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ABSTRACT: Background: Cordyceps militaris extracellular vesicle-enriched preparations, operationally designated 

CMEVs in this study, are being explored as food-derived nanomaterials, but the effects of source material, 

fermentation stage, and carbon source on their characteristics and biological activity remain unclear. We compared 

CMEVs obtained from fruiting bodies and submerged liquid fermentation, selected a collection time, and examined 

the effects of four carbon sources on CMEV characteristics and protection against UVB-induced injury. 

Results: Compared with fruiting body-derived CMEVs, fermentation-derived CMEVs yielded more BCA-detectable 

protein per gram of source dry mass, had a more negative zeta potential, and showed a narrower particle-size 

distribution. In UVB-damaged HaCaT cells, fermentation-derived CMEVs resulted in higher cell viability, lower 

MMP1 and IL6 expression, and higher COL1A2 expression. The two source groups had similar particle-to-protein 

ratios. Although the BCA-measured protein concentration was highest on fermentation day 5, CMEVs collected on 

day 4 had a higher particle-to-protein ratio and a more uniform particle-size distribution. Day 4 was therefore selected 

for the subsequent experiments. Tre-CMEVs and Glc-CMEVs had similar protein concentrations, particle-to-protein 

ratios, and zeta potentials, while Tre-CMEVs showed a relatively narrow particle-size distribution. In UVB-damaged 

HaCaT cells, Tre-CMEVs reduced ROS and MDA, decreased IL6 and MMP1 expression, and increased COL1A2 

expression. Tre-CMEVs also reduced wrinkle formation, epidermal thickening, lipid peroxidation, inflammation, and 

collagen loss in UVB-exposed mice. Untargeted metabolomics distinguished Tre-CMEVs from Glc-CMEVs and 

identified differential features related to amino acid and energy metabolism, including signals putatively annotated as 

arginine, glutamate, and tricarboxylic acid-cycle intermediates. 

Conclusions: Day 4 was selected as the collection point based on particle characteristics and cellular activity. 

Tre-CMEVs reduced oxidative stress, inflammatory responses, and matrix damage in HaCaT cells and alleviated 

UVB-induced skin injury in mice. These findings support further evaluation of Tre-CMEVs as a UVB-protective 

preparation. 
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1. Introduction 

Cordyceps militaris is an edible and medicinal fungus used in functional foods, dietary supplements, and 

traditional medicine[1, 2]. Its fruiting bodies and mycelia contain cordycepin, adenosine, ergosterol, 

polysaccharides, and other constituents with reported anti-inflammatory, antioxidant, and skin-protective 

activities[1-3]. Submerged liquid fermentation provides a controllable means of producing C. militaris biomass 

and bioactive products[4, 5]. Nutrient composition and cultivation conditions strongly influence fungal growth 

and cordycepin production[6-8]. Fermentation can also alter the properties of mushroom polysaccharides[9] and 

other food-derived bioactive components[10]. Whether these variables similarly affect C. militaris extracellular 

vesicle-enriched preparations, operationally designated CMEVs in this study, has not been established. 

Extracellular vesicles (EVs) are nanoscale lipid-bilayer particles that transport proteins, lipids, small 

RNAs, and metabolites between cells and across biological kingdoms[11-13]. Fungal EV studies indicate that 

vesicles carry proteins, RNAs, lipids, glycans, and metabolites and may participate in growth, stress 

adaptation, host interaction, and intercellular communication[14-16]. EVs from plants, fermented foods, and 

edible or medicinal fungi have attracted interest as food-derived nanocarriers because they combine 

biocompatibility, scalable raw materials, and endogenous cargo delivery potential[17-23]. Shiitake 

mushroom-derived extracellular nanovesicles have been investigated for controlled preparation, 

characterization, and in vitro activity[24], while related vesicle-like nanoparticles have subsequently been 

evaluated in aged-mouse dietary intervention models[25]. EVs from Pleurotus eryngii have also been described 

as antioxidant mushroom-derived vesicles[26]. Fungal and plant-derived exosome-like nanovesicles have also 

been investigated for ultraviolet-induced skin aging and skin-directed anti-aging delivery[27-29].  

The composition of EV preparations depends on the physiological and metabolic state of the producer 

cells[14-16]. In filamentous fungi, culture conditions alter particle size and protein composition[30]. Carbon 

source is particularly relevant in C. militaris because it affects both mycelial growth and secondary 

metabolism[3-5]. Trehalose can serve as a carbon source and also contributes to fungal stress protection, 

cell-wall homeostasis, and metabolic regulation through the trehalose/trehalose-6-phosphate pathway[31, 32]. 

We therefore examined whether replacing glucose with trehalose or other carbon sources altered CMEV 

characteristics and activity. 

Source material and collection time may also influence CMEV preparations. Fruiting bodies are 

differentiated tissues rich in structural polysaccharides and tissue-associated metabolites, whereas submerged 

liquid fermentation releases vesicular material into a broth in which growth, pH, nutrient composition, and 

harvest time can be monitored. A previous study reported exosome-like nanovesicles from C. militaris fruiting 

bodies[33], but fruiting body-derived and fermentation-derived CMEVs have not been directly compared. The 

stage of fermentation at which CMEVs should be collected also remains unclear. 

In this study, we first compared CMEVs obtained from fruiting bodies and glucose-based submerged 

liquid fermentation. We then selected the collection day by integrating mycelial growth, particle 

characteristics, and activity in UVB-damaged HaCaT cells. Next, we compared CMEVs produced with 
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glucose, trehalose, galactose, or glycerol. Untargeted metabolomics was used to compare Tre-CMEVs with 

Glc-CMEVs, and Tre-CMEVs identified through the in vitro screening were subsequently evaluated in a 

mouse model of UVB-induced photoaging. 

2. Materials and methods 

2.1. Strain, cells, and animals 

The Cordyceps militaris strain HMJAU 25074 was identified by internal transcribed spacer sequencing 

and maintained by routine laboratory subculture. Human immortalized keratinocytes (HaCaT; STCC11801, 

Wuhan Zishan Biotechnology Co., Wuhan, China) were cultured in DMEM-H medium (Servicebio, Wuhan, 

China) supplemented with 10% fetal bovine serum and 1% penicillin/streptomycin at 37 °C in 5% CO₂. Cells 

were passaged after digestion with 0.25% trypsin-EDTA at 37 °C for 5–6 min and subcultured at a 1:3 ratio. 

Mycoplasma testing was negative. 

Seven-week-old female SPF-grade ICR mice (20 ± 2 g) were supplied by Hefei Qingyuan Biotechnology 

Co., Ltd. (Hefei, China) and produced by Hangzhou Ziyuan Laboratory Animal Technology Co., Ltd. 

(Hangzhou, China; laboratory animal production license No. SCXK (Zhe) 2024-0004; laboratory animal 

quality certificate No. 20250922Abzz010500000083). Animals were housed under standard SPF conditions at 

18–22 °C and 45–65% relative humidity under a 12 h light/dark cycle, with free access to standard chow and 

sterilized water. All animal procedures were approved by the authors' Institutional Animal Care and Use 

Committee (No. IACUC(AHU)-2025-111) and conducted in accordance with the ARRIVE 2.0 guidelines[34].  

2.2. Reagents and instruments 

Major reagents, assay kits, and instruments used in this study are listed in Additional file 1: Table S4, 

together with their suppliers and intended uses. 

2.3. Submerged liquid fermentation and kinetic monitoring 

The basal medium contained the assigned carbon source, yeast extract (5 g/L), MgSO₄ (0.4 g/L), KH₂PO₄ 

(0.6 g/L), and vitamin B1 (0.01 g/L). The carbon sources were adjusted to an equivalent carbon concentration 

of approximately 0.546 mol C/L: glucose, 16.4 g/L; galactose, 16.4 g/L; trehalose, 15.56 g/L; and glycerol, 

16.76 g/L. 

Activated C. militaris cultures were inoculated into fermentation medium at 10% (v/v) and incubated at 

22.7 °C and 170 rpm for 1-9 days. Samples were collected daily for biomass monitoring. Mycelia were 

harvested by filtration, washed with PBS, and analyzed by dry-weight measurement. Initial broth pH and the 

pH at the peak-biomass-phase collection point were recorded for each carbon-source condition. Glc-CMEVs, 

Tre-CMEVs, and Gal-CMEVs were collected on day 4, whereas Gly-CMEVs were collected on day 5. These 

time points corresponded to the condition-specific peak-biomass phase. For each carbon-source condition, 

three independent shake-flask submerged liquid fermentation batches were independently inoculated, 

fermented, harvested, and subjected to the complete CMEV enrichment procedure; therefore, n = 3 denotes 

independent biological preparation batches rather than technical replicates from one preparation. 
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2.4. Preparation of CMEVs from fruiting bodies and fermentation broth 

Materials recovered from C. militaris using the enrichment procedure described below are referred to as 

CMEVs. This term denotes extracellular vesicle-enriched preparations and does not imply a fully purified 

vesicle population. 

Unless otherwise specified, FB-CMEVs and SF-CMEVs were subjected to the same downstream 

enrichment, washing, physicochemical characterization, and HaCaT-cell bioassay workflow. These 

operational group labels were used for the source-comparison experiment. In the subsequent carbon-source 

experiments, glucose-, trehalose-, galactose-, and glycerol-derived submerged liquid fermentation 

preparations were abbreviated as Glc-CMEVs, Tre-CMEVs, Gal-CMEVs, and Gly-CMEVs, respectively. 

The difference between FB-CMEVs and SF-CMEVs was restricted to the source pretreatment step; after 

clarification by filtration, both source materials were subjected to the same centrifugation, DTT-mediated 

release, PEG enrichment, washing, and PBS resuspension procedure. 

For the source comparison, the dry weight of the fruiting-body material was determined from a parallel 

aliquot of the same batch after drying to constant weight, whereas the denominator for SF-CMEVs was the dry 

mycelial biomass obtained from the corresponding fermentation batch. Protein recovery was calculated by 

dividing the total BCA-measured protein recovered from each preparation by the corresponding source dry 

mass. This normalization was used as an operational source-specific comparison and does not imply that 

fruiting-body tissue and mycelial biomass are biologically equivalent matrices. 

The clarified fruiting-body filtrate or fermentation broth was centrifuged at 5000 × g for 25 min at 4 °C to 

remove residual large debris. The supernatant was further centrifuged at 15000 × g for 20 min at 4 °C to 

generate supernatant S1 and a pellet fraction. The pellet was resuspended in prechilled isolation buffer 

containing sucrose (3.43 g) and triethanolamine (149 μL) in water to a final volume of 50 mL. DTT was added 

to a final concentration of 0.15 g/mL, and the suspension was incubated at 37 °C for 12 min as a 

matrix-dissociation step, with reference to a previously reported DTT-assisted extraction procedure[35]. The 

mixture was immediately diluted with two volumes of isolation buffer and centrifuged at 17000 × g for 25 min 

at 4 °C to obtain supernatant S2. 

S1 and S2 were combined, and PEG 8000 was added to a final concentration of 8% (w/v). After mixing, 

samples were incubated overnight at 4 °C and centrifuged at 18000 × g for 70 min at 4 °C. The pellet was 

collected as a crude EV-enriched preparation, resuspended in sterile PBS, washed once by centrifugation at 

18000 × g for 30 min at 4 °C, and finally resuspended in sterile PBS. Samples were used for physicochemical 

characterization and biological assays or stored at −80 °C. This workflow combines differential 

centrifugation, DTT-mediated release, polymer-mediated enrichment, and PBS washing; it is therefore 

described as an EV enrichment procedure rather than as single-step PEG precipitation or fully purified EV 

isolation[11, 36, 37]. This terminology follows MISEV2023 guidance for EV preparations that may contain 

coisolated nonvesicular components[11, 12]. Recent guidance for EV extraction from edible sources also 

stresses transparent reporting of source-dependent pretreatment, isolation, and characterization[38]. 
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2.5. DTT-step evaluation, process controls, and batch reproducibility 

To evaluate the contribution of the DTT step, independent DTT-treated (DTT+) and DTT-free (DTT−) 

preparations were generated from separate starting samples and processed under otherwise identical 

conditions, including dilution, centrifugation, PEG enrichment, washing, resuspension, and physicochemical 

analysis. Each group comprised three independently prepared and fully processed samples. Intensity-weighted 

particle-size distributions, zeta potential, and BCA-measured protein concentration were compared between 

the two groups. This comparison assessed detectable changes in particle-size distribution, surface charge, and 

protein recovery; it did not directly evaluate membrane integrity, molecular composition, residual DTT, or 

particle-normalized biological activity. 

Two types of full-process negative controls were prepared. Complete Glc-, Tre-, Gal-, and 

Gly-containing media without C. militaris inoculation were processed using the same starting volume, DTT 

treatment, PEG concentration, centrifugation, washing, and final resuspension volume as the biological 

samples. A DTT treatment and PEG enrichment process blank containing the processing buffers and reagents 

but no fermentation medium or biological material was processed in parallel. Each control condition 

comprised three independently prepared and fully processed replicates. The resulting controls were evaluated 

by intensity-weighted particle-size analysis, zeta-potential measurement, and BCA protein assay; results 

below the assay quantification range were reported as below the lower limit of quantification rather than as 

zero. 

Batch-to-batch reproducibility was assessed using three independently inoculated, fermented, harvested, 

and processed batches for each carbon-source condition. BCA-measured protein concentration, particle size, 

and zeta potential were summarized as mean ± SD and coefficient of variation. Functional consistency among 

the three independently prepared Tre-CMEV batches was additionally evaluated in UVB-injured HaCaT cells 

using MDA accumulation as the readout. 

2.6. Physicochemical characterization 

The morphology of CMEVs was examined by TEM. Briefly, 20 μL of each preparation in PBS was 

applied to glow-discharged carbon-coated copper grids, negatively stained with 2% phosphotungstic acid, and 

imaged with a Talos L120C G2 TEM. Intensity-weighted particle-size distributions and zeta potentials were 

measured using light-scattering analysis under matched settings. NTA was used separately to obtain 

size-resolved particle-concentration profiles and total particle concentrations[39]. Total protein was quantified 

with a BCA assay. The particle-to-protein ratio was calculated as total NTA-detectable particle concentration 

(particles/mL) divided by BCA-measured protein concentration (μg/mL) and is reported as particles/μg 

protein. Cell and animal doses were normalized to BCA-measured total protein; this does not constitute 

particle-number normalization. Particle measurements also do not establish that every detected particle is an 

EV or exclude co-enriched nonvesicular material[11, 36, 37]. 

2.7. Cellular uptake, UVB-induced cell injury, and in vitro efficacy assays 
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For cellular uptake analysis, CMEVs were fluorescently labeled with DiI according to the manufacturer's 

protocol. Excess free dye was removed by centrifugation and washing before cell treatment. A processed 

DiI-only control was prepared by adding DiI to the same labeling buffer in the absence of CMEVs and 

subjecting it to the same dye concentration, incubation time, buffer volume, centrifugation, washing, and final 

resuspension procedure. HaCaT cells were treated with DiI-labeled preparations or the processed DiI-only 

control using the same treatment volume and incubation time. DiI-labeled CMEVs were applied at 100 μg/mL 

for 12 h. After incubation, cells were washed with PBS, nuclei were counterstained with DAPI, and 

fluorescence images were acquired using identical laser power, detector gain, exposure, magnification, and 

image-processing settings. 

HaCaT cells in logarithmic growth phase were used for in vitro experiments. For biocompatibility assays, 

approximately 8000 cells per well were seeded into 96-well plates and allowed to adhere for 24 h. CMEVs 

were added at 20, 40, or 60 μg/mL and incubated for 24 h. CCK-8 reagent was then added, cells were 

incubated in the dark for approximately 3 h, and absorbance was read at 450 nm. Cell viability was normalized 

to the untreated control. 

For the UVB injury model, HaCaT cells were exposed to UVB irradiation on two consecutive days. The 

UVB dose was 40 mJ/cm² on day 1 and 50 mJ/cm² on day 2 using UVB-313 nm fluorescent lamps, with 

emission mainly within 280–315 nm. UVB models are widely used to induce oxidative stress, inflammatory 

signaling, extracellular-matrix dysregulation, and collagen loss in photoaging research[40-42]. Immediately 

after the second UVB exposure, cells were treated with the corresponding CMEVs at 50 μg/mL, normalized 

according to BCA-measured total protein, for 24 h. Model cells received an equal volume of PBS without 

CMEVs. This two-step UVB exposure protocol established an accelerated photodamage model before 

post-irradiation CMEVs intervention. 

2.8. ROS, MDA, and image quantification 

Intracellular ROS was detected with DCFH-DA. After intervention, cells were gently washed with PBS, 

incubated with DCFH-DA working solution diluted in serum-free medium at 37 °C for 20 min in the dark, and 

washed three times with PBS to remove free probe. Fluorescence images were acquired under identical 

exposure settings, and mean fluorescence intensity was quantified with ImageJ. Lipid peroxidation was 

assessed with an MDA assay based on thiobarbituric acid according to the manufacturer's instructions, with 

normalization performed as required by the kit protocol. 

2.9. Untargeted metabolomics 

Glc-CMEVs and Tre-CMEVs were obtained from three independent fermentation and complete 

CMEV-enrichment batches per group for untargeted metabolomics. Each replicate originated from an 

independently inoculated fermentation and complete CMEV-enrichment batch. Metabolites were extracted 

with methanol/acetonitrile (1:1, v/v) in a total extraction volume of 390 μL. Samples were sonicated at 40 kHz 

for 35 min at 5 °C and incubated at −40 °C for 40 min to promote protein precipitation. After centrifugation at 

12000 × g for 16 min at 4 °C, supernatants were transferred to fresh tubes and dried under a gentle nitrogen 
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stream. Dried extracts were reconstituted in 110 μL of acetonitrile/water (1:1, v/v), briefly sonicated at 5 °C, 

centrifuged again at 12000 × g for 16 min at 4 °C, and transferred to vials for LC-MS/MS analysis. Untargeted 

metabolomics was treated as a discovery workflow rather than as proof of molecular causality[43]. 

Metabolomics was performed with a Thermo Fisher Scientific UHPLC system coupled to a Q Exactive 

quadrupole-Orbitrap mass spectrometer. Separation used an HSS T3 column with a 2 μL injection volume and 

a flow rate of 0.39 mL/min. Mobile phase A was water/acetonitrile (95:5, v/v) with 0.1% formic acid, and 

mobile phase B was acetonitrile/isopropanol/water (47.5:47.5:5, v/v/v) with 0.1% formic acid. The gradient 

was as follows: 0–0.11 min, 0–5% B; 0.11–2.1 min, 5–25% B; 2.1–9.1 min, 25–100% B; 9.1–13.1 min, 100% 

B; 13.1–13.2 min, 100–0% B; and 13.2–16.1 min, 0% B for re-equilibration. Samples were kept at low 

temperature in the autosampler. 

Electrospray ionization was performed in positive and negative modes. Source parameters were heater 

temperature, 400 °C; capillary temperature, 320 °C; sheath gas, 40 arbitrary units; auxiliary gas, 10 arbitrary 

units; spray voltage, 3500 V in positive mode and −2800 V in negative mode. MS/MS collision energies were 

20, 40, and 60 eV. Full MS and MS/MS resolutions were 70000 and 17500, respectively. Data were acquired 

in data-dependent acquisition mode across m/z 70–1050. Raw data were processed for peak detection, 

alignment, denoising, missing value handling, and normalization. Metabolite names and chemical 

classifications were reported using RefMet terminology where available[44], and pathway mapping was 

performed using KEGG[45]. OPLS-DA was used to visualize global metabolic separation, with permutation 

testing for model stability. Differential features were screened using VIP > 1.0 from OPLS-DA combined with 

a Benjamini–Hochberg-adjusted P < 0.05. Metabolite annotations were reported as putative annotations 

unless confirmed with authentic standards[46]. 

Auxiliary metabolomic comparisons of Tre-CMEVs with Gal-CMEVs and Gly-CMEVs used the same 

LC-MS/MS processing pipeline as the primary Tre-CMEVs versus Glc-CMEVs comparison. The 

corresponding OPLS-DA score plots and VIP-associated heat maps are provided in Additional file 1: Figure 

S6. 

2.10. Mouse UVB photoaging model and Tre-CMEVs intervention 

After acclimation, mice were randomly assigned to three groups (n = 6): Control, UVB Model, and 

Tre-CMEVs. The animal experiment was designed as a proof-of-concept validation following the in vitro 

carbon-source screening. Tre-CMEVs were selected as the lead preparation based on their overall 

physicochemical characteristics and protective responses in UVB-injured HaCaT cells. This staged 

screening-to-validation design limited animal use to the selected candidate and was consistent with the 

Reduction principle of the 3Rs. Dorsal hair was removed before modeling, and the exposed area was kept 

consistent throughout the experiment. A continuous 14-day UVB protocol was used. The dose was 100 

mJ/cm² on day 1 and was increased by 50 mJ/cm² every 3 days for 2 weeks. Repeated UVB exposure induces 

erythema, epidermal hyperplasia, oxidative injury, inflammatory activation, and dermal collagen remodeling 

in experimental photoaging models[40-42, 47]. Before each irradiation, mice in the Tre-CMEVs group received a 
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subcutaneous injection of Tre-CMEVs into the dorsal irradiation area at 50 μg per mouse per treatment. 

Control and UVB Model mice received equal volumes of PBS. Dorsal erythema, scaling, and wrinkles were 

recorded during the experiment, and wrinkle severity was scored. At the endpoint, mice were euthanized 

according to the approved ethical protocol. Dorsal skin and major organs were collected, fixed, embedded, or 

stored at −80 °C according to downstream analyses. 

For the preliminary in vivo tolerability assessment, body weight was monitored during the observation 

period. Major organs, including heart, liver, spleen, lung, kidney, and skin, were collected for H&E staining 

after Tre-CMEVs administration. These data are presented in Additional file 1: Figure S7. 

2.11. Histology and gene expression analysis 

Dorsal skin tissues were fixed in paraformaldehyde, embedded in paraffin, and sectioned at 

approximately 4 μm. Sections were stained with hematoxylin and eosin (H&E) or Masson's trichrome to 

assess epidermal thickness, keratinization, and dermal collagen distribution. Images were acquired at identical 

magnification and exposure settings. Epidermal thickness and dermal collagen area fraction were quantified 

with ImageJ. 

For RT-qPCR, total RNA was extracted from cells or skin tissues with TRIzol reagent. RNA 

concentration and purity were measured before reverse transcription to cDNA. Real-time PCR was performed 

with a SYBR Green system, GAPDH served as the internal control, and relative mRNA expression was 

calculated by the 2−ΔΔCt method. In HaCaT cells, RT-qPCR targeted IL-6, MMP-1, and COL1A2, with 

GAPDH as the internal reference gene. In mouse dorsal skin tissues, RT-qPCR targeted IL-1β, MMP1A, and 

COL1A2, also with GAPDH as the internal reference gene. Primer sequences are listed in Additional file 1: 

Table S3. Additional dorsal skin samples were homogenized for MDA measurement according to the assay kit 

protocol, and MDA values were normalized to the total protein concentration. 

2.12. Statistical analysis 

Data are presented as mean ± standard deviation (SD). GraphPad Prism 8.0 was used for statistical 

analysis. For physicochemical characterization, n = 3 denotes three independently prepared CMEV 

preparations or three independently fermented and fully processed batches, as specified. For cell assays, n = 3 

denotes three independent cell experiments; technical replicate wells or fields were averaged within each 

independent experiment before inferential analysis. Metabolomics used three independent fermentation and 

preparation batches per group. Animal endpoints included six mice per group, with no missing endpoint 

samples. Normality and homogeneity of variance were evaluated using the Shapiro-Wilk and Brown-Forsythe 

tests, respectively; no statistically significant departure from these assumptions was detected for the analyzed 

datasets (all P > 0.05). Two-group comparisons between independently prepared groups were analyzed using 

an unpaired two-tailed Student’s t test. Multi-group comparisons were analyzed by one-way ANOVA 

followed by Dunnett's multiple-comparison test against the prespecified reference group: D4 for 

fermentation-stage characterization, Glc-CMEVs for carbon-source physicochemical comparisons, the UVB 

Model group for cell-intervention experiments, and the UVB Model group for the animal experiment. The 
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prespecified reference group, significance symbols, and corresponding thresholds are defined in each figure 

legend. Untargeted metabolomics used Benjamini-Hochberg-adjusted P values, with VIP > 1.0 and adjusted P 

< 0.05 used for differential-feature screening. P < 0.05 was considered statistically significant; *P < 0.05, 

**P < 0.01, and ***P < 0.001. 

3. Results 

3.1. CMEVs derived from submerged liquid fermentation and fruiting bodies show source-dependent 

differences 

The enrichment workflow for FB-CMEVs and SF-CMEVs is shown in Figure 1A. The amount of protein 

recovered per gram of source dry mass, as measured by the BCA assay, was higher for SF-CMEVs than for 

FB-CMEVs (Figure 1B). TEM showed vesicle-like membranous particles in both groups, with less 

amorphous background and a more uniform morphology in the representative SF-CMEVs images (Figure 

1C). SF-CMEVs also showed a more negative zeta potential and a narrower particle size distribution than 

FB-CMEVs (Figure 1D,E). The particle-to-protein ratio did not differ significantly between the two groups 

(Additional file 1: Figure S3A). 

Control experiments showed that DTT-treated and DTT-free preparations had similar particle size 

distributions and zeta potentials, whereas DTT treatment increased the amount of protein recovered 

(Additional file 1: Figure S1). The uninoculated medium controls and the DTT treatment and PEG enrichment 

process blank showed only small-diameter scattering signals and low or unquantifiable protein levels after 

complete processing (Additional file 1: Figure S2). 

To evaluate cellular uptake, DiI-labeled FB-CMEVs and SF-CMEVs were incubated with HaCaT cells 

for 12 h. Cells treated with DiI-labeled CMEVs showed prominent red fluorescence within the cytoplasmic 

region (Figure 1F), whereas the processed DiI-only control showed minimal fluorescence under identical 

acquisition settings (Additional file 1: Figure S5). These results support the uptake of DiI-labeled CMEVs by 

HaCaT cells and indicate that the observed fluorescence was not attributable to residual free dye or 

dye-derived aggregates. In UVB-injured HaCaT cells, both FB-CMEVs and SF-CMEVs increased cell 

viability compared with the UVB Model group, with a larger increase observed in the SF-CMEVs group 

(Figure 1G). Both treatments decreased MMP-1 and IL-6 mRNA expression and increased COL1A2 mRNA 

expression, with more pronounced changes observed in the SF-CMEVs group (Figure 1H–J). 

Based on these results, SF-CMEVs were used in the subsequent fermentation-stage and carbon-source 

experiments. 
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Figure 1. Source-dependent differences between FB-CMEVs and SF-CMEVs. (A) Schematic workflow for CMEV 

enrichment. (B) Protein recovered per gram of source dry mass, measured by the BCA assay. (C) Representative TEM 
images; scale bars, 200 nm and 100 nm. (D) Zeta potential. (E) Intensity-weighted particle-size distribution. (F) Cellular 

uptake of DiI-labeled FB-CMEVs and SF-CMEVs after 12 h incubation with HaCaT cells; nuclei were stained with DAPI. 
(G) Cell viability in UVB-damaged HaCaT cells. (H-J) Relative mRNA expression of MMP1, COL1A2, and IL-6. 

Physicochemical data are mean ± SD from three independent CMEV preparations; cell data are mean ± SD from three 
independent cell experiments. Physicochemical comparisons used an unpaired two-tailed Student’s t test, and cell 

comparisons used one-way ANOVA with Dunnett’s test against the UVB Model group. *P < 0.05, **P < 0.01, ***P < 0.001. 
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3.2. Fermentation day 4 was selected as the collection time for CMEVs 

To determine the collection time, fermentation kinetics were examined using glucose as the carbon 

source. Mycelial biomass reached a maximum or plateau on fermentation day 4, while broth pH decreased and 

subsequently stabilized (Figure 2A). Protein concentration measured by the BCA assay increased from day 3 

to day 4 and reached its highest level on day 5 (Figure 2D). However, CMEVs collected on day 5 had a lower 

particle-to-protein ratio than those collected on day 4, whereas the ratios on days 3 and 4 were comparable 

(Figure 2E). Thus, the increase in protein concentration on day 5 was not accompanied by a proportional 

increase in NTA-detectable particles. 

The physicochemical profile also varied with growth stage. D4-CMEVs showed a relatively narrow 

intensity-weighted particle-size distribution and representative vesicle-like structures with a comparatively 

cleaner background (Figure 2B,F). D5-CMEVs showed a broader distribution extending toward larger 

particles, a less negative zeta potential than D4-CMEVs, and greater morphological heterogeneity in the 

representative TEM fields (Figure 2B,C,F). These observations are consistent with increased co-recovery of 

heterogeneous particulate and protein-containing material at the later collection stage, although the present 

measurements cannot distinguish vesicle-associated proteins from free or nonvesicular proteins. 

Compared with the UVB Model group, CMEVs collected on day 4 reduced intracellular ROS and MDA 

levels, decreased IL-6 and MMP-1 mRNA expression, and increased COL1A2 mRNA expression (Figure 

3A–F). Based on the combined fermentation, physicochemical, morphological, and cellular results, 

fermentation day 4 was selected as the collection time for subsequent experiments. 

 
Figure 2. Effects of fermentation stage on CMEV characteristics. D3-CMEVs, D4-CMEVs, and D5-CMEVs denote CMEVs 

collected on fermentation days 3, 4, and 5, respectively. (A) Dynamic changes in mycelial biomass and broth pH during 
submerged liquid fermentation of C. militaris. (B) Intensity-weighted particle size distributions of CMEVs collected on 

fermentation days 3, 4, and 5. (C) Zeta potential. (D) BCA-measured protein concentration. (E) NTA-detectable particles per 
μg of BCA-measured protein. (F) Representative TEM images; upper scale bars, 200 nm; lower scale bars, 100 nm. Data are 
mean ± SD from three independent fermentation and complete preparation batches. Comparisons used one-way ANOVA with 

Dunnett’s test using CMEVs collected on day 4 as the reference group. **P < 0.01, ***P < 0.001, ns, not significant. 
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Figure 3. Protective effects of CMEVs collected at different fermentation stages against UVB-induced HaCaT cell injury. 

D3-CMEVs, D4-CMEVs, and D5-CMEVs denote CMEVs collected on fermentation days 3, 4, and 5, respectively. (A) 
Representative bright-field and DCFH-DA fluorescence images showing intracellular ROS accumulation. (B) Quantification 
of relative intracellular ROS fluorescence intensity. (C) Intracellular MDA concentration measured by a TBA-based assay. 
(D-F) Relative mRNA expression of IL-6, MMP-1, and COL1A2. Data are mean ± SD, n = 3. Statistical comparisons were 

made between each CMEV-treated group and the Model group by one-way ANOVA with Dunnett's post hoc test; *P < 0.05, 
**P < 0.01, ***P < 0.001. 

3.3. Effects of carbon source on the physicochemical properties of CMEVs 

Using the peak-biomass collection strategy, CMEVs produced with glucose, trehalose, galactose, or 

glycerol were compared. Glc-CMEVs, Tre-CMEVs, and Gal-CMEVs were collected on fermentation day 4, 

whereas Gly-CMEVs were collected on day 5. The four carbon-source conditions showed different biomass 

trajectories and changes in broth pH (Figure 4A,B). 

Protein concentrations measured by the BCA assay differed among the four groups (Figure 4E). 

Gal-CMEVs and Gly-CMEVs had lower protein concentrations than Glc-CMEVs, whereas Tre-CMEVs did 

not differ significantly from Glc-CMEVs. The particle-to-protein ratios did not differ significantly among the 

four groups (Figure 4F; Additional file 1: Figure S3B). 

TEM showed vesicle-like membranous structures in all four CMEV groups (Figure 4G). Tre-CMEVs 

had a narrower particle size distribution than Glc-CMEVs, while all four groups had negative zeta potentials 

(Figure 4C,D). The zeta potential of Tre-CMEVs was comparable to that of Glc-CMEVs, whereas 

Gal-CMEVs and Gly-CMEVs showed significant differences from Glc-CMEVs. 

Across three independent batches for each carbon source, the coefficients of variation for protein 

concentration, particle size, and zeta potential ranged from 1.14% to 8.90%, indicating low variation between 

batches (Additional file 1: Tables S1 and S2). The three independently prepared Tre-CMEV batches also 

produced similar reductions in MDA in UVB-injured HaCaT cells (Additional file 1: Figure S4). 
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Figure 4. Effects of carbon source on CMEV characteristics. (A) Mycelial biomass during days 1-9 of submerged liquid 

fermentation with glucose (Glc), trehalose (Tre), galactose (Gal), or glycerol (Gly). (B) Initial broth pH and pH at the 
condition-specific peak-biomass collection point. (C) Intensity-weighted particle-size distributions. (D) Zeta potential. (E) 
BCA-measured protein concentration. (F) NTA-detectable particles per μg of BCA-measured protein. (G) Representative 

TEM images; upper scale bars, 200 nm; lower scale bars, 100 nm. Glc-CMEVs, Tre-CMEVs, and Gal-CMEVs were collected 
on fermentation day 4, whereas Gly-CMEVs were collected on day 5. Data are mean ± SD from three independent 
fermentation and complete preparation batches. Comparisons used one-way ANOVA with Dunnett's test against 

Glc-CMEVs. *P < 0.05, ***P < 0.001, ns, not significant. 

3.4. Protective effects of CMEVs produced with different carbon sources in UVB-injured HaCaT cells 

The protective effects of CMEVs produced with different carbon sources were evaluated in UVB-injured 

HaCaT cells. Compared with the UVB Model group, all four CMEV treatments reduced ROS and MDA 

levels, with Tre-CMEVs showing the lowest levels among the intervention groups (Figure 5A–C). All four 

treatments also decreased IL-6 and MMP-1 mRNA expression and increased COL1A2 mRNA expression to 

varying degrees (Figure 5D–F). Tre-CMEVs showed the lowest ROS and MDA levels together with favorable 

changes in the three injury-related genes and were therefore selected for subsequent in vivo evaluation. 

Tre-CMEVs and Glc-CMEVs were used for the primary metabolomics comparison; comparisons involving 

Gal-CMEVs and Gly-CMEVs are presented in Additional file 1: Figure S6. 



P.F. Li et al. / Food Science and Human Wellness 17 (2026) 

 

 
Figure 5. Protective effects of CMEVs produced with different carbon sources against UVB-induced HaCaT injury. (A) 

Representative bright-field and DCFH-DA fluorescence images showing intracellular ROS accumulation in the control, UVB 
Model, Glc-CMEVs, Tre-CMEVs, Gal-CMEVs, and Gly-CMEVs groups. (B) Quantification of relative intracellular ROS 

fluorescence intensity. (C) MDA concentration measured by a TBA-based assay. (D-F) Relative mRNA expression of IL-6, 
MMP-1, and COL1A2. Data are mean ± SD, n = 3. Comparisons were made between each CMEV intervention group and the 

Model group by one-way ANOVA with Dunnett's post hoc test; *P < 0.05, **P < 0.01, ***P < 0.001. 

3.5. Untargeted metabolomics identifies differences between Tre-CMEVs and Glc-CMEVs 

Untargeted LC-MS/MS identified differential features in several chemical subclasses, including amino 

acids and derivatives, flavonoids, and organic acids (Figure 6A). The OPLS-DA score plot separated 

Tre-CMEVs from Glc-CMEVs (Figure 6C), and the permutation test yielded a negative Q² regression 

intercept, indicating no obvious overfitting (Figure 6B). These results showed that Tre-CMEVs and 

Glc-CMEVs had distinct metabolite profiles. 

The heat map showed different relative-abundance patterns between Tre-CMEVs and Glc-CMEVs 

(Figure 6D). Several features with higher abundance in Tre-CMEVs were putatively annotated as arginine, 

glutamate, and TCA cycle intermediates. KEGG analysis associated the differential features with amino acid 

metabolism, energy metabolism, and redox-related pathways (Figure 6E). These features were selected as 

candidates for subsequent targeted validation. Tre-CMEVs also separated from Gal-CMEVs and Gly-CMEVs 

in the OPLS-DA models, with corresponding differences observed in the heat maps (Additional file 1: Figure 

S6). 
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Figure 6. Untargeted metabolomics of Tre-CMEVs and Glc-CMEVs. (A) RefMet chemical subclass distribution of 

differential features. (B) OPLS-DA permutation test (n = 200); the negative Q2 regression intercept indicated no obvious 
overfitting under the applied settings. (C) OPLS-DA score plot. (D) Heat map of the top 30 differential features; relatively 

elevated features in Tre-CMEVs included signals putatively annotated as arginine, glutamate, and TCA-cycle intermediates. 
(E) KEGG pathway mapping of differential features. Data were derived from three independent fermentation and complete 
preparation batches per group; differential-feature screening used VIP > 1.0 and Benjamini-Hochberg-adjusted P < 0.05. 

3.6. Tre-CMEVs attenuate UVB-induced skin photoaging in mice 

Following the in vitro carbon-source screening, Tre-CMEVs were evaluated in the mouse UVB model 

(Figure 7A). Repeated UVB exposure caused erythema, scaling, and deepened wrinkles in the UVB Model 

group. These changes were attenuated by Tre-CMEVs, and wrinkle severity scores were significantly lower 

than those in the UVB Model group (Figure 7B,D). 

Histological findings were consistent with the macroscopic changes. H&E staining showed epidermal 

hyperplasia and abnormal keratinization in the UVB Model group, whereas treatment with Tre-CMEVs 

significantly reduced epidermal thickness (Figure 7C,E). Masson’s trichrome staining showed disruption and 

loss of dermal collagen after UVB exposure. Treatment with Tre-CMEVs improved collagen organization and 

significantly increased the collagen area fraction (Figure 7C,F). 

Treatment with Tre-CMEVs decreased IL-1β and MMP1A mRNA expression, increased COL1A2 

mRNA expression, and reduced MDA levels in UVB-damaged skin (Figure 7G–J). Together, these findings 

support a protective effect of Tre-CMEVs against the measured UVB-induced skin changes. 

No obvious histopathological abnormalities were observed in the heart, liver, spleen, lung, kidney, or 

skin of Tre-CMEV-treated mice, and body weight remained stable during the observation period (Additional 

file 1: Figure S7). These findings indicated no obvious short-term toxicity under the tested conditions. 
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Figure 7. Tre-CMEVs attenuate UVB-induced skin photoaging relative to the UVB Model group. (A) Schematic of the 
14-day UVB photoaging model and subcutaneous Tre-CMEVs intervention. (B) Macroscopic dorsal skin appearance and 

local magnified images on days 5, 10, and 14. (C) Representative H&E and Masson's trichrome staining; scale bar, 200 μm. 
(D) Wrinkle severity score. (E) Epidermal thickness. (F) Dermal collagen area fraction. (G-I) Relative mRNA expression of 
IL-1β, MMP1A, and COL1A2 in dorsal skin. (J) Relative MDA level in skin homogenates. Data are mean ± SD, n = 6 mice per 
group. Comparisons used one-way ANOVA with Dunnett's test against the UVB Model group. **P < 0.01, ***P < 0.001. 

4. Discussion 

This study showed that source material, collection time, and carbon source affected the physicochemical 

characteristics and UVB-protective activity of CMEVs. SF-CMEVs showed more uniform physicochemical 

characteristics than FB-CMEVs, fermentation day 4 provided a suitable collection time, and Tre-CMEVs 

consistently protected HaCaT cells and mouse skin against UVB-induced injury. These findings link the 

fermentation conditions to CMEV characteristics and biological activity. 
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Compared with FB-CMEVs, SF-CMEVs showed higher protein recovery per gram of source dry mass, a 

more negative zeta potential, and a narrower particle size distribution, while the particle-to-protein ratios were 

comparable between the two groups. These results suggest that submerged liquid fermentation produced 

CMEVs with more uniform physicochemical characteristics and provided greater control over the production 

conditions than fruiting-body extraction. However, dry fruiting-body material and dry mycelial biomass are 

not biologically equivalent denominators; therefore, the protein recovery results should be interpreted as an 

operational comparison rather than evidence of absolute source superiority. 

Protein concentration was highest on fermentation day 5; however, CMEVs collected on day 5 had a 

lower particle-to-protein ratio and greater particle heterogeneity than those collected on day 4. CMEVs 

collected on day 4 also showed favorable particle characteristics and consistently reduced oxidative stress and 

injury-related gene expression in HaCaT cells. These results indicate that the collection time should be 

selected using particle characteristics and biological activity rather than total protein concentration alone. 

Fermentation day 4 was therefore selected for the subsequent experiments. Because the cell experiments used 

protein-normalized doses, differences in particle exposure may have partly contributed to the responses 

observed at different collection times. 

Tre-CMEVs had protein concentration, particle-to-protein ratio, and zeta potential values comparable to 

those of Glc-CMEVs, but showed stronger protection against UVB-induced injury in HaCaT cells and a 

distinct metabolite profile. These findings suggest that changing the carbon source altered the biological 

properties and metabolic composition of CMEVs without causing a large change in their particle-to-protein 

ratio. Similar effects of culture conditions on small-molecule profiles have been reported in other food 

fermentation systems[48, 49]. However, residual carbon sources, osmotic conditions, cordycepin, and adenosine 

were not measured; therefore, the specific fermentation factors responsible for the observed differences 

remain unclear. 

Tre-CMEVs consistently attenuated UVB-induced injury in both HaCaT cells and mice. In HaCaT cells, 

Tre-CMEVs reduced ROS and MDA levels, decreased IL-6 and MMP-1 mRNA expression, and increased 

COL1A2 mRNA expression. In mice, Tre-CMEVs reduced wrinkle severity, epidermal hyperplasia, skin 

MDA, IL-1β, and MMP1A expression, while preserving dermal collagen and increasing COL1A2 expression. 

Together, these results indicate that Tre-CMEVs alleviated oxidative stress and inflammatory responses and 

helped maintain collagen homeostasis during UVB-induced injury. Similar antioxidant and 

collagen-preserving effects have been reported for other food-associated microorganisms, peptides, and 

food-derived interventions[52, 53]. The observed changes are consistent with regulation of redox, inflammatory, 

and extracellular-matrix-related pathways, although the corresponding pathway proteins and phosphorylation 

states were not directly measured. 

Untargeted metabolomics further showed that Tre-CMEVs and Glc-CMEVs had distinct metabolite 

profiles. Several features with higher abundance in Tre-CMEVs were putatively annotated as arginine, 

glutamate, and TCA cycle intermediates and were mainly associated with amino acid and energy metabolism. 
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This pattern suggests that trehalose altered the metabolic composition of CMEVs and provides a possible 

biochemical context for the stronger protective effects observed in HaCaT cells. However, because these 

annotations were not confirmed using authentic standards and their localization within CMEVs was not 

determined, no individual metabolite can yet be identified as the active component. 

Submerged liquid fermentation enabled the carbon source, culture time, biomass, and broth pH to be 

monitored during CMEV production. The coefficients of variation for protein concentration, particle size, and 

zeta potential ranged from 1.14% to 8.90% across independent batches, and three Tre-CMEV batches 

produced similar reductions in MDA. These results indicate good repeatability under the tested conditions and 

support submerged liquid fermentation as a controllable platform for CMEV production. Further scale-up 

should evaluate bioreactor performance, downstream purification, DTT and PEG clearance, storage stability, 

and the additional cost associated with trehalose. 

The comparable particle-to-protein ratios among the source and carbon-source groups indicate that the 

protein-normalized comparisons were unlikely to be dominated by large differences in particle exposure. 

More importantly, Tre-CMEVs protected against UVB-induced injury in both HaCaT cells and mice, 

supporting the biological relevance of the in vitro screening results. Nevertheless, particle-normalized 

functional experiments are still needed. Because the animal experiment did not include a Glc-CMEVs group, 

it demonstrates the in vivo protective activity of Tre-CMEVs but does not establish their superiority over 

Glc-CMEVs. In addition, the subcutaneous administration route and short observation period limit direct 

extrapolation to topical, oral, or food-related applications. 

5. Conclusions 

Under the tested submerged liquid fermentation conditions, source material, collection time, and carbon 

source affected CMEV characteristics and UVB-protective activity. Fermentation day 4 was selected as the 

collection time based on the particle characteristics and protective effects of the resulting CMEVs in HaCaT 

cells. Among the four carbon sources tested in vitro, Tre-CMEVs showed the most consistent protection 

against UVB-induced HaCaT cell injury. Tre-CMEVs also reduced wrinkles, epidermal thickening, oxidative 

damage, inflammatory responses, and collagen loss in UVB-exposed mice. Untargeted metabolomics 

revealed differences between Tre-CMEVs and Glc-CMEVs, particularly in features related to amino acid and 

energy metabolism. These findings support submerged liquid fermentation as a controllable approach for 

CMEV production and identify Tre-CMEVs as a candidate for further compositional and functional 

validation. 

Supplementary material 

Additional file 1. Supporting figures and tables. Figure S1 evaluates the DTT matrix-dissociation step. 

Figure S2 characterizes unconditioned fermentation-medium controls and the DTT treatment and PEG 

enrichment process blank. Figure S3 presents NTA-derived particle-concentration profiles and 

particle-to-protein ratios. Figure S4 evaluates functional consistency among three independently prepared 



P.F. Li et al. / Food Science and Human Wellness 17 (2026) 

 

Tre-CMEV batches. Figure S5 presents the processed DiI-only control for the cellular-uptake experiment. 

Figure S6 provides auxiliary metabolomic comparisons of Tre-CMEVs with Gal-CMEVs and Gly-CMEVs. 

Figure S7 presents the preliminary in vivo tolerability assessment. Tables S1 and S2 summarize 

batch-to-batch reproducibility and individual batch measurements. Table S3 lists RT-qPCR primer sequences, 

and Table S4 lists reagents and instruments. 
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information files. The underlying raw datasets are available from the corresponding author upon reasonable 

request. 
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