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Lyophilized Mesenchymal Stromal Cell-Derived Extracellular Vesicles for the Oral Treatment of Inflammatory Bowel Disease: A Novel Cell-Free Therapeutic Strategy


Supporting Methods
Flow cytometry identification of MSCs
Flow cytometry analysis was performed to assess the surface antigen expression of the MSCs. A 100 µL suspension containing MSCs (5 × 107 cells/mL) was incubated with 5 µL of antibodies specific for CD44, CD73, CD90, CD105, CD11b, CD19, CD34, CD45, or HLA-DR for 20 min at room temperature. After centrifugation at 1000 ×g for 5 min, the pelleted cells were collected, washed twice with PBS, and finally resuspended in 200 µL of PBS for flow cytometry analysis using a BD Biosciences instrument. An isotype control sample (the same batch of cells stained with an isotype-matched fluorochrome-labeled irrelevant antibody and processed identically to the test samples) was prepared. After loading, the FSC/SSC voltages were adjusted. In the target fluorescence channel, the threshold was set based on the control background (to exclude non-specific binding). The saved gating was applied to test samples; cells with signals above the threshold were positive. All information on the antibodies used in the experiment is provided in the table below. The positive criteria for multipotent mesenchymal stromal cells (MSCs) were based on the official position statement issued by the International Society for Cell Therapy (ISCT). As detected by flow cytometry, ≥95% of the MSC population must express the surface markers CD105, CD73, and CD90. Additionally, these cells lack the expression of CD45, CD34, CD14 (or CD11b), CD79a (or CD19), and HLA class II molecules, with the proportion of positive cells for the aforementioned negative markers being ≤2%.

Table S1. Comprehensive details of the antibodies utilized in the experimental procedures.
	Reagent Name
	Catalog No.
	Clones
	Supplier
	Supplier Location
(City, Country)

	Anti-CD44 Antibody, PE
	555479
	G44-26
	BD
	Franklin Lakes, New Jersey, USA

	Anti-CD73 Antibody, PE
	344003
	AD2
	BioLegend
	San Diego, California, USA

	Anti-CD90 Antibody, PE
	328110
	5.00E+10
	BioLegend
	San Diego, California, USA

	Anti-CD105 Antibody, PE
	560839
	266
	BD
	Franklin Lakes, New Jersey USA

	Anti-CD11b Antibody, PE
	101208
	M1/70
	BioLegend
	San Diego, California, USA

	Anti-CD19 Antibody, PE
	302208
	HIB19
	BioLegend
	San Diego, California, USA

	Anti-CD34 Antibody, PE
	343505
	581
	BioLegend
	San Diego, California, USA

	Anti-CD45 Antibody, PE
	368510
	2D1
	BioLegend
	San Diego, California, USA

	Anti-Hla-DR Antibody, PE
	307606
	L243
	BioLegend
	San Diego, California, USA

	PE Mouse IgG2b κ Isotype
	555743
	27–35
	BD
	Franklin Lakes, New Jersey, USA

	PE Mouse IgG1, κ Isotype
	400112
	MOPC-21
	BioLegend
	San Diego, California, USA

	PE Mouse IgG1, κ Isotype
	400113
	MOPC-21
	BioLegend
	San Diego, California, USA

	PE MIgG1, κ Isotype
	554680
	MOPC-21
	BD
	Franklin Lakes, New Jersey USA

	PE Rat IgG2b, κ Isotype
	400635
	RTK4530
	BioLegend
	San Diego, California, USA

	PE Mouse IgG2a, κ Isotype
	400211
	MOPC-173
	BioLegend
	San Diego, California, USA


Note: Isotype controls are listed by the antibody clone and supplier. They are matched to the respective primary antibodies based on the immunoglobulin subclass and fluorochrome.

Multidirectional identification of MSCs
Passage 6 MSCs were seeded in 6-well plates and cultured in suitable differentiation medium according to the manufacturer’s instructions. To induce osteogenic differentiation, each well of the 6-well plate was coated with 1 mL of 0.1% gelatin solution at room temperature for 30 min to prevent the floating of MSCs during induction. A 4 mL suspension of MSCs (1 × 104 cells/mL) was then seeded in 6-well plates and maintained in DMEM/F12 (11330–032, Gibco, Grand Island, NY, USA) supplemented with 10% FBS (C2830-0500, XP BioMed, Shanghai, China) and 100 U/mL penicillin-streptomycin (15140122, Gibco, Grand Island, NY, USA). The following day, the original medium was replaced with mesenchymal stem cell osteogenic differentiation medium (7531, Sciencell, Carlsbad, CA, USA). Osteogenically differentiated cells were stained with Alizarin Red (C0148S; Beyotime, Shanghai, China) on day 21. The cell density was set to 1 × 104 cells/mL in complete medium, and 4 mL of the cell suspension was plated onto 6-well plates and incubated for 24 h. Mesenchymal stem cell adipogenic differentiation medium (7541, Sciencell, Carlsbad, CA, USA) was subsequently added for a 14-day adipogenic differentiation period. After differentiation, the cells were stained with Oil Red O (6063221, Dakewe, Shenzhen, China). For chondrogenic differentiation, the MSCs were suspended in mesenchymal stem cell chondrogenic differentiation medium (7551, ScienCell, Carlsbad, CA, USA). About 2 mL of cells (2 × 105 cells/mL) were seeded in a 15 mL centrifuge tube and centrifuged at 150 ×g for 5 min to allow the cells to settle at the bottom of the tube. The cells were maintained at 37 °C for 24 h, and then, the tube was gently shaken to suspend the cell pellet. On day 21, the cells that underwent chondrogenic differentiation were subjected to staining with Alcian Blue (G1560, Solarbio, Beijing, China) and Safranin O (DB0082, Leagene, Beijing, China). All the necessary reagents were obtained from StemCell Technologies.

Transmission electron microscopy (TEM)
Transmission electron microscopy (TEM) was employed to examine the morphology of the EVs. EV samples were deposited onto a carbon grid and allowed to adsorb for 20 min. Subsequently, the EVs were fixed in 1% glutaraldehyde for 5 min, washed with PBS, and visualized via transmission electron microscopy (Hitachi, Japan).

Western blot analysis
[bookmark: _GoBack]Proteins were extracted from EVs or cells using RIPA lysis buffer (P0013B; Beyotime, Shanghai, China) supplemented with 1 mM PMSF (ST506; Beyotime, Shanghai, China). The protein concentration was determined using a BCA protein assay kit (P0010, Beyotime, Shanghai, China). Equal amounts of protein (20 μg per lane) were separated by 10% SDS-PAGE (P0015, Beyotime, Shanghai, China) and subsequently transferred onto PVDF membranes (FFP70, Beyotime, Shanghai, China). The membranes were blocked with 5% non-fat milk in TBST (ST673, Beyotime, Shanghai, China) for 1 h at room temperature and then incubated overnight at 4 °C with the following primary antibodies: anti-CD9 (1:5000 dilution, 20597-1-AP, Proteintech, Wuhan, China), anti-CD81 (1:2000 dilution, 27855-1-AP, Proteintech, Wuhan, China), anti-ALIX (1:1000 dilution, ab275377, Abcam, Cambridge, UK) and anti-GM130 (1:10000 dilution, 11308-1-AP, Proteintech, Wuhan, China). After washing, the membranes were incubated with HRP-conjugated secondary antibodies (1:5000 dilution, ab672, Abcam, Cambridge, UK) for 1 h at room temperature. Protein bands were visualized using an enhanced chemiluminescence (ECL) detection kit (WLA006a, WANLEIBIO, Shenyang, China) and imaged with a ChemiDoc™ MP Imaging System (Bio-Rad, Hercules, CA, USA).

High-sensitivity flow cytometry analysis
To accurately determine the particle concentration and size distribution via high-sensitivity flow cytometry (Flow Nano Analyzer U30, NanoFCM), the EV suspension was diluted with filtered PBS at a 1:1000 ratio. For immunofluorescence staining analysis, 2.5 µL of FITC-labeled CD9 antibody (BD Biosciences) was added to 25 µL of the EV suspension.

Supporting Figures
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Fig. S1 Full-length western blot images corresponding to Figure 1E. A protein immunoblotting experiment was designed to detect the expression of CD9, CD81, ALIX, and GM130 in MSCs and their extracellular vesicles. Total protein was extracted using RIPA lysis buffer. The protein concentration was determined by the BCA method. The molecular weight standard was located in the leftmost lane and ranged from 13 kDa to 154 kDa (Servicebio, G2086). CD9 was expected to appear at about 24 kDa. CD81 is about 24 kDa in length. ALIX was expected to appear at about 90 kDa. GM130 was expected to appear at about 130 kDa. As shown in the figure, distinct bands corresponding to CD9, CD81, ALIX, and GM130 were observed via western blotting.
[image: WB-外泌体鉴定2025.03.26_01]
Fig. S2 Full-length western blot images corresponding to Fig. 2D. A protein immunoblotting experiment was designed to detect the expression of CD9, CD81, ALIX, and GM130 in MSCs and Lyo MSC-EVs. Total protein was extracted using RIPA lysis buffer. The protein concentration was determined by the BCA method. The molecular weight standard was located in the leftmost lane and ranged from 13 kDa to 154 kDa (Servicebio, G2086). CD9 was expected to appear at about 24 kDa. CD81 is about 24 kDa in length. ALIX was expected to appear at about 90 kDa. GM130 was expected to appear at about 130 kDa. As shown in the figure, distinct bands corresponding to CD9, CD81, ALIX, and GM130 were observed via western blotting.
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Fig. S3 H&E staining images of all 6 rats in each group. H&E staining results of the control group, DSS + PBS group, and DSS + EV group on the 11th day of the experiment; the numbers 1–6 in the figure represent the 6 rats in each group. The scale bar specification of the panoramic images is 500 μm, and that of the local images is 100 μm.

Supporting Tables
Table S2. The sequences of the primers used for qPCR.
	Gene
	Primer
	Sequence (5’~3’)
	Amplicon Length (bp)

	TNF-α
	Forward
	AAATGGGCTCCCTCTCATCAGTTC
	111

	
	Reverse
	TCTGCTTGGTGGTTTGCTACGAC
	

	NF-κB1
	Forward
	TTCAACATGGCAGACGACGA
	131

	
	Reverse
	AGGTATGGGCCATCTGTTGAC
	

	IL-1β
	Forward
	AGCTTCAGGAAGGCAGTGTC
	239

	
	Reverse
	TCAGACAGCACGAGGCATTT
	

	IL-6
	Forward
	GTTGCCTTCTTGGGACTGATGT
	98

	
	Reverse
	GGTCTGTTGTGGGTGGTATCCTC
	

	IL-10
	Forward
	GGCTCAGCACTGCTATGTTGCC
	116

	
	Reverse
	AGCATGTGGGTCTGGCTGACTG
	

	GAPDH
	Forward
	CAAGTTCAACGGCACAGTCAAGG
	123

	
	Reverse
	ACATACTCAGCACCAGCATCACC
	




Table S3. List of statistical parameters associated with DAI scores.
	Experimental Groups
	Control Group
	DSS Model
Group
	Treatment Group
	Control Group vs DSS Model Group
	Control Group vs Treatment Group
	DSS Model Group vs Treatment Group

	Statistical Parameters
	
	
	
	P value
	Mean Difference (MD)
	95% CI
	P value
	Mean Difference (MD)
	95% CI
	P value
	Mean Difference (MD)
	95% CI

	Day 0
	0
	0
	0
	>0.9999
	0
	-0.5262 to 0.5262
	>0.9999
	0
	-0.5262 to 0.5262
	>0.9999
	0
	-0.5262 to 0.5262

	Day 1
	0
	1.50 ± 0.55
	1.33 ± 0.52
	<0.0001
	-1.5
	-2.026 to -0.9738
	<0.0001
	-1.333
	-1.859 to -0.8072
	0.7346
	0.1667
	-0.3595 to 0.6928

	Day 2
	0
	1.83 ± 0.41
	1.67 ± 0.52
	<0.0001
	-1.833
	-2.359 to -1.307
	<0.0001
	-1.667
	-2.193 to -1.141
	0.7346
	0.1667
	-0.3595 to 0.6928

	Day 3
	0
	2.17 ± 0.41
	2.33 ± 0.52
	<0.0001
	-2.167
	-2.693 to -1.641
	<0.0001
	-2.333
	-2.859 to -1.807
	0.7346
	-0.1667
	-0.6928 to 0.3595

	Day 4
	0
	2.33 ± 0.52
	2.17 ± 0.41
	<0.0001
	-2.333
	-2.859 to -1.807
	<0.0001
	-2.167
	-2.693 to -1.641
	0.7346
	0.1667
	-0.3595 to 0.6928

	Day 5
	0
	2.83 ± 0.41
	2.50 ± 0.55
	<0.0001
	-2.833
	-3.359 to -2.307
	<0.0001
	-2.5
	-3.026 to -1.974
	0.2944
	0.3333
	-0.1928 to 0.8595

	Day 6
	0
	3.50 ± 0.55
	2.83 ± 0.41
	<0.0001
	-3.5
	-4.026 to -2.974
	<0.0001
	-2.833
	-3.359 to -2.307
	0.0088
	0.6667
	0.1405 to 1.193

	Day 7
	0
	4.50 ± 0.55
	3.33 ± 0.52
	<0.0001
	-4.5
	-5.026 to -3.974
	<0.0001
	-3.333
	-3.859 to -2.807
	<0.0001
	1.167
	0.6405 to 1.693

	Day 8
	0
	4.67 ± 0.52
	3.33 ± 0.52
	<0.0001
	-4.667
	-5.193 to -4.141
	<0.0001
	-3.333
	-3.859 to -2.807
	<0.0001
	1.333
	0.8072 to 1.859

	Day 9
	0
	4.67 ± 0.52
	3.33 ± 0.52
	<0.0001
	-4.667
	-5.193 to -4.141
	<0.0001
	-3.333
	-3.859 to -2.807
	<0.0001
	1.333
	0.8072 to 1.859

	Day 10
	0
	4.50 ± 0.55
	3.17 ± 0.41
	<0.0001
	-4.5
	-5.026 to -3.974
	<0.0001
	-3.167
	-3.693 to -2.641
	<0.0001
	1.333
	0.8072 to 1.859



Table S4. Descriptive statistics of the animal experiments.
	Experimental Groups
	Control Group
	DSS Model
Group
	Treatment Group
	Control Group vs DSS Model Group
	Control Group vs Treatment Group
	DSS Model Group vs Treatment Group

	Statistical Parameters
	
	
	
	P value
	Mean Difference (MD)
	95% CI
	P value
	Mean Difference (MD)
	95% CI
	P value
	Mean Difference (MD)
	95% CI

	Colon length
	13.93 ± 1.61
	10.47 ± 1.10
	12.45 ± 1.02
	0.0007
	3.467
	1.561 to 5.372
	0.1411
	1.483
	-0.4223 to 3.389
	0.0409
	-1.983
	-3.889 to -0.07767

	HS Score
	0
	4.11 ± 0.54
	2.00 ± 0.37
	< 0.0001
	-4.111
	-4.679 to -3.544
	< 0.0001
	-2
	-2.568 to -1.432
	< 0.0001
	2.111
	1.544 to 2.679

	TNF-α
	1.01 ± 0.13
	2.03 ± 0.21
	1.51 ± 0.22
	< 0.0001
	-1.019
	-1.302 to -0.7359
	0.0009
	-0.5034
	-0.7863 to -0.2204
	0.0007
	0.5155
	0.2325 to 0.7984

	NF-KB
	1.04 ± 0.15
	1.47 ± 0.14
	1.07 ± 0.16
	0.0005
	-0.4301
	-0.6566 to -0.2036
	0.954
	-0.02552
	-0.2521 to 0.2010
	0.0009
	0.4046
	0.1781 to 0.6311

	IL-1β
	1.05 ± 0.14
	1.96 ± 0.20
	1.18 ± 0.19
	< 0.0001
	-0.9175
	-1.183 to -0.6517
	0.4228
	-0.1318
	-0.3976 to 0.1339
	< 0.0001
	0.7856
	0.5199 to 1.051

	IL-6
	1.05 ± 0.26
	1.94 ± 0.25
	0.93 ± 0.21
	< 0.0001
	-0.8837
	-1.241 to -0.5262
	0.6394
	0.126
	-0.2316 to 0.4835
	< 0.0001
	1.01
	0.6521 to 1.367

	IL-10
	1.03 ± 0.08
	0.59 ± 0.13
	0.97 ± 0.15
	< 0.0001
	0.4338
	0.2480 to 0.6197
	0.6794
	0.06073
	-0.1251 to 0.2466
	0.0003
	-0.3731
	-0.5589 to -0.1872

	ALT
	49.83 ± 3.71
	80.67 ± 2.94
	60.33 ± 9.03
	< 0.0001
	-30.83
	-39.66 to -22.01
	0.0192
	-10.5
	-19.33 to -1.675
	< 0.0001
	20.33
	11.51 to 29.16

	AST
	82.50 ± 4.68
	124.67 ± 6.25
	96.17 ± 4.22
	< 0.0001
	-42.17
	-49.85 to -34.48
	0.0009
	-13.67
	-21.35 to -5.984
	< 0.0001
	28.5
	20.82 to 36.18

	ALP
	115.17 ± 18.48
	190.83 ± 12.62
	145.50 ± 16.40
	< 0.0001
	-75.67
	-99.69 to -51.64
	0.0132
	-30.33
	-54.36 to -6.310
	0.0005
	45.33
	21.31 to 69.36

	ALB
	28.08 ± 1.52
	24.77 ± 2.79
	26.90 ± 2.59
	0.069
	3.317
	-0.2364 to 6.870
	0.6697
	1.183
	-2.370 to 4.736
	0.2928
	-2.133
	-5.686 to 1.420

	TBA
	33.60 ± 19.16
	32.53 ± 18.15
	19.88 ± 5.26
	0.9922
	1.067
	-22.23 to 24.36
	0.3058
	13.72
	-9.580 to 37.01
	0.3607
	12.65
	-10.65 to 35.95

	UREA
	4.89 ± 0.82
	6.58 ± 0.88
	5.12 ± 0.92
	0.0119
	-1.683
	-2.995 to -0.3713
	0.8957
	-0.2267
	-1.539 to 1.085
	0.0289
	1.457
	0.1446 to 2.769

	UA
	45.00 ± 8.32
	54.67 ± 21.48
	45.67 ± 6.15
	0.4621
	-9.667
	-30.31 to 10.98
	0.9961
	-0.6667
	-21.31 to 19.98
	0.5098
	9
	-11.64 to 29.64

	CR
	19.37 ± 2.10
	24.05 ± 2.39
	19.80 ± 2.33
	0.0074
	-4.683
	-8.094 to -1.273
	0.942
	-0.4333
	-3.844 to 2.977
	0.0144
	4.25
	0.8393 to 7.661
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