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Abstract
Background: Clostridium perfringens (C. perfringens) is an 
opportunistic anaerobic pathogen associated with severe soft 
tissue and gastrointestinal infections and increasing antimicrobial 
resistance. This study aimed to evaluate the in vitro antibacterial 
activity of human umbilical cord mesenchymal stem cell (hUC-
MSC)-derived exosomes against C. perfringens and to explore 
potential exosome–enzyme interactions using in silico protein–
protein docking.
Methods: This study was conducted at Shiraz University of Medical 
Sciences, Shiraz, Iran, in 2025. In this experimental in vitro and in 
silico study, human umbilical cord mesenchymal stem cells (hUC-
MSCs) were isolated from term umbilical cords (UCs), characterized, 
and induced into osteogenic and adipogenic differentiation. Exosomes 
were isolated using a commercial precipitation kit and characterized 
by scanning electron microscopy (SEM), dynamic light scattering 
(DLS), and flow cytometry for CD63 expression. The antibacterial 
activity of exosomes against C. perfringens ATCC 2592 was 
evaluated by a broth microdilution minimum inhibitory concentration 
(MIC) assay under anaerobic conditions. Optical density (OD600) 
values were recorded and compared across exosome concentrations. 
Protein–protein docking was performed between exosomal proteins 
and four essential C. perfringens enzymes using ClusPro. OD600 
values were compared across exosome concentrations using one-way 
analysis of variance (ANOVA) (P<0.05).
Results: hUC-MSCs displayed typical spindle-shaped morphology, 
tri-lineage differentiation potential, and a mesenchymal 
immunophenotype. Isolated exosomes were spherical nanovesicles 
(~30–100 nm) with high CD63 positivity. UC-MSC-derived 
exosomes inhibited C. perfringens growth in a dose-dependent 
manner. At 500 µg/mL, exosomes achieved 95.1% inhibition 
with an OD600 of 0.12±0.03 vs. 2.45±0.10 in the growth control 
(n=3, P<0.001). Docking analysis suggested favorable in silico 
interactions between Hsp70 and C. perfringens RNA polymerase 
and ATP synthase, and between cathelicidin and DNA gyrase, with 
lower but consistent docking scores for Annexin A1 across targets.
Conclusion: hUC-MSC-derived exosomes exerted significant in 
vitro antibacterial effects against C. perfringens and exhibited 
favorable in silico interactions with key bacterial enzymes.
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What’s Known

•	 In recent years, it has become 
evident that many of the beneficial effects 
of mesenchymal stem cells are mediated 
through their secreted exosomes—
nanosized, phospholipid bilayer vesicles 
loaded with bioactive molecules, including 
nucleic acids, lipids, and proteins.

What’s New

•	 In silico docking revealed strong 
binding affinities, particularly between 
the 70 kDa heat shock protein (Hsp70) 
and bacterial ribonucleic acid (RNA) 
polymerase (−1088.0 docking score) 
and adenosine triphosphate (ATP) 
synthase (−1021.4). Human umbilical cord 
mesenchymal stem cell–derived exosomes 
demonstrated potent anti-C. perfringens 
activity, likely mediated by interactions with 
essential bacterial enzymes.
•	 These findings highlighted their 
potential as a novel antimicrobial strategy.
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Introduction

Clostridium perfringens is a common commensal 
of the human and animal gastrointestinal tract 
and contributes to shaping the gut microbial 
community.1 However, under pathological 
conditions, it can translocate from mucosal 
surfaces—such as those of the nose, mouth, 
intestines, and urethra—to distant organs, 
including the lungs, bloodstream, brain, 
pancreas, and kidneys, potentially leading to 
severe infections, sepsis, and death.1 Such 
dissemination is often associated with mucosal 
disruption caused by periodontal disease, 
respiratory impairment, or invasive medical 
procedures, including temporary or long-term 
implants.2 Additionally, C. perfringens is an 
important pathogen in seafood-borne infections.3

Mesenchymal stem cells (MSCs) and their 
exosomes have recently gained attention for their 
antimicrobial potential. These vesicles can exert 
direct antibacterial effects through antimicrobial 
peptides and indirect effects through 
immunomodulation,4 yet the activity of umbilical 
cord (UC)-MSC-derived exosomes specifically 
against C. perfringens has not been examined. 
Extracellular vesicles (EVs), including those 
released by microorganisms, play an important 
role in microbial competition and antibiotic 
resistance.5, 6 Exosome-like vesicles from non-
mammalian sources also exhibit antimicrobial 
activity; for example, honey-derived vesicles 
inhibit oral pathogens such as Streptococcus 
mutans and Streptococcus sanguinis,7 while 
camel milk exosomes demonstrate antibacterial, 
antifungal, and anticancer effects and selectively 
increase oxidative stress in cancer cells.8

MSC-derived exosomes further contribute 
to inflammation regulation, infection control, 
and tissue repair.9 Their low immunogenicity, 
stability, and efficient cargo delivery have made 
them promising platforms for drug and vaccine 
delivery.10, 11 The biological activity of exosomes 
is strongly influenced by their cellular origin and 
physiological state.12 Key antimicrobial factors 
within MSC exosomes include Annexin A1, 
cathelicidin, and heat shock protein 70 (Hsp70), 
which participate in immune modulation 
and direct microbial killing.13 Conversely, C. 
perfringens relies on essential enzymes—
including ATP synthase β, RNA polymerase 
β, DNA gyrase B, and MurA—for survival and 
virulence.14, 15

Given these considerations, the present 
study investigated the antibacterial activity 
of UC-MSC-derived exosomes against C. 
perfringens and explored potential molecular 
interactions between exosomal proteins and 

essential bacterial enzymes through in silico 
docking.

Materials and Methods

This study was approved by the Research 
Ethics Committee of Islamic Azad University, 
Kazerun Branch, under approval ID IR.IAU.
KAU.REC.1404.059, dated 6 September 2025. 
This study was conducted in accordance with 
the Declaration of Helsinki. Written informed 
consent was obtained from all participants.

Isolation and Culture of UC-MSCs
Umbilical cords (UCs) were collected from 

five healthy mothers after full-term delivery at a 
defined hospital affiliated with the University of 
Medical Sciences. All samples were negative for 
hepatitis B, hepatitis C, human immunodeficiency 
virus (HIV), and syphilis. UCs were obtained 
from healthy term pregnancies (37–41 weeks 
of gestation) after elective cesarean section 
or vaginal delivery. Mothers with a history of 
chronic systemic disease, infectious disease 
during pregnancy, gestational diabetes, 
preeclampsia, or antibiotic use within the last 
weeks were excluded. UCs with visible signs 
of contamination or macroscopic abnormalities 
were not included. The UCs were stored in 
aseptic saline buffer, washed with phosphate-
buffered saline (PBS) (ShellMaxx, Iran) 
containing 50 μg/mL streptomycin/penicillin, and 
maintained at 4°C until further use. 

In the next step, veins, arteries, and any other 
adjacent tissues were removed from the cords, 
and the cords were chopped longitudinally into 
2 mm pieces. Each piece was placed in a dish 
and allowed to adhere for approximately 30 min. 
The samples were then immersed in Dulbecco’s 
Modified Eagle Medium/Nutrient Mixture F-12 
(ShellMaxx, Iran) supplemented with 5% fetal 
bovine serum (FBS; Sigma-Aldrich, St. Louis, 
MO, USA), 2 mmol/L l-glutamine, and 50 U/mL 
penicillin/streptomycin, and incubated at 37°C in 
a 5% CO2 humidified atmosphere. After 7 days, 
non-adherent cells were eliminated by washing, 
and the medium was changed twice a week 
thereafter. Subsequently, the FBS content of 
the medium was increased to 10%, and after 15 
days, the UC fragments were removed from the 
dishes to allow cells to continue developing and 
proliferating. Once the cells reached 80–90% 
confluence, adherent cells were harvested 
using 0.05% trypsin/ ethylenediaminetetraacetic 
acid (EDTA; Gibco, Life Technologies, Carlsbad, 
CA, USA), and cultured until reaching the third 
passage. The culture of the UC-MSCs was 
morphologically monitored at defined time 
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points using an inverted microscope equipped 
with a digital camera.

Differentiation Potential of the UC-MSCs 
The osteogenic and adipogenic differentiation 

potential of the UC-MSCs was assessed by 
exposing the cells to specific induction media. 
The osteogenic medium consisted of low-
glucose DMEM, 15% FBS, 50 μg/mL ascorbic 
acid-2-phosphate (Merck, Germany), 100 nM 
dexamethasone (Sigma, USA), and 10 mM 
β-glycerophosphate (Merck, Germany). The 
adipogenic medium contained low-glucose 
DMEM, 15% FBS, 100 nM dexamethasone, 100 
μM ascorbic acid, and 200 μM indomethacin 
(Sigma, USA). Both media were changed every 
3 days. After 21 days, the cells were fixed with 
4% formaldehyde for 15 minutes and stained 
with either Alizarin Red (40 mM, Sigma-Aldrich) 
or Oil Red O (0.5%, Sigma-Aldrich). The former 
stains calcium ions in mineralized deposits, 
resulting in a brilliant red color in newly formed 
osteocytes, while the latter stains the emerged 
adipocytes. Cells were visualized under light 
microscopy.

Expression of Surface Antigens by Flow Cytometry
The expression pattern of surface antigens 

on UC-MSCs was determined using a BD 
FACSCalibur™ flow cytometer (Becton, 
Dickinson and Company [BD], San Jose, CA, 
USA). Aliquots of 5×10⁵ UC-MSCs at the third 
passage were labeled with a panel of monoclonal 
antibodies against cluster of differentiation  
CD73, CD90, CD34, and CD45. Briefly, cultured 
cells were harvested, washed by centrifugation in 
PBS, and resuspended in PBS buffer. The cells 
were then incubated with conjugated primary 
antibodies for 30 min at room temperature. After 
incubation, the expression of specific surface 
antigens was analyzed.

Exosome Isolation
UC-MSCs at the third passage were adapted 

to serum-free medium by gradually reducing 
the FBS content over 1 day. After 72 hours, the 
culture supernatant was collected and subjected 
to exosome isolation using a commercial kit 
(Exocib, Cibbiotech, Tehran, Iran) following 
the manufacturer’s instructions. Briefly, the 
supernatant was first centrifuged at 300×g for 20 
min and filtered through a 0.22 μm membrane. 
Reagent A was then added, and the mixture was 
incubated at 4 °C for approximately 12 hours. 
The sample was subsequently centrifuged at 
3,000 rpm for 40 min. The resulting pellet was 
resuspended in 200 μL of Reagent B and stored 
at -70 °C.

Exosome Characterization by Scanning Electron 
Microscopy (SEM)

Approximately 25 μL of the exosome 
sample was initially fixed using a freeze dryer/
lyophilizer (BIBASE, China). For SEM analysis, 
the exosomes were fixed with glutaraldehyde, 
dehydrated through a graded ethanol series, and 
air-dried at room temperature. The dried samples 
were then sputter-coated with a thin layer of gold 
to enhance conductivity and imaging quality. 
Finally, the morphology of the exosomes was 
examined using a scanning electron microscope 
(SEM; MIRA3 TESCAN, Brno, Czech Republic) 
after gold–palladium sputtering.

Quantification of the Protein Contents of the 
Exosomes 

The bicinchoninic acid (BCA) assay 
is commonly used to quantify the protein 
concentration of samples by generating a 
standard curve. This method is based on the 
principle that proteins reduce Cu²⁺ to Cu⁺ in an 
alkaline medium (the biuret reaction), leading to 
the formation of a purple-colored complex with 
bicinchoninic acid. The intensity of the color, 
which is proportional to the protein concentration, 
is measured by determining the optical density 
using a microplate reader. In this study, the 
protein content of the extracted exosome 
samples was quantified using a BCA Protein 
Quantification Kit (Parstous, Iran) following the 
manufacturer’s instructions. Absorbance was 
measured using an Infinite M200 plate reader 
(Tecan Group Ltd., Männedorf, Switzerland).

Dynamic light Scattering (DLS)
Dynamic light scattering (DLS) is an efficient, 

non-invasive technique used to assess the size 
distribution and homogeneity of exosomes. 
Unlike other methods, DLS does not require 
pre-treatment steps, such as staining or 
fixation, making it a convenient approach 
for analyzing exosomal preparations. In this 
method, the isolated exosomes were diluted to 
a concentration of 0.1 μg/μL and transferred into 
a cuvette, which was then filled to a final volume 
of 100 μL using PBS. The sample was analyzed 
using a DLS instrument (Nano Zetasizer, Model 
SZ-100, HORIBA, Japan) to determine the 
particle size distribution.

Exosome Characterization Through Expression 
of Specific Surface Antigens by Flow cytometry

Exosomes possess characteristic multi-
transmembrane surface proteins.16 To confirm 
their presence following isolation, the expression 
of the tetraspanin CD63 was evaluated using 
flow cytometry.
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Antimicrobial Activity of UC-MSCs-Derived 
Exosomes on C. Perfringens

The antimicrobial activity of exosomes derived 
from human UC-MSCs against C. perfringens 
(ATCC 2592) was assessed by determining 
the minimum inhibitory concentration (MIC) 
using a modified broth microdilution method, 
based on Clinical and Laboratory Standards 
Institute (CLSI) guidelines.17 The MIC assay was 
performed in Mueller–Hinton broth/Roswell Park 
Memorial Institute (RPMI) supplemented with 
additives, according to CLSI recommendations 
adapted for anaerobic bacteria. 

An overnight culture of C. perfringens in 
brain–heart infusion supplemented (BHIS) broth 
was diluted 1:50 in fresh BHIS and incubated until 
the optical density at 600 nm (OD600 ≈0.35). 
The working bacterial suspension was prepared 
by diluting the stock culture 1:1000 in Mueller–
Hinton broth. All MIC plates were incubated 
at 37°C for 24 h in an anaerobic jar system 
(GasPak EZ Anaerobe Container System, BD 
Diagnostics, USA) under an atmosphere of 80% 
N2, 10% H2, 10% CO2. 

Final exosome concentrations in MIC wells 
were 125, 250, 450, and 500 µg/mL. Each well 
of the microtiter plate contained 0.1 mL of the 
standardized bacterial suspension adjusted 
to 1–5×10⁵ CFU/mL. Growth control wells 
contained the same bacterial suspension without 
exosomes, and blank control wells contained 
medium alone. Exosomes were serially diluted 
in Mueller-Hinton broth to achieve the final 
concentrations. Bacterial suspensions (1–5×10⁶ 
cells/mL and 1–1.5×10⁸ cells/mL) were prepared 
by suspending three colonies of C. perfringens 
in 5 mL of sterile 0.85% NaCl. The turbidity 
of the inoculum was adjusted to match a 0.5 
McFarland standard at a wavelength of 630 nm.

An overnight culture was diluted 1:50 in fresh 
brain–heart infusion-supplemented (BHIS) 
broth and incubated until the optical density at 
600 nm (OD600) reached approximately 0.35. 
The working suspension was then prepared 
by diluting the stock culture 1:1,000 in RPMI or 
1:100 in Mueller-Hinton broth.

Each well of a microtiter plate was inoculated 
with 0.1 mL of the working suspension and 
incubated at 37°C for 0 and 24 hours in an 
anaerobic jar. Blank controls (media only) and 
growth controls (media with inoculum but without 
exosomes) were included for comparison. 
Microbial growth was visually assessed in each 
well against the corresponding growth control. 
The MIC was defined as the lowest concentration 
of exosomes resulting in ≥95% inhibition of visible 
bacterial growth compared to the growth control. 
All experiments were performed in triplicate.

Each plate included blank control wells 
(medium without bacteria or exosomes), growth 
control wells (medium with bacterial inoculum 
but without exosomes), and vehicle control 
wells where applicable. Exosome-treated wells 
contained the same final volume and medium 
composition as the controls.

Protein Sequence Retrieval and Molecular 
Modeling

The FAST-All Sequence Format (FASTA) 
sequences of the target proteins—antibacterial 
proteins derived from human umbilical cord 
mesenchymal stem cells (hUC-MSCs) and 
survival-associated proteins of C. perfringens—
were retrieved from the UniProt database 
(https://www.uniprot.org/). Molecular models 
of each protein were generated via homology 
modeling using the SWISS-MODEL online tool 
(https://swissmodel.expasy.org/). The resulting 
structures were subsequently subjected to 
energy minimization and chain optimization 
using ViewerLite software (Accelrys Inc., San 
Diego, CA, USA) to enhance structural integrity.

Protein-Protein Docking Analysis
Protein–protein docking was conducted 

between antibacterial proteins derived from 
hUC-MSCs and essential survival proteins of C. 
perfringens using the ClusPro Protein–Protein 
Docking Server (ClusPro) online server (https://
cluspro.bu.edu/). ClusPro utilizes a rigid-body 
docking algorithm, followed by clustering of the 
lowest-energy conformations to predict the most 
probable protein–protein interactions. Docking 
scores for the top-ranked complexes were 
recorded and are presented in table 1.

Visualization and Interaction Analysis
The docked complexes were analyzed using 

the Protein Data Bank Summary Database 
(PDBsum) (http://www.ebi.ac.uk/pdbsum/) to 
identify key amino acid residues involved in 
molecular interactions, including hydrogen bonds, 
hydrophobic contacts, and salt bridges. For clarity 
and visualization, structural representations of 
the docked complexes were generated using 
Python Molecular Graphics System (PyMOL, 
version 2.0, Schrödinger, LLC., New York, NY, 
USA) and the PDBsum online tool.

Statistical and Bioinformatic Validation
The docking results were evaluated based 

on binding energy scores and cluster population 
density, as provided by ClusPro. The most 
stable complexes were identified by selecting 
those with the lowest-energy conformations and 
the highest cluster occupancies.
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All data were tabulated and analyzed using 
GraphPad Prism 9 (GraphPad Software, San 
Diego, CA, USA). After identifying outliers and 
assessing data normality, statistical significance 
was determined using one-way analysis of variance 
(ANOVA), with a significance threshold set at 
P<0.05. For the MIC assay, OD600 values from 
triplicate wells were summarized as mean±SD and 
compared across groups (control and exosome 
concentrations) using one-way ANOVA.

Results

hUC-MSCs Culture and Characterization
hUC-MSCs migrated from umbilical cord 

explants and established adherent monolayer 
cultures. They displayed a spindle-shaped 
morphology and successfully differentiated into 
osteogenic and adipogenic lineages, confirming 
their multipotency (figure 1).

Flow cytometry analysis confirmed that the 
isolated and expanded cells were positive for 
MSC markers (CD73, and CD90) and negative 
for hematopoietic markers (CD34, and CD45; 
figure 2). 

SEM Analysis of the UC-MSCs Exosomes
SEM imaging confirmed a typical exosomal 

morphology, revealing spherical nanovesicles 
within the expected size range (figure 3).

Table 1: Docking scores of the top-ranked complexes obtained from ClusPro
Name of protein Organism UniProt ID Coding gene Reference
Annexin A1 hUC-MSC Exosomes P04083 · ANXA1_HUMAN ANXA1 18

Cathelicidin antimicrobial peptide hUC-MSC Exosomes P49913 · CAMP_HUMAN CAMP 19

Hsp70 hUC-MSC Exosomes P0DMV8 · HS71A_HUMAN HSPA1A 20

ATP synthase subunit beta C. perfringens Q0TNC4 · ATPB_CLOP1 atpD 21

DNA-directed RNA polymerase 
subunit beta

C. perfringens P0C2E7 · RPOB_CLOPE rpoB 22

DNA gyrase subunit B C. perfringens Q8XPF7 · Q8XPF7_CLOPE gyrB 23

UDP-N-acetylglucosamine 
1-carboxyvinyltransferase 2

C. perfringens A0A0H2YMZ3 · 
A0A0H2YMZ3_CLOP1

murA 24

ANXA1: Annexin A1 gene; CAMP: Cathelicidin antimicrobial peptide gene; HSPA1A: Heat shock protein family A member 1A gene

Figure 1: This figure illustrates the morphological characteristics and differentiation potential of human umbilical cord 
mesenchymal stem cells (hUC-MSCs). A: Adherent cells are observed emerging from the edges of umbilical cord explants 
between days 3 and 12 of culture. B: Migrating cells form a confluent monolayer culture around the explants. C: Cells reach 
approximately 80% confluence after 12-21 days and exhibit a spindle-shaped, fibroblast-like morphology typical of MSCs. D: 
Control cells at passage 3 (P3) retain fibroblastic morphology when maintained in basal medium. E: Cells cultured in osteogenic 
induction medium and stained with Alizarin Red after 21 days show calcium deposition consistent with osteogenic differentiation. 
F: Cells cultured in adipogenic induction medium and stained with Oil Red O display intracellular lipid droplets indicative of 
adipogenic differentiation. Scale bars=200µm
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Bicinchoninic Acid (BCA) Assay
The BCA assay demonstrated a protein 

concentration of 1.123 µg/mL for the exosome 
preparation (figure 4).

Dynamic Light Scattering (DLS) Results
DLS analysis indicated a predominantly uniform 

size distribution for the exosomes, consistent with 
that of nanoscale vesicles (figure 5).

Exosome Characterization
Flow cytometry analysis confirmed the 

presence of the exosome-specific marker 
CD63 in the isolated sample (figure 6). The 
results demonstrated that 81.5% of the 
particles were positive for CD63, indicating 
high exosome purity. Additionally, 80.5% 
of events fell within the main population 
gate (Forward Scatter Hight [FSC-H] vs. 
FSC-H), suggesting consistent particle size 
distribution. CD63 was the only exosomal 
surface marker evaluated in this study. These 
findings validated the successful isolation 
and characterization of exosomes based on 
surface marker expression.

Figure 2: This figure illustrates the flow cytometric analysis of surface marker expression in human umbilical cord mesenchymal 
stem cells (hUC-MSCs). The cells show high expression of MSC markers CD73 and CD90, confirming their mesenchymal 
phenotype. They are negative for the hematopoietic markers CD34 and CD45, indicating the absence of hematopoietic 
contamination in the cultured population.

Figure 3: This figure illustrates the scanning electron 
microscopy (SEM) images of exosomes derived from 
human umbilical cord mesenchymal stem cells (hUC-
MSCs). The purified vesicles appear as round, spheroid 
nanovesicles lacking a central depression, with diameters 
ranging from approximately 30 to 100 nm, consistent with 
typical exosome morphology.
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Antimicrobial Properties of the UC-MSCs-
Derived Exosomes

Investigating the antibacterial activity 
of exosomes on C. perfringens revealed 

significant, concentration-dependent inhibition 
of bacterial growth. At 500 µg/mL, exosomes 
achieved 95.1% inhibition (OD600: 0.12±0.03) 
compared to the growth control (2.45±0.10, n=3).  

Figure 4: This figure illustrates the standard curve of the bicinchoninic acid (BCA) assay for protein quantification of exosomes 
derived from human umbilical cord mesenchymal stem cells (hUC-MSCs). The linear regression equation (y=0.0023x+0.4199) 
was used to calculate the total protein concentration of the exosome preparation. Data points represent mean absorbance 
values±standard deviation (SD) from three independent measurements (n=3).

Figure 5: This figure illustrates the particle size distribution of exosomes derived from human umbilical cord mesenchymal 
stem cells (hUC-MSCs) analyzed by dynamic light scattering (DLS). A: The undersize percentage curve shows the cumulative 
distribution of particle diameters in the exosome preparation. B: A representative intensity-based size distribution plot 
demonstrates a predominant peak near 100 nm. The combined data confirm that approximately 90% of particles have diameters 
below 400 nm, consistent with the expected size range of exosomes.



Antibacterial exosomes against C. perfringens

Iran J Med Sci� 9

One-way ANOVA demonstrated a significant 
difference in OD600 among the tested 
concentrations and controls (P<0.001). Inhibition 
decreased at lower concentrations (e.g., MIC 
0.5=44.0% and MIC 0.25=35.6%).

Computational Protein-Protein Docking
Protein-protein docking was performed 

between three hUC-MSC proteins with known 
antibacterial effects (Annexin A1, Cathelicidin 
antimicrobial peptide, and Hsp70) and four 
essential C. perfringens survival proteins (ATP 
synthase subunit beta (atpD), DNA-directed RNA 
polymerase subunit beta (rpoB), DNA gyrase 
subunit B (gyrB), and UDP-N-acetylglucosamine 
1-carboxyvinyltransferase 2 (murA). The docking 
scores (in arbitrary energy units) obtained from 
ClusPro are summarized in table 2.

The results indicated potentially favorable 
interactions between the hUC-MSC-derived 
proteins and C. perfringens targets, with Hsp70 
exhibiting the highest binding affinity across all 
bacterial proteins, particularly against DNA-
directed RNA polymerase subunit beta (-1088.0) 
and ATP synthase subunit beta (-1021.4). 

Cathelicidin also showed significant interactions, 
especially with DNA-directed RNA polymerase 
subunit beta (-845.9) and DNA gyrase subunit B 
(-795.0), while Annexin A1 displayed moderate 
but consistent binding. Moreover, detailed data 
on interacting amino acid residues between 
hUC-MSC-derived proteins and C. perfringens 
proteins are depicted in figure 7. 

 
Discussion

This study provided the first evidence that 
exosomes derived from hUC-MSCs possess 
direct antibacterial activity against C. 
perfringens. The vesicles exhibited typical 
exosomal morphology, size distribution, 
and CD63 expression, and they inhibited 
C. perfringens growth in a dose-dependent 
manner, achieving nearly complete suppression 
at the highest concentration tested. This dose–
response relationship aligned with recent studies 
demonstrating that the antimicrobial efficacy 
of MSC-derived secretomes and extracellular 
vesicles increased with vesicle concentration 
and protein cargo density.25

Figure 6: This figure illustrates the flow cytometric characterization of exosome surface marker CD63. Forward scatter height 
(FSC-H) versus forward scatter area (FSC-A) gating identifies the main exosome population, comprising 80.5% of recorded 
events. Histogram analysis of CD63-FITC fluorescence (FL1-H) shows that 81.5% of gated particles are positive for CD63, 
confirming the exosomal nature of the isolated vesicles.

Table 2: Docking scores of human umbilical cord mesenchymal stem cells (hUC-MSCs)-derived proteins against C. 
perfringens survival proteins
Essential bacterial enzymes Exosomal antimicrobial proteins

Annexin A1 Cathelicidin antimicrobial peptide Hsp70
ATP synthase subunit beta -635.6 -764.3 -1021.4
DNA-directed RNA polymerase subunit beta -787.6 -845.9 -1088.0
DNA gyrase subunit B -760.6 -795.0 -969.6
UDP-N-acetylglucosamine 1-carboxyvinyltransferase 2 -708.8 -610.5 -900.5
Hsp70: Heat shock protein 70; ATP: Adenosine triphosphate; RNA: Ribonucleic acid; UDP: Uridine diphosphate
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Comparatively, previous investigations 
reported antibacterial activity of MSC-derived 
exosomes primarily against aerobic or facultative 
pathogens such as Staphylococcus aureus, 
Escherichia coli, and Pseudomonas aeruginosa, 
with limited data on obligate anaerobes.13 In this 
context, our findings extended the antimicrobial 
spectrum of MSC-derived exosomes to C. 
perfringens, a clinically relevant anaerobic 
pathogen associated with foodborne illness, 
gas gangrene, and sepsis. Unlike many 
earlier studies in which exosomes were 
engineered or loaded with antibiotics to achieve 
antimicrobial efficacy, our data demonstrated 
intrinsic antibacterial activity of naïve UC-MSC 
exosomes, highlighting a key distinction from 
drug-loaded exosome strategies reported for 
Mycobacterium tuberculosis and methicillin-
resistant S. aureus.26 Given the rising burden 
of antimicrobial resistance and the limited 
treatment options for anaerobic pathogens, 
UC-MSC exosomes may represent a promising 
cell-free antimicrobial approach.4, 25

Previous studies showed variable 
antimicrobial effects of exosomes depending on 
their source and the targeted microorganism.4, 16  
Some exosomes demonstrated intrinsic activity, 
while others required therapeutic loading—
for example, rifampicin- or linezolid-loaded 
exosomes improved clearance of Mycobacterium 
tuberculosis and MRSA, respectively.26, 27 The 
present study expanded on these findings by 
demonstrating intrinsic antibacterial activity 
of UC-MSC exosomes with no drug loading, 
suggesting that endogenous proteins may 
contribute to this effect.

Mechanistically, the intrinsic antibacterial 
effect observed in this study might be partially 
explained by the protein cargo of UC-MSC-
derived exosomes. Previous studies identified 
antimicrobial peptides and immune-modulatory 
proteins—including cathelicidin (LL-37), Annexin 
A1, and heat shock protein 70 (Hsp70)—as 
functional components of MSC secretomes 
that can contribute to antibacterial activity.19 
In line with these reports, the present in silico 

Figure 7: This figure illustrates the representative protein–protein docking models of exosomal proteins with Clostridium 
perfringens enzymes. A: Annexin A1 docked to ATP synthase subunit β. Models were visualized using PyMOL, and interacting 
residues were identified with PDBsum. B: Cathelicidin antimicrobial peptide docked to DNA gyrase subunit B, with principal 
contacts indicated. C: Hsp70 (surface in blue) docked to RNA polymerase β subunit (surface in grey), highlighting key interface 
residues (sticks) involved in hydrogen bonding and hydrophobic interactions.
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docking analysis predicted stable interactions 
between these exosomal proteins and essential 
C. perfringens enzymes involved in transcription 
(RNA polymerase), energy metabolism (ATP 
synthase), and DNA replication (DNA gyrase). 
However, it should be emphasized that protein–
protein docking provides preliminary, hypothesis-
generating insights; rigid docking does not fully 
account for protein dynamics, cellular context, or 
environmental conditions, and therefore these 
predicted interactions require biochemical and 
functional validation.16

Importantly, differences between our findings 
and previous reports should also be considered. 
Some studies suggested that MSC-derived 
exosomes exert antibacterial effects predominantly 
through indirect immunomodulatory mechanisms 
rather than direct bacterial growth inhibition.4, 9  
In contrast, the present study demonstrated 
direct growth suppression in a cell-free in vitro 
system, indicating that UC-MSC exosomes 
could act independently of host immune cells. 
This discrepancy might reflect differences in 
MSC source, isolation methods, vesicle cargo 
composition, or pathogen type, all of which are 
known to influence exosome bioactivity.16

Despite encouraging results, several 
challenges must be addressed before translation. 
Standardization of exosome isolation and 
characterization remains critical due to the 
heterogeneity of MSC-derived products.16 Our 
characterization strategy confirmed vesicle 
morphology, size range, and CD63 expression. 
However, it did not include additional positive or 
negative markers recommended by MISEV2023, 
nor did we profile the protein or RNA cargo. 
Consequently, attribution of antibacterial activity 
to specific exosomal proteins remains speculative. 
Cytotoxicity toward mammalian cells was not 
assessed, and no antibiotic comparator was included 
in the MIC assay, limiting interpretation of relative 
potency. Furthermore, the in vitro model could 
not replicate immune responses or physiological 
conditions encountered during infection. Overall, 
these findings provided a rationale for advancing 
UC-MSC exosomes into in vivo models of C. 
perfringens infection and evaluating synergistic 
effects with conventional antimicrobials.

Conclusion

The hUC-MSC-derived exosomes demonstrated 
potent, concentration-dependent antibacterial 
activity against C. perfringens, achieving up to 95% 
inhibition in vitro. Computational docking suggested 
potential in silico interactions between exosomal 
proteins—particularly Hsp70 and cathelicidin—
and essential bacterial enzymes involved in 

transcription, energy metabolism, and DNA 
replication. Nonetheless, these predictions require 
experimental confirmation. Although preliminary, 
these results highlighted UC-MSC exosomes as a 
promising cell-free antimicrobial platform. Future 
studies should include cytotoxicity testing, antibiotic 
comparators, and in vivo validation, as well as 
optimization of exosome engineering and delivery 
strategies to enhance therapeutic potential.
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