbal & Choudhary, 

2018). The integration of polysaccharide flexibility with protein structural versatility 

produces multifunctional and eco-friendly alternatives to synthetic nanocarriers. These 

synergistic interactions between polysaccharides and proteins lead to PSP hybrids with 

enhanced encapsulation efficiency, physiological stability, and tunable interfacial 

behavior, underscoring their crucial role as natural bio-carriers and protective agents 

(Oyervides‐Guajardo et al., 2025). 
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Figure 3-3 Schematic illustration of the noncovalent interaction and aggregation 

mechanism between PSP complexes and flavonoid polyphenols, exemplified by 

quercetin. 

Building upon the structural and functional advantages of PSP hybrids described above, 

recent advances in biopolymer chemistry and biomedical engineering have 

significantly broadened their practical applications. By adjusting their molecular 

architecture and interfacial properties, these hybrid carriers can achieve precise control 

over the loading, protection, and release of bioactive compounds. Within the framework 

of personalized nutrition and multifunctional food design, such structural tunability 

allows the simultaneous and controlled delivery of multiple bioactive, thereby 

promoting synergistic physiological effects (Oyervides‐Guajardo et al., 2025). 
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PSP complexes represent a new generation of natural biopolymeric delivery systems 

that combine adaptability, structural stability, and excellent biocompatibility.  
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Chapter 4 Anti-inflammatory effects of Cordyceps Cs-

HK1 fungus EPS 

4. 1 Introduction 

Inflammation is a fundamental biological response in human body to protect against 

harmful stimuli, such as infections, injuries, and toxins. It plays a critical role in 

initiating defense mechanisms and facilitating tissue repair. Inflammation is beneficial 

and essential for recovery. However, when the inflammatory response becomes 

dysregulated, it can lead to pathological conditions. Chronic inflammation is implicated 

in the progression of numerous diseases, including autoimmune disorders (e.g., 

rheumatoid arthritis, lupus), cardiovascular diseases (e.g., atherosclerosis), 

neurodegenerative disorders (e.g., Alzheimer's disease), and various other chronic 

inflammatory conditions (Medzhitov, 2010; Nathan & Ding, 2010). Given the public 

health impact associated with these diseases, there is an urgent need for novel 

therapeutic strategies for effectively modulating the inflammatory responses and 

preventing or treating inflammation-related pathologies. 

In the search for effective therapeutic options, natural products with anti-inflammatory 

properties have garnered considerable attention. Among these, Cordyceps sinensis (or 

Ophiocordyceps sinensis), generally known as the Chinese caterpillar fungus, has been 

widely recognized in traditional Chinese medicine (TCM) for its therapeutic benefits. 

Traditionally, C. sinensis was used to treat a variety of diseases, including respiratory 

disorders, chronic fatigue, and kidney dysfunction, with its primary functions in TCM  

being to "tonify the kidneys and lungs" and alleviate symptoms of chronic inflammation 

(Chen et al., 2013b). Recent studies have focused on the exopolysaccharides (EPS) 
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produced by the fermented mycelium of C. sinensis (Leung & Wu, 2007). The 

fermentation process has been optimized to produce high yields of bioactive EPS, 

which are secreted by the fungus as part of its extracellular matrix. One strain of C. 

sinensis, known as Cs-HK1, has been isolated and cultured in a controlled fermentation 

process to produce complex EPS. These EPS are further separated into two major 

fractions, EPS-HM and EPS-LM, based on differences in molecular weight and 

chemical composition (Li et al., 2020). Among these, EPS-LM, the lower molecular 

weight fraction, has demonstrated significantly higher anti-inflammatory activity. 

Specifically, EPS-LM has been shown to inhibit lipopolysaccharide (LPS)-induced pro-

inflammatory responses in macrophage cell cultures. This is particularly important as 

LPS is commonly used to induce inflammation in vitro. EPS-LM has been shown to 

effectively suppress the activation of NF-κB, a transcription factor that regulates the 

production of key pro-inflammatory mediators, including nitric oxide (NO), TNF-α, 

and interleukin-8 (IL-8) (Li et al., 2021a). Given the high bioavailability of EPS-LM 

and potent inhibitory effects on inflammation, it was selected for further investigation 

in the present study. This study aims to explore the molecular mechanisms by which 

EPS-LM, derived from fermented mycelium of C. sinensis, exerts its anti-inflammatory 

effects. 

In addition to C. sinensis, polysaccharides from other medicinal fungi and plants have 

been demonstrated significant anti-inflammatory effects. For instance, polysaccharides 

from Ganoderma lucidum (GLP) and Angelica sinensis (ASP-Ag-AP) have been shown 

to modulate the TLR4/MyD88/NF-κB signaling pathway, a key mediator of 

inflammatory responses. GLP has been demonstrated to protect against colitis and 

tumorigenesis by reducing the production of pro-inflammatory cytokines such as IL-

1β, inducible nitric oxide synthase (iNOS), and COX-2 (Guo et al., 2021). Furthermore, 
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GLP enhances gut barrier function and improves microbial dysbiosis, further 

contributing to its anti-inflammatory effects. Similarly, ASP-Ag-AP has demonstrated 

strong protective benefits in animal models of colitis, reducing inflammation and 

modulating gut microbiota and barrier function (Zou et al., 2023). These studies 

highlight the therapeutic potential of natural polysaccharides in managing inflammation 

by targeting key molecular pathways. 

TLR4 acts as a transmembrane pattern-recognition receptor capable of responding to 

various pathogen-associated and damage-associated molecular patterns (Xiao et al., 

2024; G. Xu et al., 2024). Upon activation, TLR4 engages myeloid differentiation factor 

88 (MyD88), initiating a signaling cascade that leads to the activation of NF-κB. This 

activation results in the upregulated transcription of genes encoding inflammatory 

cytokines. Furthermore, the TLR4/MyD88/NF-κB signaling pathway is essential in 

facilitating the inflammatory responses induced by LPS, a constituent of the outer 

membrane of Gram-negative bacteria. Activation of this pathway results in the 

synthesis of pro-inflammatory mediators, including NO and reactive oxygen species 

(ROS). These mediators play a crucial role in the signaling pathways of the human 

immune response but may also cause adverse inflammatory effects and tissue damage 

if generated excessively (Kawai & Akira, 2010; Lu et al., 2008). The 

TLR4/MyD88/NF-κB signaling pathway is a common therapeutic target for anti-

inflammatory natural products, including natural polysaccharides (Wei et al., 2022; Zou 

et al., 2023).  

This study aimed to investigate the anti-inflammatory effects of EPS-LM on LPS-

stimulated macrophages through the TLR4/MyD88/NF-κB signaling pathway. Based 

on the background above, we hypothesize that EPS-LM modulates this signaling 
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pathway, thereby exerting anti-inflammatory effects as shown in our previous studies 

(Li et al., 2021a). Experiments were performed in RAW 264.7 macrophage cell culture, 

which is one of the most popular in vitro models for immunomodulatory and anti-

inflammatory studies. 

4. 2 Materials and Methods 

4.2.1 Preparation of different EPS fractions 

The mycelial fermentation of Cs-HK1 was conducted in shake flasks to produce 

exopolysaccharides (EPS) with different molecular-weight ranges. Unless otherwise 

specified, all cultivations were carried out in the liquid medium reported previously 

(Leung et al., 2009; Li et al., 2020), the liquid medium contained 40 g/L glucose, 5 g/L 

peptone, 1 g/L KH2PO4, 0.5 g/L MgSO4·7H2O and 10 g/L yeast extract. For seed 

culture preparation, PDA-grown Cs-HK1 mycelia were inoculated into 250‑mL 

Erlenmeyer flasks each containing 50 mL of the liquid medium (working volume 20% 

v/v). The flasks were incubated at 20 °C and 200 rpm for 7 days. For scale‑up 

fermentation, 10 mL of the 7day seed culture (4% v/v) was transferred into 1L 

Erlenmeyer flasks each containing 250 mL of the same medium. The flasks were 

shaken at 200 rpm and 20 °C for another 7 days to obtain the main mycelial broth. At 

the end of fermentation, the culture broth was centrifuged at 12,000 rpm for 20 min at 

4 °C to remove the mycelial biomass. The resulting supernatant was subjected to a 

two‑step ethanol precipitation procedure (Li et al., 2021a), as illustrated in Figure 4‑1. 

Absolute ethanol was slowly added to the supernatant with stirring to reach 40% (v/v), 
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followed by standing for 2 h at 25 °C and centrifugation at 9,000 rpm for 30 min. The 

precipitate obtained from this step was collected and, after re‑dissolution in water and 

lyophilization, designated as the higher‑molecular‑weight EPS fraction (EPS‑HM). The 

supernatant from the 40% ethanol step was then adjusted to 80% (v/v) ethanol, left to 

stand at 4 °C for 12 h, and centrifuged at 9,000 rpm for 30 min. The resulting precipitate 

was similarly re‑dissolved and lyophilized to yield the lower‑molecular‑weight EPS 

fraction (EPS‑LM). 

Among the different fractions obtained from the Cs-HK1 culture, EPS-LM was selected 

for detailed characterization and bioactivity evaluation. In our preliminary screening, 

EPS-LM exhibited: (i) a relatively high protein content, suggesting the presence of 

polysaccharide-protein complexes, which are often associated with immunomodulatory 

activity; and (ii) a stronger stimulatory effect on RAW 264.7 cell viability and NO 

production at comparable concentrations than the other fractions. Therefore, EPS-LM 

was chosen as the representative extracellular PSP fraction for in-depth investigation in 

this thesis. 
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Figure 4-1 Major experimental steps for isolation of EPS-LM from Cs-HK1 mycelial 

fermentation and purification process. 

4.2.2 Analysis of EPS composition and molecular weight 

4.2.2.1 Total carbohydrate and protein content 

The total carbohydrate and protein content of EPS-LM were determined by the 

Anthrone test and by Lowry method, respectively. As reported previously (Jun Hui Li 

et al., 2024; Zhao, Huang, et al., 2024), the EPS samples were hydrolyzed at 100°C 

with anthrone reagent in 80% H2SO4 and the absorbance of the sample solutions was 

measured at 620 nm, and converted to total carbohydrate by calibration with glucose as 

a reference standard. The protein content was quantified by measuring absorbance at 

750 nm, using bovine serum albumin (BSA) as the reference standard. 

4.2.2.2 monosaccharide composition 

The monosaccharide composition of EPS-LM was analyzed by PMP-HPLC, following 

the previously published procedure (Li et al., 2021a). In brief, the EPS-LM sample was 
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hydrolyzed in 2 M TFA at 110°C for 4 hours, followed by vacuum evaporation to 

complete dryness. The remaining solid was redissolved in de-ionized water and mixed 

with equal volumes of 0.5 M PMP solution in methanol and 0.3 M NaOH solution, then 

incubated at 70°C for 30 minutes. The reaction was stopped by adding 0.3 M 

hydrochloric acid, then rinsed three times with chloroform, and the aqueous layer was 

collected for high-performance liquid chromatography (HPLC) analysis. An Agilent 

Zorbax Eclipse XDB-C18 column (150 mm × 4.6 mm) was used for the analysis on an 

Agilent 1100 instrument at a temperature of 25°C. The mobile phase comprised a 

potassium phosphate buffered saline solution (0.05 M, pH 6.9) with 15% acetonitrile 

(solution A) and 40% acetonitrile (solution B). Each sample was injected at 20 μL to 

the system detected with UV at 250 nm. The specific monosaccharide peaks were 

identified and quantified by calibration with monosaccharide standards (Sigma, St. 

Louis, Missouri, United States). 

4.2.2.3 Analysis of the Molecular Weight 

The MW of EPS-LM was measured using high-performance size-exclusion 

chromatography (HPSEC) with detection by refractive index (RI) and multi-angle laser 

light scattering (MALLS), as reported previously (Jun Hui Li et al., 2024). The 

instrumental system consisted of a Waters 1515 isocratic pump, two HPSEC columns 

(SB-806 HQ and SB-804 HQ, 7.8 × 300 mm, Shodex, Japan), a 2414 RI detector 

(Waters Co., Milford, MA, USA), and a MALLS detector (DAWN HELEOS II, Wyatt 

Technology, USA). An aliquot of 100 μL sample solution was injected into the system 

and eluted with water as the mobile phase at a flow rate of 0.5 mL/min. The average 

MW of the EPS-LM fractions was calculated using a refractive index increment (dn/dc) 
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value of 0.138 mL/g. Data collection and analysis were conducted using Astra software 

(version 6.1.7, Wyatt Technologies Co., Santa Barbara, CA, USA). 

4.2.2.4 FT-IR Analysis 

An infrared (IR) spectroscopic analysis was performed at room temperature using an 

Avatar 360 Fourier-transform infrared (FT-IR) spectrometer (Thermo Nicolet, 

Cambridge, UK). The analysis covered the spectral range of 4000-500 cm⁻¹ with a 

resolution of 4 cm⁻¹. The solid EPS-LM was pulverized with potassium bromide (KBr) 

powder and pressed into a pellet for FT-IR analysis (Zhao, Huang, et al., 2024). 

4.2.3 Assessment of EPS-LM bioactivities  

4.2.3.1 RAW 264.7 macrophage cell culture  

The in vitro anti-inflammatory activity assays were performed using LPS-stimulated 

RAW 264.7 macrophage cell cultures (Li et al., 2020). Dulbecco's Modified Eagle 

Medium (DMEM), supplemented with 10% fetal bovine serum (FBS), 100 U/mL 

penicillin, and 100 µg/mL streptomycin, all obtained from Gibco Biotechnology Co., 

Ltd. (Grand Island, NY, USA), was used as the base culture medium. All other agents 

related to cell culture, including trypsin, were also obtained from Gibco. The cell 

cultures were maintained at 37°C in a humidified incubator with 5% CO2. 

4.2.3.2 Reagents and antibodies  

Antibodies used included MyD88 (4283S, CST), NF-κB p65 (#8242, CST), 

interleukin-18 (IL-18) (A1115, ABclonal), TLR4 (Sc-293072, Santa Cruz), and β-actin 

(#4970, CST). Additionally, horseradish peroxidase (HRP)-conjugated goat anti-rabbit 

(A0208, Beyotime) and HRP-conjugated goat anti-mouse (A0216, Beyotime) were 
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utilized. LPS from Escherichia coli 0111: B4, along with reagents such as 3-(4,5-

Dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H tetrazolium 

(MTS), 2,7-Dichlorodihydrofluorescein diacetate (DCFH-DA), sulphanilamide, N-1-

naphthyl ethylenediamine dihydrochloride, and phosphoric acid, were sourced from 

Sigma-Aldrich Co. Ltd. (St. Louis, MO, USA). Phenazine methosulfate (PMS) was 

obtained from Promega Corporation (Madison, WI, USA). 

4.2.3.3 Cell viability assay 

Cell viability was assessed using the MTS tetrazolium compound and the electron 

coupling reagent PMS, following the documented procedure (Barltrop et al., 1991). In 

metabolically active cells, dehydrogenases convert MTS into a water-soluble formazan, 

which can be quantified by measuring absorbance. RAW 264.7 cells in the logarithmic 

growth phase were seeded into 96-well plates (100 μL/well) at a concentration of 2 × 

10⁵ cells/mL and incubated for 24 hours. The cells were then treated with EPS-LM at 

concentrations of 25, 50, 100, and 200 μg/mL and incubated for another 24 hours. The 

absorbance of the resulting formazan was measured at 490 nm, with all operations 

conducted without exposure to light. 

4.2.3.4 NO assay  

The amount of NO formed was estimated from the accumulation of the stable NO 

metabolite, nitrite (NO₂⁻), using the Griess assay. Cells were inoculated in 96-well 

plates at a density of 2 × 10⁵ cells/mL, with culture conditions and treatments as 

described in Section 2.1. A reagent mixture of 1% (w/v) sulfanilamide, 0.1% (w/v) 

naphthyl ethylenediamine, and 2% (v/v) phosphoric acid was prepared. Samples were 

incubated with these reagents separately for 10 minutes at 25°C, and optical density 
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(OD) values were measured at 540 nm (Kleinbongard et al., 2002). The amount of 

nitrite was calculated from a NaNO₂ standard curve (0–100 µM). 

4.2.3.5 Intracellular ROS assay (DCFH-DA probe)  

Intracellular ROS levels were quantified using the method described by (Alia et al., 

2005). DCFH-DA is a cell-permeant fluorogenic dye that measures hydroxyl, peroxyl, 

and other ROS activities in cells. Cells were seeded in 96-well plates at a density of 2 

× 10⁵ cells/mL, following the culture conditions and treatments outlined in Section 2.1. 

DCFH-DA is deacetylated by cellular esterase into a non-fluorescent compound, which 

is subsequently oxidized by ROS into 2′,7′-dichlorofluorescein (DCF). DCF 

fluorescence is detected with excitation at 485 nm and emission at 527 nm using a 

microplate reader (Molecular Devices SpectraMax Gemini X). 

4.2.3.6 Western blotting analysis 

The Western blot approach was used to identify the expression of inflammation-related 

proteins, as reported by Li et al., with minor adjustments (Li et al., 2021a). After 

treatment with LPS and EPS-LM, RAW 264.7 cells were collected and washed with 

cold phosphate-buffered saline (PBS, pH 7.4). Ice-cold cell lysis reagent (Catalogue 

#R0278, Sigma-Aldrich, Germany) was used to extract total cytoplasmic proteins, 

including those for IL-18, NF-κB p65, TLR4, and MyD88 detection. Actin served as 

an internal reference. The protein content in the supernatant was measured using the 

bicinchoninic acid (BCA) protein assay kit (Catalogue #23225, Thermo Fisher 

Scientific, Rockford, IL, USA). The lysate protein (20 µg per lane) was separated using 

10% SDS-PAGE and transferred to a polyvinylidene fluoride (PVDF) membrane. The 

membrane was blocked with 5% skimmed milk (w/v) and treated with specific primary 

antibodies overnight at 4°C, followed by the addition of secondary antibodies coupled 
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with horseradish peroxidase. The blots were then developed using enhanced 

chemiluminescence and visualized via autoradiography. 

4.2.3.7 Immunofluorescence and confocal microscopy measurement 

After treatment with LPS and EPS-LM for 24 hours, RAW 264.7 cells were fixed with 

4% paraformaldehyde at room temperature for 10 minutes. The cells were then treated 

with 0.1% Triton X-100 for 5-10 minutes at room temperature, followed by three 

washes with PBS. To block nonspecific antibody binding, the cells were incubated with 

1% BSA in PBS for 30 minutes. After blocking, the cells were incubated with diluted 

primary antibodies against MyD88, TLR4, and NF-κB p65 at 4°C for 1 hour. The cells 

were washed 3-5 times with PBS for 5 minutes each to remove unbound primary 

antibodies. Next, they were incubated with diluted fluorescein isothiocyanate (FITC)-

conjugated secondary antibodies at room temperature for 1 hour in the dark. The cells 

were washed three times with PBS for 5 minutes each to remove unbound secondary 

antibodies. For nuclear visualization, the cells were treated with DAPI (4',6-diamidino-

2-phenylindole) for 5 minutes at room temperature and then washed 2-3 times with PBS. 

Images were visualized using confocal microscopy (Nikon Eclipse Ti2-E live-cell 

imaging system). 

4.2.3.8 Co-immunoprecipitation (Co-IP) assay  

Approximately 1.0×107 macrophage cells were seeded in each 6-cm dish and exposed 

to LPS and/or EPS-LM for 24 hours, followed by protein extraction as described above. 

Immunoprecipitation was performed with slight modifications to the previously 

reported method (Burckhardt et al., 2021). Protein A+G magnetic beads were prepared 

and incubated with antibodies against TLR4 and MyD88 or control immunoglobulin G 

(IgG), followed by washing and resuspension in Tris-buffered saline (TBS). The 
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protein samples were incubated with antibody-bound beads overnight at 4°C, washed, 

and eluted with SDS-PAGE sample buffer. The eluted proteins were separated by SDS-

PAGE and transferred to a 0.45 μm PVDF membrane. Membranes were blocked, 

incubated with primary antibodies overnight, washed, and then incubated with 

secondary antibodies. Detection was performed using chemiluminescence, and images 

were captured and analyzed to assess the expression levels of TLR4 and MyD88. 

4.2.4 Statistical data analysis  

The data were analyzed using GraphPad Prism software (GraphPad Software Inc., La 

Jolla, CA, USA) with one-way analysis of variance (ANOVA) for multiple 

comparisons, followed by Tukey's post hoc test. All numerical data are expressed as 

the mean ± standard deviation (SD) of at least three independent experiments. The 

significance level was set at p < 0.05. 

4.3 Results 

4.3.1 EPS-LM composition and effect on RAW 264.7 cell viability 

As shown in Table 4‑1, EPS‑LM in this study had an average molecular weight of 6.58 

× 10⁵ Da, a sugar content of 18.7 wt%, and a relatively high protein level of 30.0 wt%. 

These values indicate that the present EPS‑LM sample is a high‑molecular‑weight, 

polysaccharide–protein complex. In our previous study on EPS‑LM from the same 

Cs‑HK1 strain (Li et al., 2021a), a major molecular‑weight peak of 3.60 × 10⁵ Da was 

reported, together with a higher total carbohydrate content (25.5 wt%) and a lower 

protein content (20.1 wt%). Although the absolute values differ, both batches were 

produced using the same fermentation conditions and two‑step ethanol precipitation 

workflow, and therefore represent the same EPS‑LM fraction rather than different 
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products. The small variations in carbohydrate and protein levels are within the range 

expected for separate fermentation batches and are likely attributable to minor 

differences in manual handling and environmental conditions (e.g., humidity and 

temperature) during the multi‑step preparation, which can slightly affect precipitation 

efficiency. In both studies, glucose and mannose were the main monosaccharide 

constituents of EPS‑LM, with mannose being more abundant in the present batch. In 

addition, trace amounts of rhamnose and glucosamine were detected in the current 

EPS‑LM sample, whereas these minor components were not reported previously. 

Overall, the main compositional profile and structural features of EPS‑LM are 

consistent between the two batches, and the EPS‑LM used in the present study can be 

regarded as equivalent to that examined by (Li et al., 2021a). 

These batch‑to‑batch variations in sugar and protein contents are likely attributable to 

subtle differences in fermentation and downstream processing. For example, small 

fluctuations in inoculum age, dissolved oxygen, or effective cultivation time may have 

influenced the relative synthesis and secretion of polysaccharides versus extracellular 

glycoproteins. Variations in ethanol precipitation (e.g., mixing efficiency, standing time, 

or temperature control) and subsequent re‑dissolution steps could also have altered the 

co‑precipitation of protein‑rich polysaccharide-protein complexes, thereby increased 

the measured protein proportion and slightly diluted the carbohydrate content in the 

current EPS‑LM preparation. Nevertheless, the consistently high molecular weight and 

the dominance of glucose and mannose as major monosaccharides indicate that the core 

structural features of EPS‑LM were preserved, supporting an overall stability of the 

bioprocess despite minor compositional differences between batches. 

Table 4-1 Chemical composition and molecular weight of Cs-HK1 EPS-LM. 
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Original GPC results shown in Appendix Data Figure A1. 

Sugar (wt%) Protein (wt%) Molecular weight (Da) 

18.71±2.27 30.00±0.05 6.58×105 (±3.32%) 

Monosaccharide composition (molar ratio) 

Mannose Glucose Galactose Rhamnose Glucosamine 

2.191 1.286 1 0.325 0.246 

Figure 4-2 shows the FT-IR spectrum of EPS-LM, which reveals several characteristic 

peaks. The broad and intense peak around 3400 cm⁻¹ is attributed to the axial stretch of 

the -OH group in the glycol chain, indicating the presence of numerous hydroxyl groups 

commonly associated with polysaccharides. Additionally, the peak around 1390 cm⁻¹ 

is due to OH bending vibration, further confirming the abundance of hydroxyl groups 

in EPS-LM. A weak peak around 2911 cm⁻¹ corresponds to C-H stretching vibration, 

suggesting the presence of organic compounds with C-H groups. The peak at 1624 cm⁻¹ 

is characteristic of asymmetric and symmetric vibrations of the ring stretching of the 

carboxylate group, indicating the presence of carboxylate groups potentially related to 

the anti-inflammatory and antioxidant properties of EPS-LM. Absorption peaks in the 

region of 1000-1200 cm⁻¹ are associated with the stretching vibrations of C-O-H side 

groups and C-O-C glycosidic bond vibrations, which are indicative of glycosidic 

linkages and side groups typical of polysaccharide structures. The peak around 1059 

cm⁻¹ is attributed to C-O stretching of pyranoside, particularly in glucose residues. The 

absence of an absorption peak around 1710-1740 cm⁻¹ confirms the absence of 

carboxylic acid groups in EPS-LM. The characteristics of EPS-LM observed in this 
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study are like those reported in previous research on EPS-LM produced by Cs-HK1. 

The FT-IR spectrum shows analogous peaks, suggesting that both studies describe EPS-

LM with certain structural features that could potentially contribute to their comparable 

biological activities (Li et al., 2021a). 

Figure 4-2 FT-IR spectrum of EPS-LM isolated from Cs-HK1 mycelial fermentation 

medium. 

As shown in Figure 4-3, the OD values of the EPS-LM treated groups showed no 

significant difference from the control in the concentration range of 25-200 μg/mL. 

This indicates that EPS-LM is non-toxic to RAW 264.7 cells and promotes cell growth, 

which could be regarded as an immunostimulatory effect of the EPS-LM. 
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Figure 4-3 Effects of EPS-LM treatment on cell viability and proliferation in RAW 

264.7 cells. (Data as mean ± SEM, n = 6. One-way ANOVA followed by Tukey’s 

multiple comparison test: *p < 0.1, **p < 0.01, ***p < 0.001 versus Ctrl). 

4.3.2 EPS-LM reduces ROS and inhibits oxidative stress induced by LPS 

As shown in Figure 4-4, LPS treatment caused a dramatic increase in the ROS level 

(proportional to the fluorescence intensity) of macrophage cells compared with the 

control group. The addition of EPS-LM together with LPS, denoted as LPS+EPS-LM, 

significantly lowered the LPS-stimulated ROS production. The increase in EPS-LM 

concentration from 25 to 200 μg/mL resulted in a more substantial suppression of ROS 

production. These results suggest that EPS-LM can effectively reduce the LPS-

stimulated ROS production in RAW 264.7 cells.   
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Figure 4-4 Effects of EPS-LM on LPS-induced ROS production in RAW 264.7 cells. 

(Data as mean ± SEM, n = 6. One-way ANOVA followed by Tukey’s multiple 

comparison test: ***p < 0.001, ****p < 0.0001 versus LPS). 

4.3.3 EPS-LM effects on LPS-induced morphological changes and NO production 

LPS treatment of the macrophage cells also altered their morphology (Figure 4-5 A-

C). While cells in the control group exhibited a uniform and oval shape, the LPS-treated 

cells showed obvious differentiation into a shuttle shape. This morphological change, 

combined with the results of the NO assay, indicates successful induction of an 

inflammatory response and establishment of the inflammation model. As shown in 

Figure 4-5D, EPS-LM significantly suppressed the LPS-induced production of NO. At 

the maximum concentration tested (200 µg/mL), EPS-LM decreased the LPS-

stimulated production of NO by about 40%. The inhibitory effects of EPS-LM on NO 

production followed a dose-dependent trend in the range of 25-200 µg/mL. 

 

(A) (B) (C) 
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Figure 4-5 Effects of LPS and EPS-LM on RAW 264.7 cells: Morphology of (A) 

Control; (B) LPS-treated; (C) LPS + 200 µg/mL EPS-treated group; (D) NO production. 

(Data as mean ± SEM, n = 6; One-way ANOVA followed by Tukey’s multiple 

comparison test: **p < 0.01, ****p < 0.0001 versus LPS). 

4.3.4 EPS-LM inhibits the TLR4/MyD88/NF-κB pathway to mitigate 

inflammation 

In the present work, IL-18 was chosen as the primary cytokine marker rather than TNF-

α and IL-1β. This selection was based on the following considerations. First, previous 

studies on Cs-HK1 EPS-LM have already reported the induction of classical pro-

inflammatory cytokines such as TNF-α and IL-1β, whereas the role of IL-18 in 

polysaccharide-mediated macrophage activation has received comparatively less 

attention. Second, IL-18 serves as a key link between innate and adaptive immunity and 

is closely associated with inflammasome activation, which may provide additional 

insight into the immunomodulatory mechanisms of EPS-LM beyond the commonly 

studied cytokines. Therefore, IL-18 was measured as a representative cytokine to 

indicate TLR4/MyD88-dependent activation. 

(D) 
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Figure 4-6 shows all the results from western blotting and immunofluorescence labeling 

assessment of the expression of critical proteins in the TLR4/MyD88/NF-κB signaling 

pathway. The Western blotting results (Figure 4-6A) showed that LPS significantly 

increased the expression levels of IL-18, TLR4, NF-κB p65, and MyD88 proteins in 

RAW 264.7 cells, validating its effectiveness in activating the TLR4/MyD88/NF-κB 

pathway and eliciting an inflammatory response. Treatment of the cells with EPS-LM 

dramatically reduced the expression levels of these proteins in LPS-stimulated cells, 

indicating a substantial inhibitory effect on this pathway. 

The immunofluorescence labeling assay provided further evidence for the changes in 

cellular localization and expression of these signaling molecules. The fluorescence 

intensity of TLR4 and MyD88 significantly increased after LPS exposure, indicating 

their heightened expression and involvement in the inflammatory process (Figure 4-6B 

and C). Additionally, LPS exposure prompted the nuclear translocation of NF-κB p65, 

a crucial step for initiating the transcription of inflammatory genes (Figure 4-6D). 

Treatment with EPS-LM significantly decreased the fluorescence intensity of both 

TLR4 and MyD88 after LPS exposure, demonstrating its potent capacity to suppress 

these critical inflammation-inducing proteins (Figure 4-6E and F). This suggests that 

EPS-LM inhibited both the expression and potential activation of these key 

inflammatory mediators. Furthermore, EPS-LM treatment notably reduced the nuclear 

translocation of NF-κB p65 (Figure 6G), indicating its role in obstructing the 

downstream signaling processes essential for initiating the transcription of pro-

inflammatory genes. Therefore, these results provide support to the hypothesis that 
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EPS-LM suppressed the LPS-induced inflammatory responses in the macrophage cells 

by blocking the TLR4/MyD88/NF-κB signaling pathway. 

(E) (F) (G) 

(B) (C) (D) 

(A) 
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Figure 4-6 Western blotting and immunofluorescence analysis of the effect of EPS-

LM on LPS-induced inflammatory protein expression in RAW 264.7 cells: (A) The 

representative bands of IL-18, NF-κB p65, TLR4, and MyD88 were determined by 

Western blotting. Actin were used as internal control; (B) (C) (D) TLR4, MyD88, NF-

κB p65 expression levels in RAW 264.7 cells; (E) (F) (G) Statistical analysis of the 

ratio of green to blue fluorescence for images corresponding to TLR4, MyD88, and NF-

κB p65, respectively. (Data as mean ± SEM, n = 3. One-way ANOVA followed by 

Tukey’s multiple comparison test: ***p < 0.001, ****p < 0.0001 versus LPS). 

4.3.5 Effects of EPS-LM on the interaction between TLR4 and MyD88 

The treatment effects on the interaction between TLR4 and MyD88 were detected via 

co-immunoprecipitation (Co-IP). As shown in Figure 5-6, 24 hours post-LPS 

stimulation, the contact between TLR4 and MyD88 increased considerably, suggesting 

that the TLR4/MyD88 signaling pathway had been successfully induced. However, 

EPS-LM significantly decreased the binding of TLR4 to MyD88, indicating that it 

efficiently disturbed their interaction. This result corroborated the above finding that 

EPS-LM suppressed the expression of TLR4 and MyD88 in LPS-stimulated RAW 

264.7 cells, further proving the concept that EPS-LM exerts its anti-inflammatory 

effects by interfering with the TLR4/MyD88/NF-κB signaling pathway. 

(E) 
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Figure 4-7 EPS-LM reduces the interaction between TLR4 and MyD88 in RAW 264.7 

cells. RAW 264.7 cells were treated with LPS in the presence or absence of EPS-LM 

(50 and 200 µg/mL). Co-IP was performed to assess the interaction between TLR4 and 

MyD88. TLR4 and MyD88 were detected by immunoblotting (IB) in the input and 

TLR4-immunoprecipitated (IP: TLR4) samples. GAPDH was used as a loading control. 

4.4 Discussion 

The results demonstrated that EPS-LM significantly reduced NO and IL-18 levels in 

LPS-stimulated RAW 264.7 cells, indicating its potent in vitro anti-inflammatory 

activity. More specifically, EPS-LM inhibited the expression of TLR4, MyD88, and 

NF-κB proteins, which are critical components of the TLR4/MyD88/NF-κB signaling 

pathway, a key mediator of LPS-induced inflammatory responses. This downregulation 

reduces the generation of inflammatory mediators, suggesting a protective effect 

against LPS-induced cellular damage. By inhibiting the TLR4/MyD88/NF-κB 

signaling pathway, EPS-LM substantially reduces inflammation (Zou et al., 2023). We 

further conducted experiments to investigate the interaction between TLR4 and MyD88. 

The Co-IP experiment was designed to elucidate the molecular interactions between 

TLR4 and MyD88 in the presence and absence of EPS-LM. After 24 hours of LPS 

stimulation, Co-IP analysis revealed a significant increase in the interaction between 
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TLR4 and MyD88, indicating successful activation of the TLR4/MyD88 signaling 

pathway. This interaction is a key step in the cascade that leads to the activation of NF-

κB and the subsequent production of pro-inflammatory cytokines (Akira & Takeda, 

2004). Interestingly, in cells co-treated with EPS-LM and LPS, the Co-IP results 

showed a marked decrease in TLR4 binding to MyD88. This reduction suggests that 

EPS-LM effectively disrupts the critical connection between these two proteins, 

thereby impeding the signaling cascade at an early stage. By preventing the association 

of TLR4 with MyD88, EPS-LM inhibits the subsequent activation of NF-κB p65. By 

inhibiting its activation, EPS-LM significantly reduces the production of inflammatory 

cytokines, thereby mitigating the inflammatory response (Liu et al., 2017). 

The findings from our present study are consistent with earlier research on comparable 

polysaccharides, confirming their anti-inflammatory capabilities. Both EPS-HM and 

EPS-LM, along with total EPS, have been demonstrated to decrease LPS-induced 

activation of NF-κB, a major transcription factor in the inflammatory response (Li et 

al., 2021a). Attenuating NF-κB activation is critical because it induces the transcription 

of pro-inflammatory genes, including those encoding cytokines like TNF-α and 

interleukin-1 beta (IL-1β), which are pivotal in immunological and inflammatory 

responses, particularly during infection and trauma. The NF-κB signaling pathway 

stimulates cytokines, chemokines, and adhesion molecules, thereby controlling 

inflammation, immunity, and cell survival (Barnes & Larin, 1997; Hayden & Ghosh, 

2011).  

Our experiments, building on previous studies (Li et al., 2021a), further demonstrated 

that EPS-LM suppresses the expression of the downstream protein NF-κB p65 by 

inhibiting the upstream pathway components TLR4 and MyD88 and their interactions 
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(Figure 4-8). By inhibiting the interaction between TLR4 and MyD88, EPS-LM blocks 

the activation of NF-κB p65. NF-κB p65 is a key subunit of the NF-κB transcription 

factor complex, responsible for regulating the expression of multiple pro-inflammatory 

genes (S. Y. Zhang et al., 2024). By inhibiting the activation of NF-κB, EPS-LM 

significantly reduces the production of pro-inflammatory cytokines, thereby alleviating 

inflammatory responses. 

Oxidative stress is a key contributor to cellular damage and inflammation, often 

exacerbating the effects of inflammatory stimuli like LPS. Excessive ROS can lead to 

lipid peroxidation, protein oxidation, and DNA damage, which further amplify the 

inflammatory response and contribute to chronic inflammation and tissue damage (Shin 

et al., 2024; Y. Zhang et al., 2024). By suppressing the TLR4/MyD88/NF-κB signaling 

pathway, EPS-LM not only reduces the production of pro-inflammatory cytokines but 

also lowers ROS levels, thereby providing a dual protective effect (Figure 8). The 

reduction of ROS by EPS-LM is particularly significant because oxidative stress and 

inflammation are closely linked processes. ROS can activate various signaling 

pathways, including NF-κB, which in turn promotes the expression of pro-

inflammatory genes. This creates a vicious cycle where inflammation leads to increased 

ROS production, and ROS further amplifies the inflammatory response (Abbas et al., 

2024). By breaking this cycle through the inhibition of the TLR4/MyD88/NF-κB 

pathway, EPS-LM effectively mitigates both oxidative stress and inflammation. 

Furthermore, the antioxidant properties of EPS-LM help maintain cellular redox 

balance. This is crucial for the proper functioning of cellular processes and the 

prevention of apoptosis (programmed cell death) triggered by oxidative damage. By 

preserving cellular integrity and function, EPS-LM supports the overall health and 

viability of cells exposed to inflammatory stimuli. 
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EPS-LM showed a unique and potentially superior ability to suppress both oxidative 

stress and inflammation compared to other well-known anti-inflammatory agents. For 

instance, nonsteroidal anti-inflammatory medicines (NSAIDs), such as ibuprofen and 

aspirin, primarily reduce inflammation by inhibiting cyclooxygenase (COX) enzymes, 

but their impact on ROS levels is limited (Vane & Botting, 1997). Corticosteroids, like 

dexamethasone, effectively suppress pro-inflammatory cytokine production by 

inhibiting the NF-κB pathway, yet they do not directly target ROS, and long-term use 

can lead to side effects such as immunosuppression and metabolic disturbances (Barnes, 

2006). In contrast, antioxidants like N-acetylcysteine (NAC) and vitamin E have been 

shown more effective in scavenging ROS but les in modulating the key inflammatory 

pathways like TLR4/MyD88/NF-κB (Brigelius-Flohé & Davies, 2007; Zafarullah et al., 

2003). EPS-LM was active not only in reducing ROS levels but also inhibiting the 

TLR4/MyD88/NF-κB signaling pathway, thus breaking the vicious cycle where 

oxidative stress and inflammation exacerbate each other (Mittal et al., 2014).  

Figure 4-8 A hypothesized signal mechanism for the protective effects of EPS-LM 

against LPS-induced inflammatory injury and ROS via the TLR4/MyD88/NF-κB 
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pathway: (1) LPS binding to TLR4 activates MyD88, leading to a signaling cascade 

that degrades IκB, releasing and phosphorylating p50 and p65 subunits; (2) these 

subunits form an active NF-κB complex that moves to the nucleus to transcribe pro-

inflammatory cytokines like TNF-α and IL-1β; (3) LPS also induces ROS and NO 

production in mitochondria, contributing to inflammation and damage; (4) EPS-LM 

inhibits TLR4-MyD88 interaction, reducing ROS and NO generation and providing 

anti-inflammatory protection. 

This dual action of anti-inflammation and anti-oxidation through the same signaling 

pathway highlights the multifaceted protective effects of EPS-LM. The molecular 

weight and composition of EPS-LM, as identified in this study, provide further insights 

into its anti-inflammatory potential. The high MW (6.58 × 10⁵ Da) and significant 

protein content (30 wt%) suggest the presence of complex polysaccharide-protein 

formations known to enhance biological activity. Compared to previous findings (Li et 

al., 2021a), our study identified a higher protein content and a different monosaccharide 

composition, with a higher prevalence of mannose and the presence of rhamnose and 

glucosamine. These components interact with specific receptors on immune cells, such 

as Toll-like receptors. These interactions are critical for regulating immune responses 

and lowering inflammation. Larger polysaccharide molecules often have more complex 

and branched structures, enhancing their capacity to engage with immune cell receptors. 

Furthermore, polysaccharide-protein complexes add to this complexity by possibly 

providing numerous binding sites for receptor engagement and promoting a stronger 

anti-inflammatory response (Brown & Gordon, 2003; Li et al., 2020; Willment & 

Brown, 2008). The FT-IR spectrum analysis further confirms the structural complexity 

of EPS-LM, highlighting the presence of numerous functional groups associated with 

bioactivity. The similarities in FT-IR spectra between our study and previous research 
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on EPS-LM from Cs-HK1 underscore the stability and consistency of the fermentation 

process, while the minor differences observed, such as slight shifts in the FT-IR peaks 

corresponding to functional groups (e.g., carboxyl, hydroxyl, or glycosidic bonds), 

might account for variations in bioactivity, particularly in terms of antioxidant and anti-

inflammatory effects. 

Our findings demonstrate the potent anti-inflammatory and antioxidant properties of 

EPS-LM, primarily through its modulation of the TLR4/MyD88/NF-κB signaling 

pathway. This dual action highlights the potential of EPS-LM as a holistic therapy for 

inflammatory conditions. The effectiveness of similar polysaccharides like ASP-Ag-

AP and GLP in reducing colitis via the TLR4/MyD88/NF-κB pathway suggests that 

EPS-LM, which also exerts anti-inflammatory effects through this pathway, may have 

comparable protective benefits against inflammatory conditions such as colitis. While 

our study focused on LPS-stimulated RAW 264.7 cells, the shared mechanism of action 

indicates that EPS-LM might be beneficial in managing various inflammatory diseases. 

We focused on the TLR4/MyD88-dependent signaling pathway for several reasons. 

First, numerous reports have demonstrated that fungal and mushroom-derived 

polysaccharides mainly activate macrophages through the TLR4/MyD88-NF-κB axis, 

leading to the production of pro-inflammatory and immunoregulatory mediators. 

Second, our preliminary inhibitor experiments indicated that blocking MyD88 

markedly attenuated the EPS-LM-induced activation of RAW 264.7 cells, suggesting 

that MyD88-dependent signaling plays a predominant role under the present 

experimental conditions. Third, given the scope and length constraints of this thesis, a 

detailed investigation of the MyD88-independent (TRIF-dependent) branch was not 

undertaken. Nonetheless, we acknowledge that MyD88-independent signaling 
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pathways may also contribute to the overall macrophage response to EPS-LM, and they 

warrant further investigation in future studies. 

By modulating the TLR4/MyD88/NF-κB pathway, EPS-LM reduces inflammation and 

alleviates oxidative damage, demonstrating its potential as a holistic therapy for 

inflammatory conditions. Future research should be focused on in vivo studies using 

animal models of inflammation, such as colitis or arthritis, to verify the bioavailability, 

efficacy, and safety of EPS-LM in complex physiological environments. Following 

successful animal studies, early-phase clinical trials are essential to assess the safety, 

tolerability, and efficacy of EPS-LM in humans, particularly in patients with in-

flammatory disorders such as inflammatory bowel disease (IBD) or rheumatoid arthritis. 

Moreover, combination therapy studies should investigate whether EPS-LM can 

enhance the effects of existing anti-inflammatory or antioxidant treatments without 

increasing side effects. 

4.5 Conclusions  

The present study has detected positively the specific activity of EPS-LM in inhibiting 

the TLR4/MyD88/NF-κB signal pathway which is pivotal for the LPS-induced pro-

inflammatory responses in the macrophage cells. EPS-LM has also been shown to 

suppress the LPS-induced ROS production in the macrophage cell culture. These 

altogether revealed the multifaceted anti-inflammatory effects of EPS-LM, making it a 

promising candidate for further research and development in the treatment of various 

inflammatory and oxidative stress-related conditions, offering a comprehensive 

approach to managing inflammation and protecting cells from damage. However, while 

this study highlights the potential of EPS-LM as a therapeutic agent, further in vivo and 

clinical research is crucial to fully establish its efficacy and safety in humans.  
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Chapter 5 An antioxidative exopolysaccharide-protein 

complex of Cordyceps Cs-HK1 fungus and its epithelial 

barrier-protective effects in Caco-2 cell culture 

5.1 Introduction 

The intestinal epithelial barrier represents the first line of host defense against luminal 

threats, preventing the translocation of pathogens and toxins into the internal circulation 

while selectively allowing nutrient and signal exchange between the host and 

environment (Bischoff et al., 2014). Tight junctions (TJs) are central to this barrier 

system, regulating paracellular permeability and protecting underlying tissues from 

luminal contents (Lu et al., 2013). Disruption of TJ integrity compromises epithelial 

protection, enabling the passage of luminal antigens and microbes. This breach 

provokes immune activation and chronic inflammation, which exacerbate 

gastrointestinal disorders including IBD, irritable bowel syndrome (IBS), and “leaky 

gut syndrome,” and can also contribute to systemic complications such as metabolic, 

autoimmune, and neurological diseases (Camilleri et al., 2012; Dunleavy et al., 2023).  

Oxidative stress, largely driven by the overproduction of reactive oxygen species (ROS), 

plays a pivotal role in TJ disruption. Under physiological conditions, endogenous 

antioxidant systems maintain redox balance; however, during infection or inflammation, 

uncontrolled ROS can damage DNA, proteins, and lipids  (Ngo & Duennwald, 2022; 

Patlevic et al., 2016). Excessive ROS specifically compromises TJ components such as 
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ZO-1, Claudins, and Occludin, leading to their redistribution or degradation, elevated 

paracellular permeability, and increased translocation of luminal substances. This 

barrier breakdown amplifies inflammation and oxidative stress, generating a 

self-perpetuating cycle that further deteriorates epithelial integrity (Kim & Breton, 

2016; Petecchia et al., 2012).  

Among TJ proteins, Claudin-1, Occludin, and ZO-1 play essential structural and 

regulatory roles. Claudin-1 forms selective paracellular barriers between epithelial cells, 

controlling ion and solute permeability, while Occludin contributes to junctional 

sealing and stabilizes interprotein connections with the cytoskeleton (Adil et al., 2021; 

Angelow et al., 2008). ZO‑1, a multidomain cytoplasmic scaffolding protein, anchors 

transmembrane proteins such as Claudin‑1 and Occludin to the actin cytoskeleton and 

mediates dynamic regulation of junctional complexes in response to signaling cues 

(Balda & Matter, 2008; Brunner et al., 2021). Together, these TJ proteins coordinate to 

sustain epithelial cohesion and preserve barrier functionality. 

To counteract oxidative injury, cells activate the Kelch‑like ECH‑associated protein 1-

nuclear factor erythroid 2-related factor 2 (KEAP1-NRF2) axis, a master regulatory 

pathway governing antioxidant and cytoprotective responses. Upon oxidant challenge 

(e.g., H₂O₂), critical cysteine residues on KEAP1 become modified, which disrupts the 

KEAP1-CUL3 complex and allows NRF2 to escape ubiquitin-mediated 

degradation. Accumulated NRF2 translocates into the nucleus and binds to antioxidant 

response elements (AREs), driving the transcription of detoxifying and phase II 
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enzymes such as NAD(P)H: quinone oxidoreductase 1 (NQO1), HO‑1, and 

glutamate‑cysteine ligase catalytic subunit (GCLC). Through these effectors, the NRF2 

pathway restores cellular redox balance, enhances resilience against oxidative stress, 

and contributes to the maintenance of epithelial integrity (Ma, 2013; Suzuki & 

Yamamoto, 2017). 

Natural polysaccharides‑based complexes from food and medicinal sources can 

alleviate oxidative stress and preserve epithelial structure and function, thereby 

maintaining intestinal homeostasis (Huang et al., 2025). By reducing oxidative load, 

these biopolymers modulate NRF2‑regulated genes and promote intracellular 

conditions favorable for TJ maintenance and barrier integrity (Huo et al., 2022; 

Yamamoto et al., 2018). Cordyceps (Ophiocordyceps) sinensis, a highly valued 

medicinal fungus in traditional Chinese medicine, exhibits multiple bioactivities 

including antioxidant and anti-inflammatory effects (Liu et al., 2022). Because natural 

C. sinensis is rare and costly, mycelial fermentation provides a sustainable and 

economical alternative. Cordyceps sinensis Cs-HK1, an anamorphic species identified 

by Wu’s group, can produce mycelial biomass and exopolysaccharides (EPS) with 

notable biological functions (Leung et al., 2009). The EPS secreted during Cs-HK1 

fermentation consist mainly of polysaccharide-protein complexes spanning a broad 

molecular weight range from several kDa to over 10,000 kDa (Huang et al., 2013a). 

Lower-molecular-weight fractions (EPS-LM) with relatively high protein content have 

demonstrated enhanced antioxidant and anti-inflammatory properties (Y.-Y. Zhu et al., 
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2024). However, mechanistic evidence linking the antioxidant actions of EPS‑LM to 

epithelial barrier preservation under oxidative stress remains limited, which this study 

aims to elucidate. 

Based on this background and previous work, the present study investigated the 

protective effects of EPS-LM on intestinal epithelial barrier integrity under oxidative 

stress. The EPS-LM fraction was characterized for its chemical composition-including 

total carbohydrate and protein contents, as well as monosaccharide and amino acid 

profiles-and evaluated for antioxidant activities using chemical assays and cellular 

models measuring intracellular ROS and antioxidant enzyme activities. Furthermore, 

its protective impact on transepithelial electrical resistance (TEER) and TJ protein 

expression in H₂O₂ challenged Caco-2 monolayers was assessed to elucidate potential 

redox and signaling mechanisms underlying barrier restoration. 

5.2 Materials and Methods 

5.2.1 Chemical and biochemical agents 

The Cs-HK1 mycelial fermentation, isolation, and preparation of EPS-LM were carried 

out as described in Section 4.2.1.  

The Cs-HK1 EPS-LM used in Chapters 4 and 5 was obtained from different 

fermentation batches of the same strain under identical culture and two-step ethanol 

precipitation conditions. The two EPS-LM batches had very similar carbohydrate and 

protein contents and closely comparable monosaccharide compositions, with only small 
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differences in the measured values. Such minor variations are expected for separate 

batches and may arise from slight differences in manual handling and environmental 

factors (e.g., humidity and temperature) during the multi-step preparation, which can 

affect precipitation efficiency to a limited extent. 

The FT-IR spectra of EPS-LM presented in Chapters 4 and 5 are also highly similar, 

all showing characteristic polysaccharide signals (a broad O-H band and strong C-O-

C/C-O bands around 1,000-1,100 cm⁻¹) and typical protein-related bands (amide I band 

around 1,620 cm⁻¹ and COO⁻ bands), indicating the same polysaccharide–protein 

functional-group pattern. The slight differences in band shape are within normal 

experimental variation and are more likely due to sample preparation than to genuine 

structural changes. Taking all compositional and spectroscopic data together, the main 

composition and structural features of EPS-LM are consistent between the two batches, 

and the EPS-LM used in Chapters 4 and 5 can be regarded as equivalent. 

The analysis of EPS-LM composition, molecular weight, and FT-IR was performed 

using the same methods as described in Section 4.2.2. 

5.2.1.1 HPGPC analysis of EPS‑LM 

The MW of EPS-LM was determined by high-performance gel permeation 

chromatography (HPGPC) as previously reported with slight modifications (Li et al., 

2020). The system consisted of an Agilent 1260 Infinity HPLC with a G1362A 

refractive index detector (Beijing, China) and a Waters Ultrahydrogel Linear column 
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(7.8 mm × 300 mm; Waters, MA, USA). The detector and column were both maintained 

at 40 °C. The mobile phase consisted of 0.1 M NaNO₃, operated at a flow rate of 1 

mL/min. Sample solutions were filtered through a 0.22 μm membrane filter prior to 

injection, and 20 μL of each sample was injected into the chromatographic system. 

Polyethylene glycol (PEG) standards (MW 4.30×10²-3.26×10⁵ Da) were used for 

calibration. 

5.2.2 Spectroscopic and Structural Analysis of EPS-LM 

5.2.2.1 Amino acid analysis 

The total amino acid (TAA) composition of EPS-LM was determined using an 

automatic amino acid analyzer (LA8080, Hitachi, Japan) following a reported method 

(Hao et al., 2021) with minor modifications. A 100 mg sample was hydrolyzed in sealed 

glass tubes with 6 mol/L HCl at 110 °C for 23 hours. The hydrolysate was diluted to 10 

mL with deionized water, filtered through two layers of filter paper, and 1.0 mL of the 

filtrate was transferred to a 50 mL beaker, where it was dried using an electric platen. 

The dried material was redissolved in 1.0 mL of 0.02 mol/L HCl for analysis. Amino 

acids were separated using cation exchange chromatography and quantified via 

ninhydrin post-column derivatization, with detection at 570 nm and 440 nm. The amino 

acid concentrations were calculated directly by the instrument, based on their 

absorption intensities in reference to the amino acid standards.  
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5.2.2.2 UV-Vis and fluorescence spectral analysis 

The UV-Vis absorbance spectra of EPS-LM were recorded using a Varian Cary 4000 

UV-Vis Spectrophotometer (Varian Co., USA). Samples were prepared at four 

concentrations, 1.0, 0.5, 0.25, and 0.125 mg/mL in deionized (DI) water, with DI water 

serving as a control. Absorbance was measured over a wavelength range of 200-800 

nm using a 1 cm path length quartz cuvette at room temperature. The same sample 

concentrations were used for fluorescence analysis, and the fluorescence spectrum was 

recorded using a fluorescence spectrophotometer (Agilent G9800AA, Japan). The 

excitation wavelength was set to 280 nm, while the emission spectrum was scanned 

between 300 and 450 nm. Both the excitation and emission slit widths were adjusted to 

5 nm to ensure optimal resolution and sensitivity. 

5.2.2.3 Circular dichroism analysis 

Circular dichroism (CD) was measured using a CD spectropolarimeter (Jasco J-1500, 

Japan) at room temperature with a 0.1 cm path length cuvette. The EPS-LM sample 

was prepared in PBS, and spectra were collected at a scan speed of 100 nm/min, with a 

digital integration time of 1 s and a bandwidth of 4 nm. For far-UV analysis, 

measurements were performed over the range of 260 to 190 nm with 1 nm step 

increments, and at least two scans were averaged. Secondary structural analysis was 

conducted using the JWSSE-513 program, which applies the classical least squares 

(CLS) method and incorporates the reference spectra (Zhao, Gu, et al., 2024). 
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5.2.3 In vitro antioxidant activity assays 

5.2.3.1 DPPH radical‑scavenging assay 

The 2,2‑diphenyl‑1‑picrylhydrazyl (DPPH) radical scavenging activity of the samples 

was determined with slight modifications of reported method (Shen et al., 2022). EPS-

LM samples were first dissolved in DI water to achieve concentrations ranging from 

0.25 to 3 mg/mL. A working solution of DPPH radicals (0.2 mM, dissolved in ethanol) 

was freshly prepared, and 2 mL of the DPPH working solution was mixed with 2 mL 

of the diluted EPS-LM sample solution. The reaction mixtures were incubated in the 

dark at room temperature for 0 to 24 hours, with 30 μg/mL vitamin C (VC) included as 

a positive antioxidant reference. After the reaction, the absorbance of the supernatant 

was measured at 517 nm using a microplate reader (Thermo Scientific, Waltham, MA, 

USA). A mixture of the DPPH working solution and deionized water served as the 

blank. The DPPH radical scavenging activity (%) was represented by (1-

Asample/Acontrol) ×100, where Asample and Acontrol are the absorbances of EPS-

LM sample group and the control group, respectively. 

5.2.3.2 ABTS radical‑scavenging assay 

The 2,2‑azino‑bis(3‑ethylbenzothiazoline‑6‑sulfonic acid) (ABTS) radical scavenging 

activity of the samples was determined with a reported method (You et al., 2010). EPS-

LM samples were dissolved in deionized water to achieve concentrations ranging from 

0.25 to 3 mg/mL. A working solution of ABTS was prepared by dissolving 0.007 g of 
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K₂S₂O₈ and 0.0406 g of ABTS in 10 mL of distilled water, followed by mixing the two 

solutions in equal volumes and allowing the mixture to react in the dark for 16 hours at 

room temperature to generate ABTS radicals. The resulting solution was then diluted 

50 times with distilled water to create the ABTS working solution. To assess the 

scavenging activity, 3 mL of the ABTS working solution was mixed with 0.1 mL of the 

diluted EPS-LM sample. The reaction mixture was incubated at room temperature for 

0-24 hours, with 30 μg/mL VC used as the positive control. The absorbance (A) of the 

supernatant was measured at 734 nm using a microplate reader. A mixture of 3 mL 

ABTS working solution and 0.1 mL deionized water was used as the blank. The ABTS 

radical scavenging activity (%) was represented by (1-Asample/Acontrol) ×100. 

5.2.4 Assessment of EPS-LM bioactivities 

5.2.4.1 Caco-2 intestinal epithelial cell culture 

The Caco-2 human colonic adenocarcinoma cell line and Eagle’s Minimum Essential 

Medium (EMEM) were purchased from the American Type Culture Collection (ATCC, 

Manassas, VA, USA). Cells were cultured in EMEM supplemented with 20% fetal 

bovine serum (FBS), 100 U/mL penicillin, and 100 μg/mL streptomycin in a humidified 

incubator at 37 °C with 5% CO₂. The culture medium was refreshed every two days 

until the cells reached 80% confluence. Cells were then digested with 0.25% trypsin at 

37 °C for 3 minutes and seeded into 96, 24, 12, or 6 well culture plates for further 

experiments. All reagents for cell culture, including Hanks’ Balanced Salt Solution 
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(HBSS), trypsin (0.25%), antibiotic-antimycotic solution (penicillin (100 U/mL) and 

streptomycin (100 μg/mL)), and FBS, were obtained from Gibco Biotechnology Co., 

Ltd. (Grand Island, NY, USA).  

5.2.4.2 Reagents  

3‑(4,5‑dimethylthiazol‑2‑yl) -5‑(3‑carboxymethoxyphenyl)‑2‑(4‑sulfophenyl)‑2H‑tetr

azolium (MTS), Hydrogen peroxide (H₂O₂) and 2,7‑dichlorodihydrofluorescein 

diacetate (DCFH‑DA) were purchased from Sigma‑Aldrich (St. Louis, MO, USA). 

Phenazine methosulfate (PMS) was purchased from Promega Corporation (Madison, 

WI, USA). Fluorescein sodium was purchased from Shanghai Reagent (Shanghai, 

China). Glutathione peroxidase (GSH‑Px), CAT, and SOD assay kits were purchased 

from Nanjing Jiancheng Bioengineering Institute (Nanjing, China). Transwell 

permeable supports (0.4 µm pore size) and cell culture plates were purchased from SPL 

Life Sciences Co., Ltd. (Gyeonggi‑do, South Korea). The bicinchoninic acid (BCA) 

protein assay kit was purchased from Thermo Fisher Scientific (Rockford, IL, USA). 

Calcein acetoxymethyl ester/propidium iodide (Calcein‑AM/PI) Live/Dead Cell 

Double Staining Kit was purchased from Servicebio (Wuhan, China). All other 

chemicals and reagents were of analytical grade. 

5.2.4.3 Cell viability assay 

The cell viability was assessed using the MTS assay (Zhao, Gu, et al., 2024). Caco-2 

cells in the logarithmic growth phase were seeded into 96-well plates at a density of 1 
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× 10⁵ cells/mL (100 μL/well) and incubated for 24 hours. To select the suitable 

concentration of H₂O₂ for the ROS-induced cell damage and the protective effect of 

EPS-LM, preliminary tests were performed by treating the cells at various 

concentrations of H₂O₂ (0-700 μM) for 24 hours. The results showed 

(Appendix Figure A2) that cell viability started to decrease significantly when H₂O₂ 

concentrations exceeded 500 µM and at 550 µM, the cell viability reduced by 50% 

compared to the control. Therefore, 550 µM H₂O₂ was selected to induce oxidative 

damage in this study. For the protective effect of EPS-LM against H₂O₂-induced 

cytotoxicity, cells were simultaneously exposed to 550 μM H₂O₂ and EPS-LM at 

concentrations of 50, 100, 200, and 400 μg/mL for 24 hours. After the respective 

treatments, the culture medium in the 96-well plates was removed, and 45 μL of MTS 

solution mixed with PMS was added to each well. The plates were incubated at 37 °C 

for 2 hours, and the optical density (OD) at 492 nm was measured using a microplate 

reader. 

5.2.4.4 Cell viability staining assay 

To further elucidate the protective effects of EPS-LM (50 and 200 μg/mL) on Caco-2 

cells following exposure to 550 μM H₂O₂, the cells were stained using the 

Calcein‑AM/PI Double Stain Kit. The staining process involved incubating the cells 

with calcein AM and PI for 30 minutes, following the manufacturer's protocol. 

Fluorescent images were subsequently captured using an inverted fluorescence 

microscope (Ti2-E, Nikon, Japan). 
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5.2.4.5 Intracellular ROS assay  

The Intracellular ROS assay (DCFH-DA probe) was performed as described in 4.2.3.5. 

5.2.4.6 Measurement of antioxidant enzyme activities 

Caco-2 cells were harvested and lysed with an ultrasonic cell disruptor while kept in 

cold water to maintain a low temperature and prevent protein degradation, and the 

resulting supernatants were collected for subsequent analysis. The protein 

concentration was determined using the BCA assay, following the protocol provided 

by the manufacturer. The changes in SOD, CAT, and GSH‑Px activity were detected 

using the appropriate kits (Nanjing Jiancheng, Nanjing, China), with data normalized 

to total protein. 

5.2.4.7 TEER measurement 

The TEER assay was conducted to evaluate the TJ integrity of the Caco-2 monolayer 

(Marino et al., 2024). Caco-2 cells were seeded at a density of 1 × 10⁵ cells/mL onto 

Transwell membranes (polyester, 12 mm diameter, 0.4 μm pore size). A well without 

cells served as the blank control. The medium in the apical (AP) and basolateral (BL) 

chambers (0.2 mL and 0.6 mL, respectively) was replaced every 3 days. After 21 days 

of culture on Transwell inserts, the Caco-2 cells spontaneously differentiated into 

polarized monolayers. For protection studies, monolayers were allocated to the 

following groups for 24 h: (i) Control (no treatment); (ii) H2O2 Model (550 μM H2O2 

alone); and (iii) H2O2 + EPS-LM co-treatment (550 μM H2O2 with EPS-LM at 50 or 
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200 μg/mL). Baseline TEER (TEER0) was recorded immediately before initiating the 

24 h treatment. TEER (Ω·cm2) was measured once again immediately after completing 

the 24 h treatment (TEER24h) using a Millicell Electrical Resistance System (ERS-2, 

Millipore-Sigma, Burlington, MA, USA) following blank correction, and calculated as 

(Rm - Ri) × A, where Rm is the measured trans-epithelial resistance, Ri is the intrinsic 

resistance of cell-free medium, and A is the membrane surface area (cm2). The change 

in resistance was defined as ΔTEER (Ω·cm2) = TEER 24h - TEER0; negative values 

indicate a decrease from baseline. 

5.2.4.8 Cell permeability assay 

The permeability assay using sodium fluorescein was adapted from previous studies 

(Chen et al., 2016; Masungi et al., 2004), with permeability reported as BL 

concentration (μg/mL) under sink conditions. After TEER evaluation, monolayers were 

gently washed three times with Hank’s Balanced Salt Solution (HBSS, pH 7.4). During 

the final wash, cells were incubated at 37 °C for 30 min to allow equilibration. Then, 

200 μL of sodium fluorescein solution (250 μg/mL) was added to the AP side, and 800 

μL of HBSS was added to the BL side. BL samples (200 μL) were collected after 150 

min. Absorbance was measured at 490 nm using a microplate reader, and BL 

concentrations (μg/mL) were determined from external calibration (R² ≥ 0.999). 
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5.2.4.9 RT-qPCR analysis 

Caco-2 cells were seeded into 12-well plates and incubated for 10 days to reach full 

differentiation. To evaluate the effects of H₂O₂-induced oxidative stress and the 

protective role of EPS-LM, the cells were treated with H₂O₂ and EPS-LM prior to RNA 

extraction. Total RNA was extracted using TRIzol Reagent (Invitrogen, USA) 

according to the supplier’s protocol. The purity and concentration of RNA were 

measured using a NanoDrop 2000c Spectrophotometer (Thermo Scientific, USA). 

Primers specific to target genes were designed using Primer-BLAST, and real‑time 

quantitative polymerase chain reaction (RT‑qPCR) was performed with the Hifair III 

One-Step RT-qPCR SYBR Green Kit (Yeasen, Shanghai, China). Reverse transcription 

(RT) was conducted at 42 °C for 10 min, followed by qPCR on an ABI QuantStudio 5 

Real-time PCR system (Applied Biosystems) under the following conditions: 95 °C for 

5 min, then 40 cycles of 95 °C for 10 s and 60 °C for 30 s. The relative gene expression 

levels were calculated using the 2-ΔΔCT method, with GAPDH as the reference gene 

(Chen et al., 2021). The specific primer sequences used in the experiment are listed in 

Table 5-1. 

Table 5-1 Primer sequences of tight-junction genes used for RT-qPCR analysis. 

Gene Accession No. Forward primer (5′-3′) Reverse primer (5′-3′) 

ZO-1 NM_003257.4 CTAAGGGAGCACATGGTGAAGGTAA GTCGGGCAGAACTTGTATATGGTTT 

Claudin-1 NM_021101.6 GAAGATGAGGATGGCTGTCATTGGG GGTAAGAGGTTGTTTTTCGGGGAC 
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Occludin NM_002538.3 AACTTCGCCTGTGGATGACTTCAG TTTGACCTTCCTGCTCTTCCCTTTG 

GAPDH NM_002046.7 TCAAGAAGGTGGTGAAGCAGG TCAAAGGTGGAGGAGTGGGT 

5.2.4.10 Western blotting analysis  

Western blotting was carried out as described in Section 4.2.3.6, with minor 

modifications for Caco-2 cells. Caco-2 cells were seeded in 6-well plates. For 

antioxidant-related protein analysis, cells were cultured for 24 h to reach confluence, 

while for TJ protein analysis, cells were allowed to differentiate for 10 days. After 

treatment with H₂O₂ and EPS-LM for 24 h. The primary antibodies used were rabbit 

anti-NQO1 (#T56710, Abmart), anti-ZO-1 (#GB111402, Servicebio), anti-Claudin-1 

(#GB12032, Servicebio), anti-NRF2 (#ab62352, Abcam), and anti-β-actin 

(#GB15003, Servicebio), the latter serving as a loading control. 

5.2.4.11 Immunofluorescence and confocal microscopy analysis 

Immunofluorescence staining was performed according to the procedure described in 

Section 4.2.3.7, with minor modifications for Caco‑2 cells. Briefly, Caco‑2 cells were 

seeded onto collagen‑coated coverslips in 12‑well plates and cultured for 10 days until 

fully confluent and differentiated. After treatment with H₂O₂ and EPS‑LM for 24 h, the 

cells were incubated with a primary antibody against Claudin‑1, followed by an 

FITC‑conjugated secondary antibody and DAPI counterstaining to evaluate 

Claudin‑1 localization. 

5.2.5 Statistical analysis 
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The data were analyzed in GraphPad Prism (GraphPad Software, La Jolla, CA, USA). 

One-way analysis of variance (ANOVA) was used for multiple comparisons, followed 

by Tukey’s post hoc test. Data are presented as mean ± SEM from at least three 

independent experiments. P-value < 0.05 was considered statistically significant. 

5.3 Results 

5.3.1 Chemical composition and molecular weight of EPS-LM 

EPS-LM contained 19.3% (w/w) total carbohydrate and 28.7% (w/w) protein 

(Table 5-2), consistent with previous reports (Y.-Y. Zhu et al., 2024), demonstrating 

the reproducibility of EPS‑LM production from Cs‑HK1 mycelial fermentation. 

HPGPC (Appendix Figure A3) revealed two predominant fractions with apparent 

molecular weights of 2.50 × 10⁴ Da (41.9% area) and 1.70 × 10³ Da (54.0% area) 

(Table 5-2). These size distributions were comparable to earlier findings on 

Cs-HK1 EPS fractions (Leung et al., 2009), which reported a broad MW range (5-

200 kDa). High‑molecular‑weight polysaccharides have been proposed to protect the 

intestinal barrier by forming a hydrophilic gel‑like layer that mimics intestinal mucus 

and may interact with membrane receptors to reinforce epithelial stability (Błaszczyk 

et al., 2015; Huo et al., 2022). By contrast, the stronger antioxidant activity associated 

with the low‑MW fraction likely reflects its higher protein content, consistent with 

previous observations that protein‑rich, low‑MW EPS fractions exhibit greater 

antioxidant capacity (Leung et al., 2009; J.-Y. Wu et al., 2014). 
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Table 5‑2 Chemical composition and structural characteristics of Cs‑HK1 

EPS‑LM. Original GPC profiles are shown in Appendix Figure A3. Data are presented 

as mean ± SEM (n = 3). 

Total carbohydrate (%) Total protein (%) MW (peak area, %) 

19.29 ± 0.04 28.71 ± 0.16 
2.50×104 (41.93%)  

1.70×103 (53.97%) 

Protein structure (chain conformation forms) 

Random: 30.8 % α-Helix: 19.3% β-Sheet: 49.8% 

Monosaccharide composition (molar ratio) 

Mannose: 2.127 Galactose: 1     Glucose: 0.4946 Galactosamine: 0.2688 

5.3.2 Structural characteristics 

As shown in Figure 5-1A, a distinct peak was observed in the near‑UV region of the 

UV spectrum of EPS‑LM, confirming the presence of protein components in the sample. 

UV–visible spectroscopy is a simple and direct method for detecting proteins, typically 

showing absorption between 250 and 310 nm (Brader, 2020). Fluorescence 

spectroscopy is a versatile and sensitive technique for high‑throughput screening (Auer 

et al., 1998), particularly useful for rapid protein analysis (Brader, 2020). As shown 

in Figure 5-1B, the fluorescence spectrum of EPS-LM (excited at 280 nm) displayed 

emission peaks at 340-350 nm, attributable to aromatic amino acids such as 

tryptophan, tyrosine, and phenylalanine. EPS-LM exhibited the strongest fluorescence 
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intensity at 1 mg/mL, and the signal decreased proportionally with dilution, consistent 

with its concentration-dependent fluorescence behavior. 

CD is an effective technique for elucidating the secondary structural features of 

macromolecules, including proteins, polysaccharides, and glycoproteins (Miles & 

Wallace, 2020; Wang et al., 2024). In aqueous solution, the sugar chains of 

glycoproteins undergo dynamic conformational changes such as helix formation, 

folding, turning, and random coiling, which enhance molecular asymmetry (Greenfield, 

2006). As shown in Figure 5-1C and Table 5-2, the CD spectrum of EPS-LM exhibited 

a positive Cotton effect around 195 nm and a negative Cotton effect 

near 210 nm. Analysis of the CD data revealed that the secondary structure of EPS-LM 

was primarily composed of β-sheets (49.8 %), along with random coils (30.8 %) 

and α-helices (19.3 %). The predominance of β-sheets suggested a highly ordered and 

stable conformation, which may enhance molecular integrity and facilitate interactions 

with polysaccharides, contributing to protein stability and functionality (Lee et al., 2002; 

Wang et al., 2014; Zhou et al., 2017). The considerable proportion of random coils 

indicated structural flexibility, supporting dynamic interactions with polysaccharides 

and contributing to functional versatility (Chen et al., 2023). 
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 Figure 5‑1 Spectroscopic characteristics of EPS‑LM: (A) UV-Vis absorbance spectra 

at different concentrations; (B) fluorescence intensity (cps) at various concentrations; 

(C) circular dichroism (CD); (D) FT‑IR spectrum. 

The FT-IR spectrum (Figure 5-1D) provided further structural information on EPS-LM. 

The broad absorption band at 3374 cm⁻¹ was attributed to O-H stretching vibrations, 

indicative of hydroxyl groups commonly present in polysaccharides and proteins. The 

peak at 2918 cm⁻¹ corresponded to C-H stretching vibrations originating from aliphatic 

groups or C-H bonds within polysaccharide chains (Y.-Y. Zhu et al., 2024). The peaks 

at 1629 cm⁻¹ and 1386 cm⁻¹ were assigned to the amide I and amide II bands, 

respectively, confirming the presence of proteins. Specifically, the amide II band at 
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1386 cm⁻¹ likely arose from N-H bending and C-N stretching vibrations, with potential 

shifts influenced by hydrogen bonding or interactions between proteins and 

polysaccharides (Zhao, Gu, et al., 2024). Additionally, the peak at 1029 cm⁻¹ was 

associated with C-O-C and C-OH stretching vibrations, indicating the presence of 

polysaccharide moieties (Li et al., 2020). 

The ¹H-NMR spectrum (Appendix Figure A4) displayed signals in the range of 4.4-

5.5 ppm, characteristic of the anomeric protons in polysaccharides, confirming their 

presence (Yao et al., 2021). Signals between 3.0 and 4.4 ppm were attributed to the 

side-chain hydrogens of amino acids such as glutamine, glutamic acid, and alanine, 

while those between 2.5 and 3.0 ppm also originated from side-chain hydrogens, 

specifically from glutamine and arginine (de Falco et al., 2016; Nord et al., 2004; Ritota 

et al., 2010). Additionally, signals in the range of 1.2-1.5 ppm corresponded to the 

methyl groups of branched-chain amino acids, including isoleucine and valine, whereas 

signals between 0.8 and 1.0 ppm were characteristic of the methyl groups in aliphatic 

amino acids such as leucine and isoleucine (Bubb, 2003; Zhao, Gu, et al., 2024). These 

¹H-NMR findings, together with the FT-IR results, further supported the presence of 

both protein and polysaccharide components in EPS-LM. 

5.3.3 Monosaccharide and amino acid composition  

As shown in Table 5-2, the monosaccharide composition of EPS‑LM revealed mannose 

as the dominant sugar with a molar ratio of 2.127, followed by galactose (1), 
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glucose (0.4946), and galactosamine (0.2688). These findings indicated that EPS‑LM 

is a mannose‑rich heteropolysaccharide. The overall monosaccharide profile was 

consistent with previous reports on EPS derived from C. sinensis Cs‑HK1 (Y.-Y. Zhu 

et al., 2024), which also contained mannose, galactose, and glucose as the main 

carbohydrate constituents. The amino acid composition of EPS-LM is presented in 

Table 5-3 The total amino acid content (TAA) was 210.4 mg/g, comprising 65.0 mg/g 

of essential amino acids (EAAs) and 145.4 mg/g of non-essential amino acids (NAAs). 

Aspartic acid (43.7 mg/g), glutamic acid (22.2 mg/g), and glycine (21.8 mg/g) were the 

predominant NAAs, whereas threonine (19.3 mg/g) and lysine (12.4 mg/g) were the 

most abundant EAAs. The amino-acid pattern of EPS-LM was comparable to that 

reported for the glycopeptide Cs-GP1 isolated from Cs-HK1 (J.-Y. Wu et al., 2014). 

These compositional data suggest that EPS-LM contains both polysaccharide and 

protein components, consistent with its characterization as a protein-polysaccharide 

complex.  

Table 5-3 Amino acid composition and contents of EPS‑LM (in mg/g). Data are 

presented as mean ± SEM (n = 3). 

Essential Amino Acid (EAA)  Non-essential Amino Acid (NAA) 

Histidine  3.3 ± 0.1 Alanine  13.6 ± 0.1 

Isoleucine  6.6 ± 0.1 Aspartic acid  43.7 ± 0.1 

Leucine  5.7 ± 0.2 Arginine  8.4 ± 0.3 
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Lysine  12.4 ± 0.3 Glutamic acid  22.2 ± 0.1 

Phenylalanine  7.0 ± 0.2 Glycine  21.8 ± 0.1 

Threonine  19.3 ± 0.1 Serine  15.5 ± 0.1 

Valine  10.7 ± 0.1 Tyrosine  3.7 ± 0.1 

  Proline  16.5 ± 0.4 

Total Amino Acids (TAA) 210.4 ± 1.1 

Essential Amino Acids (EAA) 65.0 ± 1.1 

Non-essential Amino Acids (NAA) 145.4 ± 0.6 

TAA (mg/g) = MW/W × V₁/V₂ × 10 

Where MW = amino acid MW, W = 100 mg, V₁ = 50 mL, and V₂ = 20 μL. 

5.3.4 Antioxidant activities 

The antioxidant capacity of EPS-LM was assessed using ABTS and DPPH 

radical-scavenging assays (Figure 5-2A, B). In both systems, EPS-LM showed a clear 

concentration and time-dependent trend. At 3 mg/mL, EPS-LM showed a significant 

increase in scavenging activity within 24 h, which subsequently reached a plateau. 

Vitamin C (30 μg/mL) showed consistent antioxidant activity across all time points in 

both assays. As summarized in Table 5-4, the IC₅₀ values of EPS-LM decreased over 

time, indicating an overall enhancement of radical-scavenging capacity. Specifically, 

in the ABTS assay, the IC₅₀ declined from 0.689 mg/mL at 0 h to 0.305 mg/mL at 24 h, 

whereas in the DPPH assay it decreased from 1.023 mg/mL to 0.807 mg/mL over the 
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same period. These results clearly demonstrate that the antioxidant activity of EPS-LM 

increased with both concentration and incubation time. 

Figure 5-2 Radical‑scavenging activity of EPS‑LM at different concentrations (mg/mL) 

and incubation times: (A) ABTS• assay and (B) DPPH• assay, with 

vitamin C (30 μg/mL) as an antioxidant reference. 

30

40

50

60

70

80

90

100

AB
TS

in
hi

bi
tio

n(
%

)

0.25 mg/mL 0.5 mg/mL
1 mg/mL 3 mg/mL
VC

(A) 

0

20

40

60

80

100

120

0 6 12 18 24

D
PP

H
in

hi
bi

tio
n(

%
)

Time (h)

(B) 



 

94 
 

Table 5-4 IC₅₀ values (mg/mL) for the antioxidant activity of EPS-LM measured by 

ABTS and DPPH assays at different time points (0-24 h). Data are presented as mean 

± SEM (n = 6). 

Time (h) IC₅₀ (ABTS) (mg/mL) ± SEM IC₅₀ (DPPH) (mg/mL) ± SEM 

0 0.689 ± 0.032 1.023 ± 0.036 

6 0.296 ± 0.013 1.282 ± 0.032 

12 0.34 ± 0.024 0.983 ± 0.055 

24 0.305 ± 0.015 0.807 ± 0.030 

5.3.5 Effects of EPS‑LM on Caco‑2 cell viability 

Figure 5-3A shows that EPS-LM was non-toxic, with no significant change in Caco-2 

cell viability across 0-400 µg/mL. In Figure 5-3B, EPS-LM demonstrated a dose-

dependent ability to preserve cell viability under H₂O₂ challenge, with the highest 

concentration (400 µg/mL) almost restoring viability to control levels. This protective 

effect was consistently observed across a broader range of H₂O₂ concentrations (350-

700 µM), as shown in Appendix Figure A5. Figure 5-3C presents fluorescence 

microscopy images in which cells exposed to 550 μM H₂O₂ showed intense red 

fluorescence (PI, dead cells) and reduced green fluorescence (Calcein‑AM, viable cells). 

Treatment with 50 or 200 µg/mL EPS-LM markedly decreased red fluorescence and 

increased green fluorescence in a dose-dependent manner, consistent with the MTS 

assay results. 
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Figure 5-3 Impact of H₂O₂ and EPS-LM on Caco-2 cell viability: (A) treatment with 

EPS-LM alone at 0, 50, 100, 200, and 400 µg/mL; (B) treatment with 550 µM H₂O₂ 

plus EPS-LM at various concentrations; (C) confocal microscopy images of cells 

stained with calcein AM (green) for viable cells and propidium iodide (PI, red) for dead 

cells in control, 550 µM H₂O₂, and 550 µM H₂O₂ plus 50 or 200 µg/mL EPS-LM. Data 

are presented as mean ± SEM (n = 6). (****p < 0.0001 vs. H₂O₂). 
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5.3.6 Effects of EPS‑LM on antioxidant responses in Caco‑2 cells 

5.3.6.1 EPS-LM reduces ROS levels and restores antioxidant enzyme activities 

Exposure of Caco‑2 cells to 550 µM H₂O₂ significantly increased intracellular ROS 

levels (Figure 5-4A), confirming the induction of oxidative stress. Treatment 

with EPS‑LM reduced ROS accumulation in a concentration‑dependent manner, with 

the maximal reduction observed at 200 µg/mL. The activities of key antioxidant 

enzymes were markedly affected by H₂O₂ exposure and subsequently restored 

by EPS‑LM. As shown in Figure 5-4 B-D, treatment with 550 µM H₂O₂ significantly 

decreased the activities of SOD, CAT, and GSH‑Px, whereas co‑treatment 

with EPS‑LM (50-200 µg/mL) dose‑dependently recovered these enzyme activities. 

The highest restoration was observed at 200 µg/mL EPS‑LM, consistent with its effect 

on ROS reduction. These results indicate that EPS‑LM effectively mitigated 

H₂O₂-induced oxidative stress by decreasing intracellular ROS levels and promoting 

the recovery of antioxidant enzyme activities. 
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 Figure 5-4 Effects of EPS‑LM on intracellular ROS levels and antioxidant enzyme 

activities in Caco‑2 cells exposed to H₂O₂. (A) ROS levels following exposure to H₂O₂ 

with or without EPS‑LM treatment; (B) SOD; (C) GSH‑Px; and (D) CAT. Data are 

presented as mean ± SEM (n = 6). *p < 0.05, **p < 0.01, **p < 0.0001 vs. 550 µM 

H₂O₂. 

5.3.6.2 EPS‑LM modulates NRF2-NQO1 signaling under oxidative stress 

To assess oxidative burden and the involvement of the NRF2 pathway, NQO1 and total 

NRF2 protein levels were quantified by Western blotting and densitometry (Figure 5-

5A-D). NQO1 limits ROS generation by catalyzing the two‑electron reduction of 
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semiquinone radicals and superoxide, whereas NRF2 coordinates antioxidant defenses 

by activating ARE‑dependent genes under oxidative stress, as previously described 

(Ngo & Duennwald, 2022; Rashid et al., 2021). Exposure of Caco-2 cells 

to 550 µM H₂O₂ significantly increased both NQO1 and total NRF2 levels compared 

with the control, indicating activation of the oxidative-stress response. Treatment 

with EPS-LM (200 µg/mL) attenuated these H₂O₂-induced increases, resulting in 

NQO1 and NRF2 levels approaching those of the untreated control. Together with the 

results shown in Figure 4, these findings indicate that EPS-LM alleviated oxidative 

stress by lowering intracellular ROS, restoring antioxidant enzyme activities, and 

normalizing NRF2-NQO1 signaling, thereby contributing to redox balance 

in Caco-2 cells.  
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Figure 5-5 Effects of EPS‑LM on NRF2 and NQO1 expression in Caco‑2 cells under 

H₂O₂‑induced oxidative stress. (A, B) Western blot analysis showing representative 

bands for NQO1 and NRF2 expression; (C, D) quantification of NQO1 and NRF2 

expression levels. Data are presented as mean ± SEM (n = 3). *p < 0.05, p < 0.01 

vs. 550 µM H₂O₂. 

5.3.7 Protective effects of EPS‑LM on epithelial barrier function in Caco‑2 cell 

culture 

5.3.7.1 EPS‑LM alleviates H₂O₂‑induced epithelial barrier dysfunction 

The integrity of the intestinal barrier was assessed using two complementary assays: 

TEER and sodium fluorescein permeability (Srinivasan et al., 2015). TEER reflects the 

electrical resistance across a cell monolayer and serves as an indicator of TJ integrity, 

whereas sodium fluorescein measures paracellular permeability, providing a sensitive 

evaluation of early barrier disruption (Szabo et al., 2008). Together, these methods 

provide a comprehensive assessment of intestinal barrier function by combining 

electrical resistance and fluorescence‑based permeability measurements. As shown 

in Figure 5-6, exposure of Caco‑2 cells to 550 µM H₂O₂ for 24 h resulted in marked 

barrier dysfunction, evidenced by a 60 Ω·cm² decrease in TEER relative to 

baseline (TEER₀) and a corresponding increase in basolateral sodium fluorescein 

concentration to 2.58 µg/mL. Co‑treatment with 50 µg/mL EPS‑LM mitigated these 

changes, showing a smaller TEER decrease (-20 Ω·cm²) and a lower basolateral 
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fluorescein level (2.36 µg/mL), indicating a protective trend at the lower 

dose. At 200 µg/mL, EPS‑LM exerted a pronounced protective effect, with TEER 

values approaching or exceeding initial levels and fluorescein permeability 

significantly reduced to 1.90 µg/mL. These findings demonstrate 

that EPS‑LM attenuated H₂O₂‑induced decreases in TEER and increases in paracellular 

permeability in a dose‑dependent manner, supporting its role in maintaining 

tight‑junction integrity and epithelial barrier function under oxidative stress.  

Figure 5-6 Effects of EPS‑LM on H₂O₂‑induced changes in transepithelial electrical 

resistance (TEER) and sodium fluorescein permeability in Caco‑2 cells. (A) TEER 

values after 24 h (% of control); (B) basolateral sodium fluorescein levels (% of control) 

at 150 min. Data are presented as mean ± SEM (n = 6). **p < 0.01, **p < 0.0001 vs. 

control. 

5.3.7.2 EPS‑LM restores tight‑junction components under oxidative stress 

As shown in Figure 5-7A-C, exposure of Caco‑2 cells to 550 µM H₂O₂ significantly 

decreased the mRNA expression of the TJ genes ZO‑1, Claudin‑1, and Occludin, 

-300

-200

-100

0

100

200

Ctrl 0 50 200

TE
ER

va
lu

e 
ch

an
ge

 (%
)

H2O2 (550μM)+EPS-LM (μg/mL)

0

40

80

120

160

200

Ctrl 0 50 200

So
di

um
flu

or
es

ce
in

(%
)

H2O2 (550μM)+EPS-LM (μg/mL)

(A) (B) 
**** 

**** 

**** 

**** 

**** 

** 



 

101 
 

indicating oxidative stress‑induced disruption of barrier‑related transcripts. Treatment 

with 50 µg/mL EPS‑LM partially restored the mRNA levels of these TJ components, 

and 200 µg/mL EPS‑LM further enhanced their expression, showing a clear 

dose‑dependent improvement. Consistent with the transcriptional findings, Western 

blot analysis and densitometric quantification (Figure 7D-G) demonstrated that 

EPS‑LM remarkably increased Claudin‑1 and ZO‑1 protein levels after H₂O₂ exposure, 

with the greatest recovery observed at 200 µg/mL. Immunofluorescence imaging of 

Claudin‑1 (Figure 7H) further confirmed the protective effect of EPS‑LM, showing 

restoration of continuous junctional localization along cell borders. Together, these 

results indicate that EPS‑LM preserved tight‑junction gene and protein expression in a 

dose‑dependent manner, contributing to the maintenance of epithelial barrier integrity 

under oxidative stress. 
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Figure 5-7 Effects of EPS‑LM on tight‑junction proteins in Caco‑2 cells under 

H₂O₂‑induced oxidative stress. (A-C) mRNA expression levels of tight‑junction 

proteins ZO‑1, Claudin‑1, and Occludin in Caco‑2 cells; (D, E) protein expression of 

Claudin‑1 and ZO‑1 determined by Western blotting; (F, G) quantification of Claudin‑1 

and ZO‑1 protein levels normalized to β‑actin; (H) immunofluorescence staining of 
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Claudin‑1 in Caco‑2 cells. Data are presented as mean ± SEM (n = 3). *p < 0.05, 

**p < 0.01, ***p < 0.001, ***p < 0.0001 vs. 550 µM H₂O₂. 

5.4 Discussion 

Polysaccharides rich in mannose are widely recognized for their pronounced 

antioxidant activities. Mannose residues enhance radical-scavenging and reducing 

capacity (Lo et al., 2011; Xiang et al., 2012) and stimulate antioxidant enzyme 

expression (Cor et al., 2018). Furthermore, mannose plays a role in stabilizing 

polysaccharide structures, such as in xanthan, where the terminal mannose reinforces 

the double helix (Wu et al., 2019). The coexistence of galactose and glucose in EPS-LM 

may further modulate its biological effects. Galactose has been linked to macrophage 

activation and immunostimulation (R. Chen et al., 2022) , whereas glucose residues 

confer metabolic flexibility and redox buffering capacity (Nimgampalle et al., 2021). 

Thus, the heterogeneous monosaccharide composition of EPS-LM may provide 

complementary biochemical roles that enhance both structural integrity and functional 

antioxidant potential. 

In addition to its sugar composition, the amino acid profile of EPS‑LM may also 

contribute to its observed bioactivity. The overall amino acid composition of EPS‑LM 

shows a noticeable resemblance to that reported for Cs‑GP1, a bioactive glycopeptide 

isolated from Cs‑HK1. Cs‑GP1 is rich in glutamic acid, aspartic acid, and glycine and 

has demonstrated significant antioxidant and cytoprotective properties, effectively 
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mitigating oxidative damage and preserving cell viability under stress conditions (J.-Y. 

Wu et al., 2014).   In addition, lysine and threonine in EPS‑LM may provide 

complementary physiological functions, as lysine is involved in collagen formation and 

mineral absorption, whereas threonine supports mucin synthesis, which is essential for 

intestinal surface protection (Aggarwal & Bains, 2022; Mao et al., 2011). Together, 

these observations suggest that the coexistence of polysaccharide and amino acid 

components within EPS-LM acts synergistically to enhance its antioxidant and 

intestinal barrier-protective capacities, providing the molecular foundation for the 

potent antioxidant and cytoprotective effects observed in subsequent experiments. 

 Building on these compositional insights, the antioxidant assays revealed a 

time‑dependent scavenging behavior of EPS‑LM, suggesting that effective 

neutralization of free radicals requiring prolonged molecular interactions, likely 

involving gradual formation of hydrogen‑bonded networks between reactive groups. 

Such kinetic behavior is consistent with observations in polysaccharide‑based 

eutectogels, where radical scavenging increases over time as hydrogen‑bond donors 

reorganize into more reactive configurations (Marullo et al., 2023).  

Excessive accumulation of ROS induces oxidative damage and cell death, contributing 

to a variety of pathological processes (Schieber & Chandel, 2014). Consistent with the 

observed decreases in intracellular ROS levels and the restoration of antioxidant 

enzyme activities shown in Figure 4, EPS-LM effectively mitigated H₂O₂-induced 

oxidative stress through restoration of key antioxidant enzymes. SOD catalyzes the 
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conversion of superoxide anions into hydrogen peroxide and molecular oxygen, thereby 

preventing superoxide accumulation and initiating ROS detoxification (Pisoschi & Pop, 

2015). CAT subsequently decomposes hydrogen peroxide into water and oxygen (Heck 

et al., 2010), while GSH-Px reduces hydrogen peroxide and lipid hydroperoxides, 

protecting membrane lipids and preserving cellular integrity (Birben et al., 2012). The 

significant recovery of these enzymatic antioxidant activities in EPS-LM-treated cells 

suggests that EPS-LM supports the enzymatic defense network responsible for ROS 

clearance. 

In addition to direct enzymatic restoration, EPS‑LM treatment rebalanced the NRF2-

NQO1 signaling axis, which serves as a key cellular regulator of oxidative defenses. 

NQO1 limits ROS generation by catalyzing the two‑electron reduction of quinones to 

hydroquinones, thereby preventing redox cycling and the formation of semiquinone 

radicals and superoxide. In parallel, NRF2 coordinates antioxidant defenses by 

activating ARE-dependent genes upon KEAP1 cysteine modification under oxidative 

stress (Ngo & Duennwald, 2022; Rashid et al., 2021). NRF2 activation promotes the 

transcription of downstream antioxidant and phase II detoxification enzymes, including 

NQO1 (Shaw & Chattopadhyay, 2020), thereby reinforcing the intracellular antioxidant 

system. Together, these findings imply a dual protective mechanism of EPS‑LM 

involving direct ROS scavenging and activation of endogenous antioxidant pathways. 

Collectively, these effects highlight EPS‑LM as a potent redox‑modulating 
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polysaccharide that maintains oxidative homeostasis and protects cells from 

H₂O₂‑induced injury. 

Consistent with its antioxidant potential observed in Caco-2 cells, EPS-LM 

substantially preserved intestinal epithelial barrier integrity under oxidative challenge. 

Both TEER and sodium-fluorescein permeability assays demonstrated that EPS-LM 

mitigated H₂O₂-induced barrier dysfunction, indicating reinforcement of TJ function. 

Importantly, this protection likely arises from redox-mediated stabilization of the actin 

cytoskeleton. Oxidative stress is well known to trigger TJ disruption via activation of 

MLCK/MLC and RhoA/ROCK pathways, which increase cytoskeletal tension and 

cause separation of junctional complexes (Brunner et al., 2021; Wang et al., 2023). By 

suppressing ROS accumulation and maintaining antioxidant enzyme activities, 

EPS‑LM may prevent these stress‑activated contractile events, preserving junctional 

continuity. At the molecular level, EPS‑LM upregulated Claudin‑1, Occludin, and 

ZO‑1 expression and promoted their continuous localization at cell–cell contacts. which 

are core events required for TJ sealing (Adil et al., 2021; Angelow et al., 2008). The 

tight correspondence between functional improvement (increased TEER, decreased 

flux) and molecular stabilization indicates a redox–junctional coupling mechanism, 

wherein antioxidant regulation directly supports epithelial architecture and paracellular 

selectivity. 

Integrating these findings, a mechanistic model is proposed (Figure 5-8). Under 

oxidative stress, excessive ROS disturb redox balance and impair TJ assembly, leading 
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to increased epithelial permeability. EPS‑LM first alleviates this oxidative burden by 

scavenging ROS and restoring endogenous defense systems, including SOD, CAT, and 

GSH‑Px. These effects subsequently normalize the KEAP1-NRF2-NQO1 signaling 

pathway, facilitating NRF2 nuclear translocation and re‑establishing transcriptional 

control of antioxidant defenses, thereby maintaining cellular redox homeostasis. The 

resulting decrease in oxidative tension diminishes cytoskeletal contraction, thereby 

preventing TJ mislocalization and disassembly. This sequential process translates 

biochemical redox correction into measurable structural and functional recovery, 

reflected by elevated TEER, restored TJ protein networks, and reduced paracellular 

flux. Comparable protective effects between enhanced antioxidant capacity and 

TJ reinforcement have been documented for other polysaccharides and polyphenolic 

compounds, illustrating the generality of the mechanism proposed here. For instance, 

In line with this model, polysaccharide interventions in DSS‑injured Caco‑2 

monolayers alleviated oxidative stress and improved barrier endpoints (TEER, 

paracellular permeability, TJ protein expression) (He et al., 2025). Similarly, 

in vivo polyphenol treatment increased Occludin expression and corrected 

small‑intestinal barrier dysfunction in HFD‑fed rats (Wang et al., 2023). Together, 

these findings demonstrate that EPS‑LM, like other antioxidant bioactive, translates 

redox protection into restored TJ architecture and maintained epithelial barrier integrity. 
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 Figure 5-8 Hypothesized mechanism and signaling network for the protective effects 

of EPS‑LM against oxidative‑stress-induced epithelial barrier dysfunction in Caco‑2 

cell culture: (1) Exposure to H₂O₂ induces excessive ROS generation, damaging 

intestinal epithelial cells, reducing TEER, and disrupting TJ proteins (Claudin‑1, ZO‑1, 

Occludin), thereby impairing barrier integrity; (2) Accumulated ROS increase oxidative 

stress, leading to cellular injury and barrier dysfunction; (3) ROS promote NRF2 

dissociation from KEAP1, enabling NRF2 nuclear translocation and transcriptional 

activation of antioxidant genes such as NQO1; (4) EPS‑LM enhances SOD, CAT, and 

GSH‑Px expression, facilitates ROS clearance, alleviates oxidative damage, and 

stabilizes TJ proteins, thereby protecting epithelial barrier function. 

5.5 Conclusions 
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In summary, EPS-LM serves as a dual-function biomolecule linking antioxidant 

capacity and barrier protection. Rather than acting solely as a radical scavenger, EPS-

LM functions as a redox modulator orchestrating barrier resilience by integrating 

chemical, enzymatic, and structural defenses within epithelial cells. This 

multifunctional profile highlights EPS-LM as a promising nutraceutical candidate for 

mitigating oxidative-stress-related intestinal disorders characterized by oxidative-

inflammatory and barrier-compromised conditions. Further in vivo validation and gut-

microbiota interaction studies are warranted to clarify its mechanistic interplay and 

translational potential under complex physiological conditions. 
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Chapter 6 Synthesis, characterization and enhanced 

bioavailability, and bioactivities of quercetin complex 

with polysaccharide-bond protein fraction of Cs-HK1 

6.1 Introduction 

Quercetin is a widely consumed flavonoid present in vegetables, fruits, and traditional 

Chinese medicines. It exerts diverse health-promoting effects, including cardiovascular 

protection, antioxidant activity, and obesity management, making it a valuable 

candidate for functional nutritional supplements (Azeem et al., 2023). However, its 

practical applications are limited by poor water solubility, low stability during food 

processing and digestion, and limited bioavailability. Therefore, improving quercetin 

absorption and efficacy through advanced delivery strategies is essential to fully realize 

its potential (Kandemir et al., 2022).  

To overcome these limitations, various protein-based colloidal carriers have been 

explored to improve the dispersion, stability, and bioavailability of quercetin and other 

flavonoids. Proteins such as zein, soybean protein isolate, and pecan protein possess 

tunable amphiphilicity and excellent biocompatibility, enabling them to encapsulate 

hydrophobic compounds and enhance their performance in aqueous systems (Huang et 

al., 2021; H. Li et al., 2019; Wang et al., 2020). However, these single-protein systems 

often exhibit limited structural stability and are susceptible to environmental stresses 

such as pH, ionic strength, and temperature changes, which can cause aggregation or 
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phase separation. Such instability restricts their practical use in complex food 

formulations and gastrointestinal conditions. 

To enhance structural robustness and environmental tolerance, hybrid protein-

polysaccharide (PSP) conjugates have been developed as multifunctional delivery 

matrices. The introduction of polysaccharides can modulate surface charge, improve 

water affinity, and provide steric hindrance, thereby reinforcing the colloidal and 

interfacial integrity of protein-based assemblies. Nevertheless, most PSP systems 

reported to date are formed through physical complexation stabilized by non-covalent 

interactions (e.g., hydrogen bonding or electrostatic attraction). These weakly 

associated structures remain sensitive to processing conditions and exhibit limited 

reproducibility and long‑term stability (Wei & Huang, 2019). 

In contrast to physically mixed PSP systems, naturally occurring PSP conjugates 

possess intrinsic covalent architectures that confer stronger molecular cohesion and 

greater environmental stability. They are biosynthesized in certain fungi, bacteria, and 

algae, where proteins and polysaccharides become covalently linked during metabolic 

or secretory processes to form stable macromolecular complexes with synergistic 

bioactivities (J. Y. Wu et al., 2014). Among these natural sources, the 

Cordyceps Cs‑HK1 strain, an anamorphic isolate of C. sinensis, has been recognized as 

a promising source of naturally covalent PSP conjugates. This fungus produces PSP 

complexes, and previous studies have identified glycopeptide components in which the 

protein backbone is covalently linked to glucose‑ and mannose‑rich polysaccharide 
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chains (Leung et al., 2009; J. Y. Wu et al., 2014). Such findings indicate that covalent 

PSP linkages naturally exist within the Cs‑HK1 polysaccharide fraction, supporting its 

potential to form stable PSP frameworks with high molecular stability and pronounced 

antioxidant activity (Y. Y. Zhu et al., 2024).  

Building upon these natural advantages, the development of green, low‑cost, and 

food‑grade delivery systems has become a critical focus. Traditional preparation 

methods often rely on organic solvents such as dimethyl sulfoxide (DMSO) or ethanol, 

which raise toxicity and cost concerns (Ji et al., 2022; Modrzynski et al., 2019), while 

other techniques like nanogel formation require complex, non‑scalable procedures  

(Ding et al., 2023). The pH-induced co-assembly approach provides a more sustainable 

alternative; under alkaline conditions, proteins dissociate and quercetin deprotonates, 

enabling spontaneous co-assembly into stable complexes upon neutralization (Liu, Sun, 

Zhang, et al., 2022).  

Accordingly, the present study employs this solvent‑free, pH‑driven co‑assembly 

strategy to construct quercetin-PSP complexes derived from the Cs‑HK1PSP fraction. 

The resulting complexes were systematically characterized in terms of loading 

efficiency, physicochemical stability, antioxidant capacity, and intestinal delivery 

performance, providing a robust foundation for future functional‑food and nutraceutical 

applications. 

6.2 Materials and methods 
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6.2.1 Materials 

Quercetin (CAS number 117-39-5, purity of 97 %) was purchased from Shanghai 

Macklin Biochemical Technology Co., Ltd. (Shanghai, China). ABTS (2,2’-azino-bis 

(3-ethylbenzothiazoline-6-sulfonic acid) was obtained from Roche (Mannheim, 

Germany). Pepsin (3000 U/g), trypsin (250 U/g) and bile salts were provided by 

Solarbio (Beijing, China). The murine macrophage cell line RAW264.7 were originally 

from ATCC. Dulbecco's modified eagle medium (DMEM), fetal bovine serum (FBS), 

trypsin and other agents for cell culture were obtained from Gibco Biotechnology Co., 

ltd. (Grand Island, NY, USA). Lipopolysaccharide (LPS) and MTS assay kits were 

obtained from Sigma-Aldrich Co. Ltd. (St. Louis, MO, USA). All other chemicals and 

reagents used in this study were of analytical grade. 

6.2.2 Cs-HK1 fermentation and ultrasound treatment 

The Cs-HK1 mycelial fermentation was carried out as described in Section 4.2.1. After 

incubation, the mycelial fermentation broth (containing fungal mycelia and 

extracellular polysaccharides) of Cs‑HK1 was collected from the flasks and subjected 

to ultrasonic treatment to extract intracellular and extracellular polysaccharide-protein 

complexes (PSPs) from this viscous broth. The broth was first diluted to 66 % of its 

original concentration to reduce viscosity and enhance cavitation efficiency. Ultrasonic 

extraction was performed using a VCX 750 ultrasonic processor 

(Sonics & Materials Inc., USA) operating at 20 kHz with a 13 mm probe horn inserted 
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approximately 2 cm into 50 mL of the broth in a 100 mL centrifuge tube. The sample 

tube was placed in an ice bath to prevent overheating and maintain the temperature at 

30 ± 5 °C during sonication. The high‑intensity ultrasound generated strong cavitation 

and shear forces that disrupted the fungal mycelia, thereby markedly reducing broth 

viscosity and promoting the release of PSP conjugates into the liquid phase (Cheung et 

al., 2015). The resulting PSP fraction thus contained both extracellular and 

cell‑associated PSP complexes that were released during sonication. 

6.2.3 US-PSP extraction and recovery from Cs-HK1 fermentation broth 

For the construction of the PSP-based drug delivery system, the ultrasonicate-derived 

PSP (US-PSP) from Cs-HK1 mycelial biomass was selected instead of EPS-LM. US-

PSP showed better physicochemical properties for nanoparticle fabrication, including 

higher solubility, more homogeneous molecular size distribution and a higher protein 

content, which facilitated self-assembly and drug loading. In contrast, EPS-LM, as an 

extracellular ethanol-precipitated fraction, contained more heterogeneous high-

molecular-weight aggregates that were less suitable for forming stable nanoparticles 

under the current preparation conditions. Therefore, US-PSP was chosen as the PSP 

component for the drug delivery system in Chapter 6. 

US-PSP from the Cs-HK1 mycelial fermentation broth were extracted under optimized 

conditions based on previously established methods (Sun et al., 2017). The selection of 

pH played a critical role in optimizing both protein extraction and precipitation. 
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Alkaline extraction at higher pH levels enhanced protein yield but introduced 

challenges such as extract darkening, increased viscosity, and reduced centrifugation 

efficiency. Taking these factors into account, pH 9.5 was identified as the optimal 

condition for protein extraction. To extract US-PSP, the fermentation broth underwent 

ultrasonic treatment and was then adjusted to pH 9.5 using 0.1 M NaOH or HCl. The 

solution was shaken at 200 rpm at room temperature for 30 minutes to facilitate protein 

solubilization under alkaline conditions. The mixture was subsequently centrifuged at 

4000×g for 20 minutes to separate the protein-rich supernatant. Acid precipitation was 

performed on the supernatant at various pH levels (3.5-6) to determine the isoelectric 

point that yielded maximum protein recovery.  

6.2.4 Analysis of chemical composition and molecular weight 

The total carbohydrate content performed using the same methods as described in 

Section 4.2.2. 

The protein content of US-PSP was determined using the Kjeldahl method with a Pro-

Nitro M Kjeldahl Steam Distillation Unit (JP Selecta, Barcelona, Spain), following a 

previous study (Sampaio et al., 2020). For the protein analysis, 500 mg of freeze-dried 

PSP powder was digested with 25 mL of concentrated sulfuric acid and a catalyst tablet 

(6.25% CuSO₄·5H₂O and potassium sulfate) in a digestion box at sequential 

temperatures of 125°C, 270°C, and 400°C to ensure the complete conversion of 

nitrogen into ammonium sulfate. After cooling, the digested sample was distilled with 
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3 × 25 mL of 40% NaOH, and the released ammonia was collected in 50 mL of 4% 

boric acid solution containing bromocresol green and methyl red indicators. The borate 

formed was titrated with standardized HCl, and the nitrogen content was calculated to 

determine the protein content using a nitrogen-to-protein conversion factor of 6.25. 

The molecular weight distribution of US-PSP samples was analyzed using SDS-PAGE 

according to the method of (Laemmli, 1970), with slight modifications. Samples were 

mixed with 5× reducing loading buffer, heated at 95 °C for 5 min, and loaded together 

with a protein molecular weight marker onto a gel containing 5% stacking gel and 12% 

separating gel. Electrophoresis was run at 75 V until the samples entered the separating 

gel, followed by 120 V until completion. Afterward, the gel was stained with 

Coomassie Brilliant Blue G‑250 and destained until the background was clear. Protein 

bands were visualized using an Azure C600 imaging system (Azure Biosystems), and 

their apparent molecular weights were estimated by comparison with the marker. 

6.2.5 Analysis of protein composition  

The total amino acid (TAA) composition of PSP performed using the same methods as 

described in Section 5.2.2.1. 

6.2.6 Preparation of quercetin-PSP complex 

For the preparation of the quercetin-PSP complex, the procedure based on (Liu et al., 

2025) with minor modifications.US-PSP (2 g) was dispersed in 200 mL of deionized 

water, the pH was adjusted to 7, and the solution was allowed to hydrate overnight at 
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4 °C. A 50 mL portion was then mixed with quercetin at 8.33, 12.5, 25, or 50 mg, 

corresponding to mass ratios of 1:60, 1:40, 1:20, and 1:10 (Quercetin:PSP), respectively. 

The pH of each mixture was raised to 12 with 1 M NaOH and stirred at 400 rpm for 

30 min to facilitate quercetin incorporation, with additional NaOH added as needed to 

maintain alkalinity. The pH was subsequently lowered to 7 using 1 M HCl, followed 

by an additional 30 min of stirring. Fresh samples were analyzed immediately, while 

the remaining portions were freeze‑dried for storage. 

6.2.7 Characterization of US-PSP (particle size, PDI, and zeta potential) 

Determination of US-PSP particle size, polydispersity index (PDI), and zeta potential 

was carried out with a Zetasizer Nano‑ZS ZEN3600 (Malvern Instruments, UK). 

Particle size and PDI were analyzed by dynamic light scattering (DLS), while zeta 

potential was evaluated using electrophoretic light scattering (ELS). Freshly prepared 

PSP dispersions were diluted 100‑fold with deionized water to minimize multiple 

scattering, and all measurements were conducted at 25 °C. The procedure was based on 

(Liu et al., 2024) with appropriate adjustments. 

6.2.8 Evaluation of quercetin encapsulation in US-PSP systems 

Encapsulation efficiency (EE) and loading capacity (LC) of quercetin in US-PSP 

complexes were assessed following (X. Yan et al., 2019) with slight modifications. 

Fresh samples were centrifuged at 10,000 rpm for 15 min using an Avanti JXN‑26 

centrifuge (Beckman Coulter, USA) to remove non‑encapsulated quercetin. The pellet 
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fraction was re‑dissolved in ethanol, appropriately diluted, and analyzed by UV-Vis 

spectrophotometry (Cary 60, Agilent, USA) at 374 nm. Quercetin content was 

quantified against a standard calibration curve (0-10 μg/mL, y = 0.0665X-0.0037, 

R² = 0.9999). EE and LC values were then derived according to the standard formulas: 

EE (%)= (1 − !"#"$%&'!(%)#*	,!#-$#)."	$/")#")	(12)
)/)%(	,!#-$#)."	$/")#")	(12)

)×100  

LC (%)= 1%''	/4	#"$%&'!(%)#*	,!#-$#)."	(12)
1%''	/4	,!#-$#)."	%"*	565	(12)

×100  

6.2.9 Surface hydrophobicity analysis of quercetin-PSP complexes 

Surface hydrophobicity was determined using 1‑anilino‑8‑naphthalenesulfonic acid 

(ANS) as a fluorescence probe following the procedure of (Liu, Sun, Cheng, et al., 2022) 

with minor modifications. Fluorescence spectra were recorded on a Cary Eclipse 

spectrometer (Agilent, USA) at an excitation wavelength of 370 nm, with emission 

scanned from 400 to 700 nm and both slit widths set to 5 nm. Prior to measurement, 

PSP-quercetin samples were diluted 20‑fold with deionized water, mixed with 20 μL of 

ANS solution (8 mM, pH 7), and incubated for 20 min without light exposure. The 

maximum fluorescence intensity was taken as an indicator of the surface 

hydrophobicity of the complexes.  

6.2.10 Fluorescence spectral characterization of quercetin-PSP complexes 

Intrinsic fluorescence spectra of PSP-quercetin samples were recorded using a Cary 

Eclipse spectrofluorometer (Agilent, USA) to assess structural changes upon complex 
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formation. Excitation was conducted at 280 nm, and emission spectra were collected 

between 300 and 450 nm with both slit widths fixed at 5 nm. Prior to measurement, 

freshly prepared samples were diluted 50‑fold with deionized water. 

6.2.11 Circular dichroism (CD) spectroscopy analysis 

Circular dichroism (CD) was performed using the same method as described in 

Section 5.2.2.3. 

6.2.12 Fourier transform infrared (FT-IR) spectroscopy analysis 

FT-IR was performed using the same method as described in Section 4.2.2. 

6.2.13 SEM observation of PSP-quercetin complexes 

For morphological analysis, PSP-quercetin complexes at a mass ratio of 1:20 were 

examined by scanning electron microscopy using a Tescan Vega 3 LMU system 

(TESCAN, Brno, Czech Republic). Powder samples were mounted on aluminum stubs 

with conductive adhesive and sputter‑coated with a thin layer of gold under vacuum to 

enhance conductivity. Surface features were subsequently visualized at appropriate 

accelerating voltages. 

6.2.14 Stability assessment of PSP-quercetin complexes 

The stability of PSP-quercetin complexes (quercetin-to-protein mass ratio of 1:20) was 

evaluated under thermal and ionic stress conditions. For thermal stability, samples were 

incubated at 60, 70, 80, and 90 °C for 30 min, followed by cooling to ambient 



 

120 
 

temperature in an ice bath. Ionic strength effects were assessed by adjusting NaCl 

concentrations to 100-500 mM. After each treatment, hydrodynamic size and PDI were 

measured using a Zetasizer Nano‑ZS ZEN3600 (Malvern Instruments, UK), and the 

changes in complex stability were compared across conditions. 

6.2.15 ABTS assay for antioxidant activity of US-PSP complexes 

The ABTS assay was carried out according to the method described in Section 5.2.3.2. 

6.2.16. Assessment of bioactivities of the PSP Complex 

The cell lines and culture conditions used in this chapter were maintained according to 

the methods described in Section 4.2.3. Cell viability, nitric oxide (NO) production, and 

reactive oxygen species (ROS) assays were performed as previously described in 

Section 4.2.3. 

6.2.16.1 Analysis of cytokines by ELISA 

RAW 264.7 cells were seeded into 96‑well plates at a density of 2 × 10⁵ cells/well and 

cultured for 24 h. The cells were then treated with LPS, US-PSP, quercetin, or the PSP-

quercetin complex, followed by an additional 24 h incubation to induce the release of 

pro‑inflammatory cytokines IL‑1β and TNF‑α. Culture supernatants were collected and 

centrifuged to remove debris, and cytokine concentrations were quantified using 

ELISA kits (eBioscience™, Thermo Fisher Scientific, USA) according to the 

manufacturer’s instructions. 
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6.2.17 Simulated gastrointestinal digestion of quercetin-PSP complexes 

In vitro digestion of the quercetin-PSP complex was carried out according to (Liu et al., 

2025) with modifications. Quercetin (50 mg) was dissolved in 50 mL deionized water 

and combined with 50 mL of US-PSP solution to match the quercetin concentration in 

the 1:20 (w/w) Quercetin:PSP complex. To simulate gastric digestion, 5 mL of this 

mixture was added to 45 mL of 0.1 M HCl, shaken at 37 °C (100 rpm) for 10 min, and 

then treated with pepsin (10 mg) after adjusting the pH to 2.0. After 60 min, bile salts 

(250 mg) were introduced, the pH set to 7.0, and the sample incubated for 10 min before 

adding trypsin (20 mg) for 120 min of intestinal digestion. Aliquots were withdrawn 

from each stage for particle size, zeta potential, and PDI measurements. Following 

intestinal digestion, quercetin, the physical mixture with US-PSP, and the PSP-

quercetin complex were centrifuged at 10,000 rpm for 15 min to collect the mixed 

micelle fraction. Ethanol‑diluted samples (before centrifugation and from the micelle 

fraction) were analyzed at 374 nm by UV-Vis spectrophotometry, and quercetin 

concentration was calculated using the calibration curve (y = 0.0665X - 0.0037, 

R² = 0.9999). Bioaccessibility was expressed as the percentage of quercetin 

incorporated into mixed micelles. 

Bioaccessibility	(%) =
𝐶7
𝐶8

× 100 

where CM and CD are the concentrations of quercetin in the mixed micelle phase and 

intestinal digestion phase, respectively. 
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6.2.18 Statistical analysis 

Experiments were conducted in triplicate, and the results were expressed as mean ± 

standard deviation (SD). Statistical analysis was performed using one-way ANOVA in 

SPSS 22.0 software, and significant differences between groups were determined by 

Duncan's multiple range test (p < 0.05). 

6.3 Results and discussion 

6.3.1 Optimal pH for isoelectric precipitation of Cs-HK1 US-PSP  

The yield of US-PSP obtained from Cs‑HK1 fermentation broth varied with pH during 

isoelectric precipitation (Figure 6-1). The highest recoveries were achieved at pH 4.0 

and 5.5, in line with the principle that proteins precipitate most readily near their 

isoelectric points, where net surface charge approaches zero and solubility is minimized 

(Qing et al., 2022). Among the tested conditions, pH 4.0 produced the maximum US-

PSP yield (2.265 g/L) and was therefore selected as the optimal precipitation condition. 

These results highlight that pH 4.0 not only ensures higher yield and recovery efficiency 

but also demonstrates the feasibility of applying isoelectric precipitation at scale for 

US-PSP extraction from Cs‑HK1 mycelial broth. 
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Figure 6-1 Effect of pH on the mass of US-PSP obtained (g/L) from Cs-HK1 

fermentation broth.  

6.3.2 Chemical Composition of Cs-HK1 US-PSP 

The chemical composition and molecular weight distribution of Cs‑HK1 US-PSP are 

presented in Table 6-1. Protein was identified as the major component (53.16%), 

whereas total carbohydrate accounted for 12.8%, reflecting the presence of 

polysaccharides that may influence solubility and bioactivity. SDS‑PAGE analysis 

(Appendix Figure A6) showed protein bands mainly at 40 kDa and lower, together with 

additional fractions at 66 kDa and 135 kDa, indicating a heterogeneous protein profile 

with potential functional diversity. 

Table 6-1 Chemical composition and molecular weight of Cs-HK1 US-PSP.  
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analyzed by SDS-PAGE 

53.16 ± 0.31 12.80 ± 0.91 
40 kDa and below, 

 66 kDa,135 kDa  

The amino acid composition of US-PSP is summarized in Table 6-2, providing insight 

into its potential interactions with quercetin in complex formation. The total amino acid 

(TAA) content was 222.73 mg/g, comprising 88.50 mg/g essential amino acids (EAAs, 

40% of TAA) and 134.23 mg/g non‑essential amino acids (NAAs, 60% of TAA). 

Among the EAAs, valine (16.04 mg/g), leucine (15.12 mg/g), and lysine (14.89 mg/g) 

were the most abundant, whereas methionine (3.36 mg/g) was least represented. For 

NAAs, glutamic acid (26.24 mg/g) and aspartic acid (24.32 mg/g) predominated, 

followed by proline (18.66 mg/g) and alanine (17.19 mg/g), while cysteine showed the 

lowest level (1.47 mg/g). This amino acid profile is consistent with previous reports 

that emphasize the role of protein composition in stabilizing bioactive compound-

protein complexes (J. Y. Wu et al., 2014; Zhao, Gu, et al., 2024). Collectively, these 

findings suggest that Cs‑HK1 US-PSP possesses a favorable amino acid composition 

for efficient quercetin loading, thereby supporting the stability and functionality of the 

resulting complex. 

Table 6-2 Amino acids in protein of US-PSP (mg/g). 

Essential Amino Acid (EAA) Non-essential Amino Acid (NAA) 
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Histidine  7.70 ± 0.29 Alanine  17.19 ± 0.09 

Isoleucine  10.10 ± 0.66 Aspartic acid  24.32 ± 0.16 

Leucine  15.12 ± 0.17 Arginine  15.67 ± 0.45 

Lysine  14.89 ± 0.13 Glutamic acid  26.24 ± 0.29 

Phenylalanine  9.91 ± 0.45 Glycine  12.27 ± 0.05 

Threonine  11.38 ± 0.13 Serine  11.08 ± 0.07 

Valine  16.04 ± 0.14 Tyrosine  7.03 ± 0.47 

Methionine 3.36 ± 0.13 Proline  18.66 ± 2.06 

  Cysteine 1.47 ± 0.04 

Total Amino Acids (TAA) 222.73 ± 4.58  

Essential Amino Acids (EAA) 88.50 ± 2.52  

Non-essential Amino Acids (NAA) 134.23 ± 3.84  

6.3.3 Quercetin loading characteristics 

6.3.3.1 Characteristics of PSP-quercetin complexes 

Pure US-PSP exhibited a zeta potential of -25 mV (Figure 6-2A). With increasing 

quercetin content, the zeta potential shifted progressively toward less negative values. 

A significant change was first observed at a mass ratio of 1:60 (p < 0.05), with further 

increases at 1:40, 1:20, and 1:10, indicating a continuous trend toward higher potentials 
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as quercetin loading increased. This progressive shift is likely attributable to 

quercetin‑induced conformational rearrangements in US-PSP that expose polar groups, 

thereby enhancing electrostatic repulsion and improving colloidal stability (Xie et al., 

2024). Particle size analysis (Figure 6-2B) showed that US-PSP alone had an average 

diameter >160 nm. Incorporation of quercetin at ratios ≤ 1:20 reduced particle size 

markedly, consistent with protein-polyphenol interactions that promote a more compact 

structure, a phenomenon also reported for whey protein (Liu et al., 2025). In contrast, 

at a 1:10 ratio, mean size exceeded 200 nm, indicating aggregation induced by excess 

quercetin. The PDI followed the same pattern: ratios < 1:20 yielded narrow 

distributions (PDI < 0.4), whereas higher ratios produced broader distributions 

(PDI > 0.4). Collectively, these findings suggest that moderate quercetin loading favors 

compact and homogeneous PSP-quercetin complexes, while excessive incorporation 

promotes particle enlargement and structural heterogeneity. 
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Figure 6-2 Effects of the quercetin-to-PSP mass ratio on the particle size and PDI (A), 

zeta potential (B), encapsulation efficiency and loading capacity of quercetin (C), and 

surface hydrophobicity (D).  

6.3.3.2 EE and LC  

EE analysis showed that US-PSP effectively accommodated quercetin across a broad 

range of mass ratios (Figure 6-2C). At most ratios, EE exceeded 97%, with the 

maximum value of 99.01% at 1:40. High efficiencies were also maintained at 1:60 

(97.95%) and 1:20 (97.58%), confirming the robustness of the pH‑driven encapsulation 

approach. In contrast, at 1:10, EE fell sharply to 61.85%, suggesting saturation of PSP 

binding sites and the presence of unencapsulated quercetin (Moon et al., 2021). A 

similar pattern has been observed in whey protein systems, where moderate ratios 

ensured efficient encapsulation but quercetin excess markedly reduced EE (Liu et al., 

2025). Unlike EE, the LC of US-PSP increased steadily with rising quercetin content 
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(p < 0.05). LC values rose from 1.21% at 1:60 to 2.41% at 1:40, and further to 4.65% 

at 1:20. The maximum LC of 5.62% was obtained at 1:10, highlighting the notable 

ability of US-PSP to accommodate high quercetin amounts despite the drop in EE. 

Overall, these results indicate that US-PSP is an efficient carrier, achieving high 

encapsulation efficiency under most conditions while also providing strong loading 

capacity at elevated quercetin ratios. 

Surface hydrophobicity analysis revealed a distinct response of US-PSP upon quercetin 

incorporation (Figure 6-2D). Native US-PSP showed the highest hydrophobicity value, 

whereas the successive addition of quercetin led to a marked decrease. Moderate 

reductions appeared at 1:60 and 1:40, with a more pronounced decline at 1:20 and 1:10, 

the latter showing the lowest value. This decline can be attributed to quercetin 

interactions with aromatic and other hydrophobic residues on US-PSP, which restrict 

ANS binding and reduce apparent surface hydrophobicity (Cheng et al., 2023). 

Integrating these results with other indicators (EE, LC, particle size, and zeta potential; 

Figure 6-2), the 1:20 ratio appeared optimal. Under this condition, PSP-quercetin 

complexes maintained high encapsulation efficiency (97.58%) and considerable 

loading capacity (4.65%), while exhibiting decreased surface hydrophobicity, smaller 

and more uniform particle size, and improved electrostatic stability. Taken together, 

these findings indicate that US-PSP provides favorable interfacial properties and 

functions as a stable and effective carrier for quercetin. 



 

130 
 

6.3.3.3 Fluorescence spectroscopy analysis  

The intrinsic fluorescence of US-PSP originates mainly from tryptophan residues, 

which exhibit a characteristic emission maximum at 352 nm (Figure 6-3A). Upon 

quercetin addition, the overall fluorescence intensity decreased progressively, whereas 

the spectral profile and peak position remained essentially unchanged. This pronounced 

quenching indicates direct interactions of quercetin with the tertiary structure of US-

PSP, where binding alters the microenvironment of tryptophan residues and reduces 

their emissive capacity (Kristo et al., 2012). The dose‑dependent decline in 

fluorescence intensity mirrors the increasing association between quercetin and US-

PSP with higher ratios, consistent with the enhancement of loading capacity (Figure 6-

2C). In parallel, the suppression of intrinsic fluorescence aligns with the observed 

decrease in surface hydrophobicity (Figure 6-2D), suggesting that quercetin masks 

hydrophobic amino acid side chains and thereby promotes colloidal stability. Similar 

quenching behaviors of tryptophan fluorescence have been reported in other 

polyphenol-protein systems, highlighting the generality of this interaction mechanism 

(Liu et al., 2025). 
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Figure 6-3 Effects of the quercetin-to-PSP mass ratio on the fluorescence spectra (A), 

FT-IR spectra (B) of PSP, quercetin, physical mixtures, and complex, CD spectra (C), 

and secondary structure content (D) of the complex. The mass ratio of quercetin to 

protein was 1:20 in the physical mixtures and the complex used in FT-IR spectra 

analysis. 

6.3.3.4 Circular dichroism (CD) spectroscopy analysis  

CD spectra revealed the conformational responses of US-PSP to quercetin binding 

(Figure 6-3C-D). Native PSP showed characteristic α‑helical signatures with negative 

bands at 208 and 222 nm, together with a weaker band near 215 nm associated with 

β‑sheet structures. Deconvolution indicated a predominantly disordered conformation, 

consisting of random coils (44.5%), α‑helix (31.9%), β‑turn (12.6%), and β‑sheet 

(11.0%). Quercetin addition induced concentration‑dependent reorganizations. At 

moderate loadings (1:60 and 1:40), α‑helix content increased to 23.9% and 27.1%, 

accompanied by modest rises in β‑sheet content (16.9% and 18.8%). More pronounced 
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changes occurred at higher loadings (1:20 and 1:10), where random coil content 

decreased to 34.8% and 33.7%, while β‑sheet content expanded markedly to 28.2% and 

41.8%. β‑turn proportions fluctuated only slightly, remaining near 11%. Overall, these 

data suggest that quercetin binding drives US-PSP toward greater secondary structural 

order, characterized by a coil‑to‑sheet transition, in agreement with previous 

observations for protein-polyphenol systems (Xu et al., 2019).  

6.3.3.5 FT-IR spectroscopy analysis 

The FTIR spectrum of the PSP-quercetin complex displayed clear shifts compared with 

the individual components, indicating noncovalent interactions (Figure 6E). The broad 

O-H stretching band became more intense and shifted downward by 5-15 cm⁻¹, a 

characteristic sign of strengthened hydrogen bonding. The amide I and II bands of PSP, 

initially at 1658 and 1548 cm⁻¹, shifted to 1649 and 1542 cm⁻¹, suggesting participation 

of quercetin phenolic hydroxyl and carbonyl groups in intermolecular interactions. 

Importantly, no new band appeared in the ester region (1735-1745 cm⁻¹), confirming 

the absence of covalent linkages. For comparison, quercetin alone exhibited O-H 

stretching near 3350 cm⁻¹, a C=O band overlapping the aromatic region at 1656 cm⁻¹, 

and C-O vibrations at 1075-1035 cm⁻¹. US-PSP showed a broad hydroxyl absorption 

around 3350 cm⁻¹, weak aliphatic C-H absorptions (2924, 2852 cm⁻¹), carbohydrate 

bands at 1150-1030 cm⁻¹, protein amide I and II peaks (1654, 1544 cm⁻¹), and 

carboxylate absorptions (1602, 1415 cm⁻¹). In a simple physical mixture, superposition 
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of both spectra produced only minor broadening near 1650 and 1545 cm⁻¹. These 

spectral features demonstrate that hydrogen bonding and other noncovalent forces are 

the primary drivers of PSP-quercetin assembly, resulting in a stable composite without 

covalent linkages. Similar hydrogen‑bond‑dominated interactions have been 

documented in other polyphenol-protein systems (Liu et al., 2025), emphasizing the 

central role of noncovalent networks in stabilizing bioactive-biopolymer complexes. 

6.3.3.6 Proposed binding mechanism 

At neutral pH, proteins generally maintain a compact conformation with only limited 

hydrophobic pockets and polar groups exposed, whereas quercetin exhibits poor 

dispersion due to its low aqueous solubility (C. Chen et al., 2022). Raising the pH to 12 

induces partial unfolding of the protein moieties within the US-PSP conjugates through 

electrostatic repulsion, thereby exposing additional hydrophobic domains and polar 

residues. Simultaneously, deprotonation of quercetin hydroxyl groups markedly 

enhances its solubility and dispersion  (Jurasekova et al., 2009). Upon subsequent 

neutralization, the protein components undergo partial refolding and aggregation, 

during which quercetin molecules can be trapped within the newly formed hydrophobic 

cavities. Importantly, the polysaccharide chains covalently linked to the US-PSP 

backbone remain solvated and flexible during this process, forming a hydrophilic outer 

layer that improves water affinity and sterically hinders excessive protein-protein 

aggregation. These polysaccharide moieties also provide abundant hydroxyl and 
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carboxyl groups that are capable of hydrogen bonding with quercetin, thereby 

reinforcing the overall structural integrity of the assemblies. Consequently, a 

cooperative binding mode can be proposed in which hydrophobic interactions between 

the protein core and the aromatic rings of quercetin are complemented by hydrogen 

bonding between polysaccharide hydroxyl groups and quercetin’s phenolic hydroxyls. 

As illustrated in Figure 6-4, this integrated core-shell architecture explains the high 

stability and encapsulation efficiency of the pH‑driven Cs‑HK1 PSP-quercetin 

complexes, where the protein domains act as primary hydrophobic binding sites and 

the polysaccharide chains provide secondary hydrogen‑bonding interactions and 

colloidal stabilization. 

                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                  
Figure 6-4 Schematic illustration of protein-quercetin interactions via hydrogen 

bonding and hydrophobic-hydrophobic interactions. 

6.3.3.7 SEM analysis  

As shown in Fig. 5, US-PSP alone displayed a loose, sponge‑like three‑dimensional 

framework with smooth walls and interconnected pores (Figure 6-5B). In contrast, free 
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quercetin appeared as elongated rods or needle‑shaped crystals, consistent with its 

strong propensity to crystallize (Figure 6-5A). Upon complexation, the porous PSP 

network was partially filled and reinforced by quercetin, producing a more compact and 

heterogeneous microstructure (Figure 6-5C). This transformation suggests that 

quercetin molecules were not simply deposited on the surface but also accommodated 

within the internal cavities of US-PSP, thereby forming a denser matrix. Such 

rearrangements are most likely driven by multiple noncovalent interactions, particularly 

hydrophobic association and hydrogen bonding, which together contribute to the 

stabilization of the PSP-quercetin complex. 

Figure 6-5 SEM images of quercetin (A), US-PSP (B), and the quercetin-PSP (C). The 

mass ratio of quercetin to protein was 1:20 in the complex. 

6.3.4 Stability analysis 

The quercetin-PSP complex exhibited notable stability under both thermal and ionic 

conditions (Figure 6-6). As the temperature increased from room temperature to 90 °C, 

the average particle diameter decreased from 225 nm to 180 nm. Meanwhile, the 

A B C 
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dispersion became more uniform, with the PDI dropping below 0.4 at 90 °C. This 

response likely results from the porous and flexible structure of US-PSP, which 

accommodates thermal motion and restricts large‑scale aggregation. Thus, the complex 

not only maintained stability during heating but also displayed improved homogeneity. 

Under ionic stress, increasing NaCl concentration produced gradual particle growth, 

from approximately 260 nm in salt‑free solution to about 390 nm at 400 mM (Figure 6-

B). This enlargement suggests that sodium ions weaken electrostatic repulsion, leading 

to partial aggregation. Meanwhile, the polydispersity index remained nearly constant 

(0.48-0.50), indicating that the particle distribution did not broaden substantially. These 

results indicate that elevated ionic strength primarily reduces stability by increasing 

particle size, rather than by introducing significant heterogeneity. 
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Figure 6-6 Effects of NaCl concentration on the particle size and PDI (A) of the 

quercetin-PSP complex. Effects of temperature on the particle size and PDI (B) of the 

quercetin-PSP complex. The mass ratio of quercetin to protein was 1:20 in the complex. 

6.3.5 Antioxidant activity analysis  

Figure 6-7 shows the antioxidant performance of the quercetin-PSP complex. Free 

quercetin displayed only modest ABTS• scavenging activity, consistent with earlier 

reports that poor water solubility limits the radical reactivity of lipophilic polyphenols 

(Yi et al., 2016). Encapsulation in PSP markedly enhanced its antioxidant capacity. At 

25 μg/mL, the quercetin-PSP complex achieved a scavenging rate of about 51%, 

compared with 35% for free quercetin. At 50 μg/mL, the complex reached nearly 86% 

activity, which was more than 20 percentage points higher than that of free quercetin 

(62%). Comparable improvements have been reported for other hydrophilic carriers 

that increase the dispersibility and reactivity of lipophilic polyphenols (Luo et al., 2024). 
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This enhancement is most likely attributable to the high loading capacity of US-PSP, 

which improves quercetin’s aqueous dispersion and facilitates radical contact, 

consistent with observations for protein-polysaccharide‑based delivery systems (Liu, 

Sun, Cui, et al., 2022).  

Figure 6-7 ABTS• scavenging activity of free quercetin, PSP and quercetin-PSP 

complexes at different concentrations. 

6.3.6 In vitro anti-inflammatory activity  

6.3.6.1 In vitro cytotoxicity assay 

Figure 6-8 shows the cytotoxic effects of free quercetin, US-PSP, and their complexes 

on RAW264.7 cells. For both free quercetin and the quercetin-PSP complex, cell 

viability remained above 90% within the concentration range of 1.25-15 μg/mL, 
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showing no evident cytotoxicity compared to the control. Similarly, US-PSP alone 

exhibited no significant cytotoxic effect even at concentrations up to 300 μg/mL. For 

both free quercetin and the quercetin-PSP complex, cell viability remained above 90% 

within the concentration range of 1.25-15 μg/mL, showing no evident cytotoxicity 

compared to the control. Similarly, US-PSP alone exhibited no significant cytotoxic 

effect even at concentrations up to 300 μg/mL. 
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Figure 6-8 The cytotoxic effects of free, US-PSP and encapsulated quercetin on 

RAW264.7 cells. (A)free quercetin (B) Quercetin-PSP complex (C) US-PSP. The mass 

ratio of quercetin to protein was 1:20 in the complex. 

6.3.6.2 Anti-inflammatory effects of quercetin and US-PSP on RAW264.7 cells 

As shown in Figure 6-9, LPS stimulation markedly increased the production of NO, 

ROS, and pro‑inflammatory cytokines in RAW264.7 cells. For NO release (Figure 9A), 

free quercetin at low concentrations showed little effect, whereas PSP alone elicited 

modest suppression. Among the treatments, the quercetin-PSP complex consistently 

produced the strongest inhibition at all tested concentrations, reflecting enhanced 

protective activity. A comparable trend was observed for ROS generation (Figure 6-

9B), where the complex displayed more pronounced suppression than either component 

alone. Regarding cytokine secretion (Figure 6-9C-D), all treatments reduced 

LPS‑induced IL‑1β and TNF‑α relative to the model group, but the quercetin-PSP 

complex (10 + 200 μg/mL) achieved the greatest reduction, outperforming quercetin 

(10 μg/mL) or US-PSP (200 μg/mL) administered separately. Together, these findings 

indicate that PSP-quercetin complexation potentiates the anti-inflammatory efficacy of 

quercetin, leading to more effective attenuation of macrophage-mediated inflammatory 

responses. 
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Figure 6-9 The inhibition of NO, ROS, TNF-α, and IL-1β production by free quercetin, 

US-PSP, and quercetin-PSP complexes on RAW264.7 cells. (A) NO production, (B) 

ROS production, (C) TNF-α production, (D) IL-1β production. The mass ratio of 

quercetin to protein in the quercetin-PSP complex was 1:20. 

6.3.7 In vitro digestive characteristics analysis 
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6.3.7.1 Digestive stability analysis 

To further evaluate the gastrointestinal fate of the quercetin-PSP complex, a simulated 

digestion model was employed. In simulated gastric fluid (SGF), the particle size 

increased significantly from 252.1 nm to 689.2 nm (p < 0.05), accompanied by a higher 

PDI (Figure 6-10A). This enlargement suggests that the complexes tended to aggregate 

under acidic conditions. Similar gastric aggregation was reported for whey protein 

nanoparticles encapsulating citrus peel extracts (Hu et al., 2019). Upon transfer to 

simulated intestinal fluid (SIF), the mean particle size decreased sharply to 233 nm 

(p < 0.05). Trypsin-mediated hydrolysis promoted the breakdown of these aggregates, 

yielding smaller and more dispersed particles. This trend is consistent with observations 

for zein-alginate nanogels, which disassembled in SIF following initial aggregation 

under SGF (Ding et al., 2023). Comparable results have also been observed for soy 

isoflavones-whey protein nanoparticles, which remained relatively stable in gastric 

fluid but subsequently disintegrated in the intestine to enhance bioaccessibility (Liu, 

Sun, Zhang, et al., 2022). Functionally, this “transient aggregation” during gastric 

transit may limit premature quercetin release, while disassembly during the intestinal 

phase promotes efficient release and absorption. As shown in Figure 6-10B, SEM 

imaging confirmed that after SGF digestion the complexes aggregated into irregular 

block‑like structures, reflecting protein matrix instability under acidic conditions. 

Subsequently, after SIF digestion the aggregates decomposed into smaller, more 

discrete particles (Figure 6-10C), consistent with the reduction in particle size and PDI. 
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This morphological transition provides evidence that pepsin‑induced hydrolysis and 

acidic pH triggered aggregation in the gastric phase, whereas trypsin digestion 

facilitated disintegration in the intestinal phase. 
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Figure 6-10 Particle size and PDI of quercetin-PSP complex at different digestion 

stages (A). SEM images of the complex after digestion in SGF (A) and SIF (B). 

Bioaccessibility of quercetin after simulated gastrointestinal digestion (D). The mass 

ratio of quercetin to protein was 1:20 in the physical mixtures and the complex. 

6.3.7.2 Quercetin bioaccessibility analysis 

Figure 6-10D summarizes the intestinal bioaccessibility of quercetin in different 

formulations. Free quercetin exhibited the lowest value (14.3%), which was attributed 

to its crystalline state and poor water dispersibility, leading to limited transfer into the 

micellar phase. When physically blended with US-PSP, the bioaccessibility increased 

to 24.3%, suggesting partial interactions among quercetin, proteins, digestive enzymes, 

and bile salts during digestion. Importantly, encapsulation within the quercetin-PSP 

complex further elevated the bioaccessibility to 70.7%, which is almost five times that 

of free quercetin and nearly three times that of the physical mixture. This value was 

consistent with that of a quercetin-whey protein complex prepared by a similar 
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pH‑induced co‑assembly method (62.7%), which was reported to be almost five times 

higher than free quercetin and nearly twice that of the physical mixture (Liu et al., 2025). 

The enhanced stability and bioaccessibility observed for quercetin encapsulated in 

zein/soluble soybean polysaccharide nanoparticles further highlight the protective role 

of protein-polysaccharide co‑assemblies in shielding hydrophobic polyphenols during 

gastrointestinal transit and promoting efficient intestinal uptake. Comparable results 

were also reported for whey protein nanofibril-stabilized zein nanoparticles, which 

preserved structural integrity under gastric conditions and facilitated controlled release 

and antioxidant activity in the intestine (H. Li et al., 2019; Liu et al., 2021). Together, 

these findings emphasize the general utility of proteinaceous carriers in improving 

intestinal absorption of hydrophobic polyphenols. 

6.4 Conclusion  

This study demonstrated that a green pH‑induced co‑assembly strategy enabled the 

formation of quercetin-PSP complexes with high encapsulation efficiency, structural 

stability, and improved functional properties. The complexes exhibited enhanced 

antioxidant and anti‑inflammatory activities and displayed favorable gastrointestinal 

behavior, characterized by transient aggregation in gastric fluid followed by 

disassembly in intestinal fluid, which markedly increased quercetin bioaccessibility. 

Collectively, these results identify Cs HK1‑derived US-PSP as an effective and 
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sustainable carrier for improving the intestinal delivery and functional efficacy of 

quercetin in food and nutraceutical applications.  
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Chapter 7 General Conclusions and Future Studies 

7.1 General conclusions 

This series of studies comprehensively investigated the compositional characteristics, 

biological functions, and application potential of Cs-HK1-derived polysaccharide-

protein complexes. Through systematic chemical, structural, and bio-functional 

analyses, the research revealed how these PSP complexes modulate inflammatory, 

oxidative, and epithelial-barrier-related processes and demonstrated their potential as 

natural carrier platforms for enhancing the bioavailability of flavonoid polyphenols 

such as quercetin.  

1.Physicochemical characteristics 

Mycelial fermentation of Cs-HK1 provided reproducible yields of bioactive PSP 

complexes with integrated polysaccharide and protein components. Comprehensive 

compositional analyses-covering monosaccharide and amino acid profiling, FT-IR 

spectroscopy, circular dichroism, fluorescence, and gel-permeation chromatography-

confirmed that the PSP macromolecules consisted mainly of mannose-, glucose-, and 

galactose-rich polysaccharide chains covalently or physically linked to protein moieties 

enriched in aspartic acid, glutamic acid, and glycine. These components formed 

β-sheet-dominant secondary structures that endowed the complexes with both structural 

rigidity and conformational flexibility.  

2. Anti-inflammatory effects in macrophage models 
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The low-molecular-weight exopolysaccharide-protein fraction (EPS-LM), isolated 

from the liquid medium of Cs-HK1 mycelial fermentation, exhibited anti-inflammatory 

activity in LPS-stimulated RAW 264.7 macrophages. EPS-LM significantly decreased 

NO and cytokine production and suppressed the TLR4/MyD88/NF-κB signaling 

cascade, as demonstrated by Western blotting, immunofluorescence, and 

co-immunoprecipitation analyses. It effectively impaired the interaction between 

TLR4 and MyD88, thereby preventing NF-κB p65 nuclear translocation and 

downstream cytokine transcription. Besides its anti-inflammatory role, EPS-LM 

reduced ROS accumulation, revealing a concurrent redox-modulatory function.  

3. Antioxidative and epithelial-barrier protection mechanisms 

Further investigations in Caco-2 intestinal epithelial cells demonstrated that EPS-LM 

strongly protected against H₂O₂-induced oxidative injury and barrier dysfunction. It 

significantly reduced cellular ROS levels, restored the activities of key antioxidant 

enzymes (SOD, CAT, GSH-Px), and normalized NRF2-NQO1 pathway activation, 

collectively re-establishing intracellular redox balance. Functionally, EPS-LM 

prevented the decline in TEER, reduced paracellular permeability, and restored the 

expression and junctional localization of tight junction proteins (Claudin-1, Occludin, 

and ZO-1). These effects demonstrate that EPS-LM maintains epithelial integrity by 

coupling antioxidative defense with structural reinforcement of junctional complexes. 

Mechanistically, the results substantiate a redox-dependent protective model in which 
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EPS-LM mediates ROS suppression and antioxidant enzyme recovery, subsequently 

stabilizing cytoskeletal and tight junction networks to preserve barrier function. 

4. Functionalization and delivery enhancement with quercetin 

The PSP fraction ultrasonically extracted from the Cs‑HK1 mycelial fermentation broth, 

which contained both extracellular and intracellular polysaccharide-protein complexes, 

was further exploited as a natural, food‑grade carrier for quercetin via a solvent‑free, 

pH‑induced co‑assembly process. The resulting PSP-quercetin complexes displayed 

high encapsulation efficiency (> 97%), improved particle homogeneity and colloidal 

stability, and strong non-covalent binding interactions through hydrogen bonding and 

hydrophobic association. After complexation with PSP, quercetin exhibited markedly 

enhanced antioxidant and anti-inflammatory activities, and in vitro gastrointestinal 

simulations showed that the complexes remained stable under acidic gastric conditions 

but disassembled efficiently in the intestinal phase, resulting in a five-fold improvement 

in bioaccessibility compared with free quercetin. These findings confirm that PSPs 

from Cordyceps sinensis (Cs‑HK1) provide a versatile and biocompatible matrix for 

stabilizing hydrophobic nutraceuticals while enhancing their release behavior and 

bioavailability. 

In this thesis, two distinct polysaccharide-protein complexes derived from the Cs-HK1 

culture were investigated, namely EPS-LM and US-PSP. EPS-LM is an extracellular 

polysaccharide-protein fraction obtained from the fermentation broth by two-step 
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ethanol precipitation, whereas US-PSP is an intracellular/mycelial fraction released by 

ultrasonication of the Cs-HK1. 

EPS-LM tends to have a higher average molecular weight and a higher polysaccharide 

content, while US-PSP is relatively enriched in protein. These differences may underlie 

their distinct physicochemical behaviors and suitability for different applications. 

Functionally, EPS-LM primarily acts as an anti-inflammatory agent that activates 

macrophages via the TLR4/MyD88-NF-κB pathway and enhances the production of 

inflammatory mediators. In contrast, US-PSP was exploited as a structural component 

for constructing a drug delivery system, where its amphiphilic polysaccharide-protein 

nature and favorable solubility profile facilitated nanoparticle formation and drug 

loading. Thus, while both are Cs-HK1-derived PSPs, EPS-LM and US-PSP represent 

complementary functional entities: one serving mainly as a bioactive anti-inflammatory, 

and the other as a biomaterial platform for therapeutic delivery. 
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7.2 Future studies 

Future studies on Cordyceps sinensis (Cs-HK1) polysaccharide-protein complexes 

(PSPs) should focus on expanding fundamental knowledge, verifying biological 

efficacy under physiological conditions, and promoting industrial application.  

1. In vivo efficacy and safety evaluation 

Comprehensive animal and clinical studies are needed to verify the anti‑inflammatory, 

antioxidant, and barrier‑protective effects of PSPs within whole‑body systems. 

Pharmacokinetic and metabolic analyses should clarify their absorption, distribution, 

and biotransformation in vivo, while systematic safety assessments, including toxicity, 

allergenicity, and long‑term health effects, are essential to ensure consumer and 

regulatory confidence. 

2.Gut health and host-microbiota interaction 

Future research should explore how PSPs modulate gut microbiota, strengthen mucosal 

barriers, and influence host immune and metabolic homeostasis. Elucidating the links 

between microbial metabolites, intestinal signaling pathways, and overall physiological 

outcomes will help clarify how PSPs contribute to gut-systemic health regulation. 

3.Structure-function correlation and multifunctional delivery development 

More advanced analytical and computational tools, such as multidimensional 

spectroscopy, molecular simulation, and imaging techniques, should be employed to 
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reveal the relationship between PSP molecular architecture and biological activity. 

These insights can guide the rational design of PSP‑based carrier systems for delivering 

various nutraceutical and therapeutic compounds with improved stability and 

bioavailability. 

4.Industrial scale-up and functional-food innovation 

Large-scale fermentation, green extraction, and purification processes require 

optimization to guarantee yield, quality, and cost-effectiveness. Applied research 

should focus on developing PSP-based foods, beverages, and nutraceutical 

formulations that combine safety, sensory quality, and storage stability, ultimately 

establishing PSPs as reliable natural ingredients for health-oriented industries. 
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Appendix 

 

Figure A1 High‑performance size‑exclusion chromatography (HPSEC) profiles 

of EPS‑LM. 

 

Figure A2 Preliminary dose‑response analysis of H₂O₂‑induced reduction in Caco‑2 

cell viability within the concentration range of 0–700 µM. Data are presented as 

mean ± SEM (n = 6). 
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Figure A3 High-performance gel permeation chromatography (HPGPC) profile of 

EPS-LM. 

 

Figure A4 ¹H NMR spectrum of EPS‑LM. 
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Figure A5 Protective effect of EPS‑LM on Caco‑2 cell viability under H₂O₂‑induced 

oxidative stress at concentrations ranging from 350 µM to 700 µM (E–G). Data are 

presented as mean ± SEM (n = 6). (**p < 0.01, ***p < 0.001, ****p < 0.0001 vs. H₂O₂). 

Figure A6 SDS-PAGE analysis of PSP extracted from Cs-HK1 mycelial fermentation, 

showing the molecular weight distribution of major protein fractions. 
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