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Purpose: Chronic Obstructive Pulmonary Disease (COPD) is a major global health issue characterized by progressive airflow limitation,
chronic inflammation, and recurrent infections. Current treatments largely alleviate symptoms but fail to simultaneously address infection-
driven and inflammation-driven disease progression. Exosome-based strategies offer a promising alternative, and plant-derived exosomes
possess distinct advantages, including low immunogenicity, natural abundance, and simple isolation compared with mammalian exosomes.
Methods: We developed a novel dual-functional nanotherapeutic agent by loading ampicillin into exosomes derived from Trigonella
foenum-graecum. The resulting ampicillin-loaded exosomes (Exos-AM) harness the natural bioactivity and biocompatibility of plant
exosomes to improve drug stability and cellular delivery. The therapeutic efficacy of Exos-AM was evaluated in a murine COPD
model induced by lipopolysaccharide (LPS) instillation, cigarette smoke exposure, and P. aeruginosa infection.

Results: In vitro, Exos-AM exhibited potent antibacterial activity against S. aureus, E. coli, and P. aeruginosa, while promoting
macrophage polarization toward the anti-inflammatory M2 phenotype, thereby alleviating inflammation and attenuating fibrotic
responses. Transcriptomic analysis further revealed that Exos-AM modulated macrophage activation through suppression of the NF-
kB and MAPK signaling pathways, providing mechanistic insight into its anti-inflammatory effects. In vivo, Exos-AM treatment
significantly improved lung histopathology and enhanced bacterial clearance.

Conclusion: Our findings underscore the promise of plant-derived exosomes as versatile drug delivery platforms and position Exos-AM as
a compelling therapeutic strategy for COPD by concurrently targeting infectious and inflammatory drivers.
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Introduction

Chronic Obstructive Pulmonary Disease (COPD) stands as a formidable global health burden, currently ranked as the third
leading cause of death worldwide." It is characterized by persistent and often progressive airflow limitation associated with
a chronic inflammatory response in the airways and lung parenchyma, primarily triggered by noxious particles or gases, most
notably cigarette smoke.> The pathophysiology of COPD is complex and multifaceted, encompassing a destructive interplay
between sustained inflammation, recurrent microbial infections, accelerated aging, and aberrant tissue repair processes.” ©
Central to this pathology is the dysregulation of innate immune cells, particularly macrophages.”® Upon chronic exposure to
irritants, macrophages are predominantly polarized towards a pro-inflammatory M1 phenotype, releasing a cascade of
inflammatory mediators such as TNF-o, IL-1B, and inducible nitric oxide synthase (iNOS).° This creates a perpetual
inflammatory milieu that damages alveolar structures and promotes small airway fibrosis.'® Conversely, the alternative anti-

inflammatory M2 phenotype, characterized by markers like CD206 and Arg-1, which facilitates inflammation resolution and
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tissue repair, is often insufficient in COPD lungs.'" Therefore, therapeutic strategies that can actively repolarize macrophages
from the detrimental M1 state to the protective M2 state hold immense promise for halting disease progression.

Recent studies have revealed that macrophage polarization is not a simple M1/M2 dichotomy but a dynamic and
metabolically regulated process shaped by cytokine signaling,'® oxidative stress,'> and microenvironmental cues.'*
Dysregulated signaling through pathways such as NF-kB drives persistent inflammatory activation of macrophages,'
which is also a central mechanism contributing to chronic inflammation in COPD. Meanwhile, exosome-mediated molecular
communication offers new opportunities to modulate macrophage activity and re-establish immune homeostasis.'®

Compounding the chronic inflammation is the frequent colonization and infection of the COPD lung by bacterial
pathogens, including S. aureus, H. influenzae, and P. aeruginosa."” These infections not only precipitate acute exacer-
bations, catastrophic events accelerating lung function decline and mortality, but also perpetuate chronic inflammation
and contribute to the development of antibiotic resistance.'”'* Thus, an ideal therapeutic regimen for COPD must
incorporate potent antibacterial activity, capable of effectively clearing these persistent infections.

Pathological hallmark of advanced COPD is pulmonary fibrosis, particularly in the small airways.”® Sustained inflammation
and repetitive injury lead to the activation of lung fibroblasts and their differentiation into myofibroblasts, which excessively
deposit extracellular matrix (ECM) proteins such as collagen I and I1I, driven by profibrotic factors like TGF-B.%' > This fibrotic
remodeling narrows the airways and contributes irreversibly to airflow obstruction. Consequently, an effective anti-fibrotic
capability is a vital component of a comprehensive COPD therapy.

Despite decades of research, current pharmacological management for COPD, primarily based on bronchodilators and
corticosteroids, remains largely palliative.***> These conventional treatments alleviate symptoms but fail to address the
interconnected triad of inflammation, infection, and fibrosis that drives disease progression. Antibiotics alone are
insufficient to regulate chronic inflammation, and anti-inflammatory agents have limited capacity to eliminate persistent
pathogens. Therefore, there is an urgent need for novel strategies capable of simultaneously modulating inflammatory
and infectious components while preventing tissue remodeling.
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Exosomes, nano-sized extracellular vesicles derived from cell membranes, have gained considerable attention as
promising therapeutic carriers due to their ability to deliver bioactive molecules to recipient cells.*®*” As key mediators
of intercellular communication, exosomes modulate immune responses, promote tissue repair, and suppress
inflammation.”®° Recent evidence suggests that plant-derived exosomes represent a valuable therapeutic resource.®'”
33 Compared to mammalian exosomes, they offer advantages such as low immunogenicity and easier isolation, making
them attractive for clinical translation.** Exosomes from Trigonella foenum-graecum, a plant renowned in traditional
medicine for its anti-inflammatory and health-restoring effects, represent a particularly promising yet underexplored
biomaterial. Their natural composition suggests inherent biocompatibility and potential for enhanced uptake by immune
cells like macrophages, making them an ideal smart delivery vehicle for pulmonary therapeutics.>>>° In addition,
inhalable exosome formulations have emerged as an effective delivery strategy for targeting lung tissues, providing
improved bioavailability and local retention.*”-*®

Building on these insights, the present study differs from existing COPD treatment research by introducing a dual-target
exosome-based platform that integrates antimicrobial and immunomodulatory functions within a single plant-derived carrier.
In this study, we engineered a novel nanotherapeutic agent by loading the broad-spectrum antibiotic ampicillin® into
fenugreek-derived exosomes (Exos-AM). This bio-hybrid system was designed to synergistically combine the intrinsic
bioactivities of the plant exosomes with the targeted action of the antibiotic. Our work aimed to comprehensively evaluate
the multifaceted functions of Exos-AM, including: (1) its enhanced antibacterial efficacy against common COPD pathogens
via improved drug delivery and biofilm disruption; (2) its capacity to repolarize macrophages from the pro-inflammatory M1
phenotype toward the anti-inflammatory and tissue-reparative M2 phenotype, thereby mitigating chronic inflammation; and
(3) its ability to suppress TGF-B1-induced fibroblast activation and migration, conferring a potent anti-fibrotic effect. We
systematically investigated these functions through a series of in vitro assays and further validated the therapeutic potential of
Ex0s-AM in a murine model of COPD induced by LPS and cigarette smoke exposure coupled with bacterial challenge
(Figure 1). This work establishes plant-derived exosomes as a versatile and powerful platform for drug delivery and presents
Exo0s-AM as a compelling, multi-targeted therapeutic strategy to address the complex pathology of COPD.

Materials and Methods
Preparation of Fenugreek Exosomes (Exos) and Ampicillin-Loaded Exosomes
(Exos-AM)
Seeds of Trigonella foenum-graecum (commercially purchased from a market of Zigong city, Sichuan province, China)
were cleaned, dried, and ground into powder. The powder was suspended in sterile PBS and subjected to ultrasonication
(200 W, 20 kHz, 20 min) followed by differential centrifugation to remove debris (300xg, 2,000xg, and 10,000xg). The
supernatant was ultracentrifuged at 100,000xg for 70 min at 4°C to collect exosomes (Exos).

To prepare Ampicillin-loaded Exos (Exos-AM), purified Exos were incubated with ampicillin (Img/mL) under
ultrasonication (100W, 5min) and then ultracentrifuged again to remove free drug. The final pellet was resuspended in
PBS and stored at —80°C until use.

Characterization of Exos and Exos-AM

The morphology of Exos and Exos-AM was analyzed by scanning electron microscopy (SEM, Hitachi S-4800). Size
distribution and zeta potential were determined using a Nano ZS Zetasizer (Malvern Instruments, UK). All measurements
were repeated in triplicate.

Cell Culture

RAW264.7 murine macrophages and L929 mouse fibroblasts were obtained from the Chinese Academy of Sciences Cell
Bank. RAW264.7 cells were cultured in DMEM supplemented with 10% fetal bovine serum (FBS), 1% penicillin—
streptomycin at 37°C, 5% CO,. L929 cells were maintained under the same conditions.
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Figure | Application of Exos-AM in a COPD model. (A) Preparation of Exos-AM. (B) Establishment of the COPD model. (C) Biological effects of Exos-AM. (D) Molecular
mechanisms of Exos-AM in a COPD model.

Biosafety of Exos and Exos-AM

Cell viability was assessed using the CCK-8 assay (Dojindo, Japan). Cells were seeded in 96-well plates and treated with
various concentrations of Exos or Exos-AM (0-200 pg/mL) for 24 h. Absorbance was measured at 450 nm. LIVE/DEAD
staining was performed using Calcein-AM and PI double-staining kits to visualize live and dead cells under fluorescence
microscopy (Leica DMi8, Germany).

Antioxidant and Enzyme-Like Activity of Exos-AM

The radical scavenging abilities of Exos-AM were evaluated using ABTS-", DPPH-, PTIO-, and TMB (3,3,5,5"-
Tetramethylbenzidine) assays following standard protocols. To further assess the intracellular ROS-scavenging capabil-
ity, oxidative stress was induced in RAW264.7 macrophages and 1929 fibroblasts using hydrogen peroxide (H,O,,
200 uM) for 2 h. After induction, cells were treated with Exos or Exos-AM (100 pg/mL) for 12 h. The intracellular ROS
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levels were measured using the DCFH-DA fluorescent probe (10 uM, 30 min incubation at 37°C). Fluorescence signals
were observed and recorded under a fluorescence microscope (Leica DMi8, Germany).

Antibacterial Properties

The antibacterial effects of Exos and Exos-AM were tested against Staphylococcus aureus (S. aureus) (ATCC23235, USA),
Escherichia coli (E. coli) (ATCC25922, USA), and Pseudomonas aeruginosa (P. aeruginosa) (ATCC27853, USA). Bacterial
suspensions were adjusted to approximately 1 x 10° CFU/mL and incubated with PBS, Exos or Exos-AM (100 pg/mL) at 37 °C
for 24 h. After incubation, aliquots were serially diluted and plated on LB agar for colony counting to determine bacterial survival
rates. Biofilm formation was assessed using 0.1% (w/v) crystal violet staining after 24 h of incubation.

Macrophage Repolarization Assay

RAW264.7 cells were treated with LPS (100 ng/mL) and Exos or Exos-AM (100 pg/mL) for 24 h. Immunofluorescence
staining was performed to detect iNOS and CD206 expression. Flow cytometry analysis was performed to quantify the
expression of surface markers F4/80, CD86 (M1) and CD206 (M2). Western blotting was used to analyze the protein
levels of iINOS, IL-1f8, CD206 and Arg-1.

Fibrosis Inhibition in L929 Cells

Transwell migration and scratch wound healing assays were performed to evaluate 1.929 fibroblast mobility under TGF-$1
stimulation (5 ng/mL), with or without Exos-AM treatment. Cell migration was observed at 24 h. For the scratch wound
healing assay, images were captured at 0 h and 24 h. The expression levels of fibrosis-related genes, including a-sma, Collal,
Col3al, and Ctgf, were quantified by real-time quantitative PCR (RT-qPCR) using GAPDH as the internal control.

RNA Transcriptome Sequencing

RAW264.7 cells were divided into LPS-treated and LPS + Exos-AM groups. Total RNA was extracted using TRIzol and
sequenced using the Illumina platform. Differential gene expression analysis was performed using DESeq2. Enrichment
analyses including GO and KEGG pathways were conducted to identify relevant biological processes.

In vivo COPD Model and Treatment

Female C57BL/6 mice (6—8 weeks, n = 6) were used to establish a COPD model through intranasal LPS (50 pg) on day
—1, followed by daily cigarette smoke exposure for 3 weeks.*® P. aeruginosa (10° CFU) was intranasally administered on
week 3. Mice were treated with aerosolized Exos or Exos-AM (200 pg/mL, 20 min/day) for 5 days. On completion of the
study, Mice were euthanized by exposure to a rising concentration of carbon dioxide (CO;) at a flow rate displacing
30-70% of the chamber volume per minute, followed by a 4-minute exposure after respiratory arrest. Death was
confirmed by cervical dislocation, in accordance with the AVMA Guidelines for Euthanasia of Animals. Lung tissues
were collected for H&E staining, immunofluorescence (F4/80, iNOS, CD206), and bacterial quantification by plate
culture.

In vivo Biosafety Evaluation
To assess biocompatibility, healthy mice were treated with aerosolized Exos or Exos-AM daily for 5 days. Major organs
(heart, liver, spleen, lung, kidney) were harvested and subjected to H&E staining to evaluate histological changes.

Statistical Analysis

All experiments were performed in triplicate unless otherwise stated. Data are presented as mean + standard deviation
(SD). One-way ANOVA or Student’s #-test was used for statistical comparisons using GraphPad Prism 9.0. Differences
were considered statistically significant at p < 0.05.
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Results and Discussion

Preparation and Characterization of Exos and Exos-AM

The exosomes (Exos) were successfully isolated from Trigonella foenum-graecum seeds using ultracentrifugation
(Figure 2A). The morphology of the Exos and Exos-AM was observed by scanning electron microscopy (SEM),
which revealed spherical, uniform particles (Figure 2B). TEM images of Exos-AM (Supplementary Figure S1) revealed

a typical cup-shaped vesicular morphology consistent with the characteristics of exosomes. The DLS profiles (Figure 2C)
showed a single peak distribution, with mean diameters of approximately 79 nm for Exos and 91 nm for Exos-AM,
confirming the uniformity of the exosome population, which is crucial for their consistent behavior in both in vitro and
in vivo experiments. This size is typical for exosomes and suggests that they are within the optimal range for cellular
uptake and therapeutic applications.*'*** The zeta potential measurements (Figure 2D) showed negative surface charges
of about —6.7 mV for Exos and —6.9 mV for Exos-AM, reflecting good stability and resistance to aggregation, which are
essential for prolonged circulation and efficient delivery in vivo.*

In terms of cellular biocompatibility, RAW264.7 macrophages and L929 fibroblasts were treated with various
concentrations (0-200 pg/mL) of Exos and Exos-AM for 24 hours. The cell viability assays demonstrated that both
Exos and Exos-AM did not induce significant cytotoxicity at 0—100 pg/mL, with cell viability remaining over 90%
(Figure 2E). These results suggest that both Exos and Exos-AM at a concentration of 100 pg/mL are biocompatible,
making them suitable for further in vitro applications. In addition, Live/Dead staining confirmed the viability of cells
treated with 100 pg/mL Exos and Exos-AM, with most cells showing green fluorescence (indicating live cells) and
extremely low red fluorescence (indicating dead cells) (Figure 2F and G).

Further investigation into the in vivo safety of Exos-AM was performed by examining major organs (heart, lung,
liver, spleen, and kidney) from mice treated with Exos-AM. Histological analysis using H&E staining revealed no
pathological changes or signs of inflammation in any of the organs (Figure 2H), suggesting that Exos-AM is safe for use
in vivo and does not induce adverse effects. This is consistent with previous reports, which indicates that exosome-based

formulations typically exhibit favorable biosafety profiles due to their natural composition.***>

Antioxidant and Enzyme-Like Activities

The antioxidant potential of Exos-AM was systematically evaluated through a series of free radical scavenging assays,
including DPPH-, ABTS-", PTIO-, and hydroxyl radical (-OH) assays. As shown in Figure 3A-D, Exos-AM exhibited
strong, concentration-dependent scavenging abilities against multiple radical species. The absorbance intensity of each
radical solution gradually decreased with increasing Exos-AM concentration (0-100 pg/mL), indicating efficient
neutralization of free radicals. Quantitative analysis further confirmed that the inhibition rates of DPPH-, ABTS ™,
PTIO-, and -OH radicals progressively increased and reached over 80% at 100 pg/mL (Figure 3E-I). These findings
demonstrate that Exos-AM possesses potent antioxidant capacity, capable of effectively quenching diverse reactive
oxygen species.

The notable radical-scavenging behavior of Exos-AM can be attributed to the natural bioactive constituents derived
from fenugreek exosomes, which are rich in phenolic and flavonoid compounds with intrinsic redox activity.*® In
addition, Exos-AM exhibited superoxide dismutase (SOD)-like activity, suggesting that it can mimic enzymatic anti-
oxidant functions to convert superoxide radicals into less reactive oxygen species, providing an enzyme-like catalytic
defense mechanism.*”**

To further validate the intracellular antioxidant effects, oxidative stress was induced in L929 fibroblasts and
RAW264.7 macrophages using H,O,. As shown in Figure 3J, cells exposed to H,O, alone displayed strong green
fluorescence due to excessive intracellular ROS accumulation, whereas treatment with Exos and Exos-AM significantly
reduced fluorescence intensity, indicating efficient ROS scavenging within cells. This result confirms that Exos and Exos-
AM not only eliminates extracellular radicals but also alleviates oxidative stress at the cellular level. This result is similar
to the Sowmya’s report.*’

The Live/Dead staining results (Figure 3K) further corroborated these findings. Cells challenged with H,O, exhibited
extensive red fluorescence (dead cells), while those treated with Exos and Exos-AM maintained predominant green
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fluorescence, suggesting high cell viability and strong cytoprotective effects under oxidative stress. These data collec-

tively indicate that Exos and Exos-AM effectively restores redox homeostasis and prevents oxidative damage in both

macrophages and fibroblasts.

Antibacterial Efficacy of Exos and Exos-AM

To evaluate the antibacterial potential of Exos and Exos-AM, three representative bacterial strains—sS. aureus, E. coli,

and P. aeruginosa—were employed. As illustrated in Figure 4A, Exos and Exos-AM were co-incubated with bacterial

suspensions for 24 hours, followed by bacterial plating and biofilm staining.
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Crystal violet staining (Figure 4B) revealed that Exos-AM markedly inhibited bacterial biofilm formation compared
with the PBS and Exos groups. The Exos-treated samples showed only slight attenuation of biofilm density, while Exos-
AM treatment resulted in nearly transparent wells with minimal crystal violet retention, suggesting effective prevention
of bacterial adhesion and biofilm development.

The colony-forming unit (CFU) assay results (Figure 4C) further confirmed the potent antibacterial activity of Exos-
AM. Compared with PBS and Exos, Exos-AM significantly reduced bacterial colony numbers for all three strains.
Quantitative analysis (Figure 4D) showed that the survival rates of S. aureus, E. coli, and P. aeruginosa after Exos-AM
treatment dropped to 0.5%. In contrast, Exos alone only slightly decreased bacterial survival compared with the PBS
control, indicating that the primary antibacterial effect originates from the ampicillin cargo rather than the exosomal
membrane itself. The study of Yang et al also confirmed that the antibacterial function of antibiotic-loaded exosomes is
achieved by antibiotics, not exosomes.”® But there are also some special exosomes that can kill bacteria through beta-
glycosidase, bacteriolytic enzymes.”'>>

Similarly, biofilm biomass quantification (Figure 4E) demonstrated a remarkable reduction in ODgoo for Exos-
AM-treated groups across all bacterial species, confirming their strong inhibitory effect on biofilm formation.
S. aureus and E. coli biofilms were especially sensitive to Exos-AM treatment, consistent with the expected susceptibility
of Gram-positive and Gram-negative bacteria to p-lactam antibiotics.>

Similar trends have been reported in other exosome-based antimicrobial approaches. For instance, bacterial outer-
membrane vesicles and mammalian exosomes have been used to deliver antibiotics or antimicrobial peptides, enhancing
drug stability and targeted delivery.”**> However, these studies also indicated that exosome encapsulation primarily
improves pharmacokinetics rather than altering host immune modulation, consistent with our findings for Exos-AM.

Compared to free amoxicillin reported in previous studies, the advantage of Exos-AM is encapsulation of Exos-AM,
which facilitates better bacterial membrane penetration and local drug accumulation.’® Moreover, the natural lipid
composition of plant-derived exosomes might assist in disrupting bacterial cell envelopes, thereby potentiating antibiotic
efficacy.”’

Exos and Exos-AM Promote M2 Polarization of RAW264.7 Macrophages

To investigate the immunomodulatory effects of Exos and Exos-AM on macrophage polarization, RAW264.7 cells were
first stimulated with LPS to induce a pro-inflammatory M1 phenotype, followed by treatment with Exos or Exos-AM.
Immunofluorescence staining (Figure SA—C) showed that LPS treatment significantly upregulated the M1 marker iNOS,
as evidenced by strong red fluorescence, whereas both Exos and Exos-AM treatments reduced iNOS expression and
enhanced the expression of the M2 marker CD206 (green fluorescence), suggesting a shift from the M1 to the M2
phenotype. However, no significant differences were observed between the Exos and Exos-AM groups, indicating that
both treatments similarly promote M2 polarization and counteract the pro-inflammatory effects of LPS.

Flow cytometry analysis further confirmed this trend (Figure SD-F). The percentage of F4/80"CD86" M1 macro-
phages was significantly decreased in both the Exos and Exos-AM treatment groups, while the proportion of F4/80
"CD206" M2 macrophages increased comparably in both groups. These data suggest that Exos and Exos-AM exert
similar immunoregulatory effects by promoting the differentiation of macrophages towards the M2 anti-inflammatory
phenotype.

Western blot analysis (Figure 5G and H) showed consistent results, with both Exos and Exos-AM treatments leading
to a significant downregulation of pro-inflammatory markers iNOS and IL-1B, alongside a substantial upregulation of
M2-associated markers CD206 and Arg-1. These findings further demonstrate that Exos and Exos-AM similarly
modulate macrophage polarization, shifting them towards an anti-inflammatory state without significant differences in
their overall immunomodulatory capacity (Figure 5I).

The similar effects observed in both Exos and Exos-AM can be attributed to the bioactive molecules present in the exosomes
themselves, which likely include proteins, lipids, nucleic acids and small molecules that are capable of modulating macrophage
behavior.”®* Interestingly, the comparable immunoregulatory effects observed between Exos and Exos-AM suggest that the
exosome carrier itself plays a crucial role in driving these effects. Plant-derived exosomes, especially those from Trigonella
foenum-graecum, are known to contain bioactive lipids, proteins, and small RNAs that modulate inflammatory signaling and
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Figure 5 Exos-AM modulates macrophage polarization from M| to M2 phenotype. (A) Immunofluorescence staining of iINOS and CD206 in RAW264.7. Bar = [0 um.
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promote M2-like polarization independently of drug loading.°*°" This intrinsic activity of the exosome appears to be a key
contributor to the observed anti-inflammatory effects. While ampicillin loading enhances antibacterial efficacy, the modulation of
macrophage polarization is primarily driven by the exosomal components, which likely facilitate immune modulation and tissue
repair through the M2 polarization pathway.
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Exos and Exos-AM Suppress TGF-B1-Induced Fibrotic Activation in L929 Fibroblasts
To assess the effects of Exos and Exos-AM on fibrotic activation, L929 fibroblasts were treated with TGF-1 (5 ng/mL)
to induce a fibrotic phenotype,®® followed by treatment with either Exos or Exos-AM. Both treatments significantly
attenuated TGF-B1-induced fibroblast activation, as demonstrated by the results of the Transwell migration assay and
scratch wound healing assay.

In the Transwell migration assay (Figure 6A), both Exos and Exos-AM treatments resulted in a significant reduction
in the number of migrating fibroblasts compared with the TGF-B1-treated control group. The cell migration rate in both
treatment groups was similarly decreased by approximately 40% relative to the TGF-B1 group (Figure 6B), indicating
that both Exos and Exos-AM effectively inhibit fibroblast migration, which is a crucial step in fibrosis progression.

Similarly, in the scratch wound healing assay (Figure 6C), the migration of L929 cells into the wound area was
significantly reduced in both Exos and Exos-AM treatment groups. The closure rate of the wound was substantially
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Figure 6 Effects of Exos and Exos-AM on L929 fibrotic activation. (A) Transwell migration assay of L929. Bar = 100um. (B) Quantification of the number of migrating cells in
the Transwell assay. (C) Scratch wound healing assay images at Oh and 24h. Bar = [00um (D) Quantification of the number of migrating cells in the scratch wound healing
assay. (E) Relative mRNA expression levels of Ctgf, a-sma, Collal and Col3al in L929. Data are presented as mean * SD.
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slower in the treated groups compared to the TGF-B1 group (Figure 6D), further supporting the notion that both
treatments can inhibit fibroblast migration and wound closure.

At the molecular level, RT-qPCR analysis (Figure 6E) showed that both Exos and Exos-AM treatments significantly
reduced the expression of fibrosis-associated genes, including a-SMA, Collal, Col3al, and Ctgf,> compared with the
TGF-B1 group. The relative expression levels of these genes in the Exos and Exos-AM groups were similar, indicating
that both formulations exert comparable effects in modulating the fibrotic response at the gene expression level.

These results suggest that both Exos and Exos-AM effectively suppress TGF-B1-induced fibrotic activation in L929
fibroblasts through mechanisms that likely involve the modulation of key fibrotic markers and the inhibition of fibroblast
migration. Coincidentally, more studies on exosomes inhibiting fibrosis have been reported earlier.***> Although the
incorporation of ampicillin into Exos-AM may provide additional antibacterial benefits, the fibrotic suppression cap-
abilities of Exos and Exos-AM are similar, which underscores the therapeutic potential of both formulations in mitigating
fibrosis and tissue scarring.

Although Exos-AM and native Exos showed similar anti-inflammatory and anti-fibrotic effects, Exos-AM exhibited
superior antibacterial activity. In COPD, bacterial infection often worsens inflammation and tissue injury, so loading
ampicillin aimed to deliver antibiotics locally to infected lung tissues while reducing systemic side effects. Since
ampicillin itself has no anti-inflammatory or anti-fibrotic action, the comparable results between Exos-AM and native
Exos are expected. The main advantage of Exos-AM is its ability to enhance drug stability, increase local concentration,
and add antibacterial function, offering strong potential for COPD treatment.

Transcriptomic Analysis Reveals the Mechanism of Exos-AM in Regulating
LPS-Stimulated RAW?264.7 Macrophages

To further investigate the underlying molecular mechanisms by which Exos-AM modulates LPS-induced macrophage
activation, RNA sequencing was performed on RAW264.7 cells treated with LPS alone or LPS + Exos-AM. Person
correlation analysis (Figure 7A) revealed a high correlation between the gene expression profiles of LPS + Exos-AM
treated macrophages and LPS-treated controls. Differential gene expression analysis revealed a total of 966 upregulated
genes and 967 downregulated genes in the Exos-AM group compared to the LPS group (Figure 7B), suggesting that
Exo0s-AM treatment significantly alters the transcriptional profile of LPS-stimulated macrophages.

The volcano plot (Figure 7C) further highlighted the differentially expressed genes, with 1816 genes showing
significant changes in expression (p-value < 0.05). Among these, 1313 genes were downregulated, and 503 genes
were upregulated, indicating a broad modulation of macrophage response by Exos-AM.

Cluster analysis through a heatmap (Figure 7D) displayed clear separation between the LPS and LPS + Exos-AM
groups, confirming the significant transcriptomic changes induced by Exos-AM. This suggests that Exos-AM not only
mitigates the LPS-induced inflammatory response but also regulates the overall gene expression pattern associated with
immune modulation.

To identify the pathways involved, we conducted KEGG enrichment analysis (Figure 7E), which revealed several
enriched signaling pathways related to inflammation and immune responses. Notably, pathways such as TNF signaling,
MAPK signaling, and NF-kB signaling were significantly enriched, suggesting that Exos-AM influences these critical
pathways involved in macrophage activation and inflammatory responses. The TNF signaling pathway (Figure 7F)
showed a strong enrichment score (ES = 0.23), indicating that Exos-AM treatment inhibits TNF-related inflammatory
signaling. Similarly, the MAPK signaling pathway (Figure 7G) and the NF-kB signaling pathway (Figure 7H) were also
negatively regulated by Exos-AM, further supporting the notion that Exos-AM suppresses the pro-inflammatory path-
ways activated by LPS.

To validate the transcriptomic findings, RT-qPCR was performed for representative genes associated with NF-kB and
MAPK signaling pathways, including Nfkbl, Mapki4, and Tnf. The RT-qPCR results confirmed significant down-
regulation of these genes in Exos-AM-treated macrophages compared with the LPS group, consistent with the
transcriptomic analysis (Supplementary Figure S2). These results further support that Exos-AM suppresses inflammatory
signaling through coordinated inhibition of NF-kB and MAPK activation.
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These findings provide valuable insights into the molecular mechanisms underlying the immunomodulatory
effects of Exos-AM. The downregulation of key pro-inflammatory pathways, such as TNF, MAPK, and NF-kB,
suggests that Exos-AM exerts its anti-inflammatory effects through the attenuation of these well-established
inflammatory signaling cascades (Figure 71).°°®® The ability of Exos-AM to modulate these pathways may
explain its efficient repolarization of macrophages from the pro-inflammatory M1 phenotype towards the anti-
inflammatory M2 phenotype, as observed in the previous sections. However, as no pathway-specific inhibitors or
activators were employed, this evidence reflects a correlative relationship rather than a confirmed causal

mechanism.

Therapeutic Effect of Exos-AM in a Mouse COPD Model

To evaluate the therapeutic potential of Exos-AM in a murine model of chronic obstructive pulmonary disease (COPD),
mice were exposed to a combination of LPS and cigarette smoke, followed by P. aeruginosa infection and treatment with
Exos or Exos-AM. The experimental timeline and treatment regimen are depicted in Figure 8A. Upon examination of
lung tissue by H&E staining (Figure 8B), the COPD model exhibited severe pulmonary damage, characterized by the
destruction of alveolar structures and extensive inflammatory infiltration. Treatment with Exos and Exos-AM resulted in
partial restoration of lung structure, with Exos-AM treatment showing the most prominent improvement in alveolar
integrity.

Immunofluorescence staining for CD206 and CD86 in lung sections (Figure 8C) further demonstrated that both Exos
and Exos-AM treatments promoted M2 polarization. The Exos-AM group exhibited the highest number of CD206-
positive cells, suggesting enhanced anti-inflammatory macrophage polarization in comparison to the Exos and control
groups. The CD86-positive cells were significantly reduced in the Exos-AM group, highlighting the shift from the M1 to
M2 phenotype, which is beneficial for the resolution of inflammation.

The bactericidal effects of Exos and Exos-AM were also evaluated in this COPD model by assessing the survival
of P. aeruginosa in the lung tissue. As shown in Figure 8D and E, the colony count of P aeruginosa was
significantly reduced in the Exos and Exos-AM treatment groups, with Exos-AM showing the greatest reduction
in bacterial survival, nearly achieving a complete bacterial clearance. This indicates that Exos-AM not only
promotes macrophage polarization but also enhances bacterial clearance, contributing to the attenuation of infection
in the COPD model. These findings indicate that Exos-AM primarily promotes early therapeutic responses:
inflammation resolution and partial tissue repair.

However, one limitation of this study is the relatively short 3-week exposure period, which may not fully
reproduce the chronic fibrotic changes observed in long-term COPD models. Future studies will explore extended
exposure durations to better characterize progressive airway remodeling. Another limitation of this study is the
lack of in vivo data on the pharmacokinetics, biodistribution, and release kinetics of ampicillin after Exos-AM
nebulization. Moreover, chronic structural changes and lung function were not assessed due to experimental
constraints. Future studies will address these aspects to better evaluate the long-term efficacy and translational
potential of Exos-AM.

From a translational perspective, although plant-derived exosomes exhibit excellent biocompatibility and ther-
apeutic potential, their large-scale application remains challenging due to limitations in yield, purification efficiency,
and compositional consistency. Future studies should focus on improving scalability and standardization to ensure
reproducibility and clinical feasibility. Together, these findings demonstrate that Exos-AM treatment significantly
attenuates COPD progression and inflammation in a murine model. The combined effects of promoting M2
macrophage polarization and enhancing bacterial clearance underscore the therapeutic potential of Exos-AM in
treating chronic inflammatory lung diseases, such as COPD.
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Figure 8 Therapeutic effect of Exos-AM in a mouse COPD model. (A) Experimental timeline showing the procedure. (B) H&E staining of lung tissue sections. Bar = 50um
(€) Immunofluorescence images of lung tissue showing CD86 and CD206. (D) Colony formation assay of P. aeruginosa Bar = 50 um. (E) Quantification of P. aeruginosa
survival rate. Data are presented as mean * SD.

16 https: International Journal of Nanomedicine 2026:21



Aierken et al

Conclusion

In this study, we successfully developed ampicillin-loaded fenugreek-derived exosomes (Exos-AM) as a plant-based
therapeutic platform for managing Chronic Obstructive Pulmonary Disease (COPD). Our results demonstrate that Exos-
AM exhibits strong antioxidant, anti-inflammatory, and antibacterial activities, thereby addressing key pathogenic factors
of COPD. The encapsulation of ampicillin into fenugreek exosomes enhanced antibacterial efficacy against common
pulmonary pathogens such as Staphylococcus aureus, Escherichia coli, and Pseudomonas aeruginosa, while the
exosomal matrix itself promoted macrophage polarization toward the anti-inflammatory M2 phenotype. This macrophage
modulation contributed to reduced airway inflammation, limited fibrotic remodeling, and mitigation of COPD
progression.

Moreover, Exos-AM showed excellent biocompatibility both in vitro and in vivo, with no evident adverse effects on major
organs. These findings highlight the potential of fenugreek-derived exosomes as a versatile and biocompatible drug delivery
platform. While ampicillin loading reinforces antibacterial performance, the anti-inflammatory and tissue-protective effects
largely stem from the intrinsic properties of the exosomes. In conclusion, this work establishes Exos-AM as a promising
foundation for exosome-based therapy in COPD, offering complementary antimicrobial and immunomodulatory benefits.
Future studies should optimize formulation parameters, assess long-term safety, and explore clinical translation to realize its
therapeutic potential.
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