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Abstract
Background  The therapeutic potential of exosomes derived from mesenchymal stem cells (MSCs) is increasingly 
recognized in veterinary medicine. This study explored the feasibility of a microcarrier-based three-dimensional (3D) 
culture system for producing the exosomes (cEXO). Investigations were conducted to enhance production efficiency, 
ensure stability, and evaluate the therapeutic potential of cEXO for anti-inflammatory applications while assessing 
their safety profile.

Results  The microcarrier-based 3D culture system improved efficient production of cEXO, yielding exosomes 
with acceptable profiles, including a size of approximately 81.22 nm, negative surface charge, and high particle 
concentration (1.32 × 109 particles/mL). Confocal imaging proved dynamic changes in cell viability across 
culture phases, highlighting the challenges of maintaining cell viability during repeated exosome collection 
cycles. Characterization via transmission electron microscopy, nanoparticle tracking analysis, and zeta-potential 
measurements confirmed the stability and functionality of cEXO, particularly when stored at -20 °C. Functional 
assays showed that cEXO exerted significant anti-inflammatory activity in RAW264.7 macrophages in an inverse 
dose-dependent manner, with no observed cytotoxicity to fibroblasts or macrophages. Acute toxicity testing in rats 
revealed no adverse effects on clinical parameters, organ health, or body weight, supporting the safety of cEXO for 
therapeutic use.

Conclusions  This study highlights the potential of a microcarrier-based 3D culture system for scalable cEXO 
production with robust anti-inflammatory activity, stability, and safety profiles. These findings advance the 
development of cEXO-based therapies and support their application in veterinary regenerative medicine.
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Background
Exosomes, small extracellular vesicles (30–150  nm in 
diameter), are increasingly recognized as critical media-
tors of intercellular communication. They facilitate the 
transfer of molecular signals, including proteins, lipids, 
and RNA, between cells and have garnered significant 
attention for their therapeutic potential, particularly in 
inflammatory disease management [1]. Mesenchymal 
stem cells (MSCs), known for their robust immunomod-
ulatory and anti-inflammatory properties, have emerged 
as a promising source of exosomes for therapeutic appli-
cations [2]. Among MSC sources, adipose-derived mes-
enchymal stem cells (AD-MSCs) stand out due to their 
abundant availability, ease of isolation, and potent regen-
erative capacity [3].

The use of three-dimensional (3D) cultures for AD-
MSC-derived exosome production holds significant 
promise for improving both the yield and functional-
ity of these vesicles. While traditional two-dimensional 
(2D) cultures are limited by their inability to mimic the 
complex cellular microenvironment in vivo, 3D cultures 
replicate tissue-like architecture more effectively, result-
ing in exosomes with enhanced biological activity [4]. 
Exosomes produced from 3D cultures of AD-MSCs have 
demonstrated superior anti-inflammatory effects, mak-
ing them particularly beneficial for conditions charac-
terized by excessive inflammation, such as osteoarthritis 
and inflammatory bowel disease [4–7].

The production of anti-inflammatory exosomes from 
3D cultures requires optimized culture conditions to pre-
serve cell viability, proliferative ability, and differentiation 
potential. Moreover, the isolation process needs strin-
gent purification steps to ensure high yields and avoid 
contamination, as improper handling may compromise 
the biological activity of exosomes. Research shows that 
exosomes derived from AD-MSCs can modulate immune 
responses by suppressing pro-inflammatory cytokines, 
promoting the polarization of macrophages into an anti-
inflammatory phenotype, and balancing T-cells involved 
in inflammatory cascades [3, 7, 8].

For clinical translation, the stability, efficacy, and safety 
of exosomes must be rigorously evaluated. Stability under 
various storage conditions is crucial for their therapeutic 
applications, as studies have shown that exosomes main-
tain their structural integrity and bioactivity over time 
under low-temperature storage conditions [9]. Despite 
their natural origin and non-immunogenic properties, 
exosomes carry potential risks, such as contamination, 
off-target effects, or long-term immunological responses, 
which demand thorough investigation. Preclinical 

evaluations following ISO 10993-11 guidelines involve 
acute toxicity testing in rodent models to assess imme-
diate and delayed systemic effects after single or multi-
ple dose administration [10]. Such assessments provide 
critical data on tolerability, mortality, and organ-specific 
toxicity. These steps, coupled with clinical trials, are vital 
to establish a comprehensive safety and efficacy profile, 
facilitating the transition of exosome-based therapies to 
clinical applications [11].

This research focuses on producing exosomes from 
canine adipose-derived mesenchymal stem cells (cAD-
MSCs) using a microcarrier-based 3D culture system. 
Detailed qualitative and quantitative characterization of 
these exosomes was planned to evaluate their stability 
under freezing and refrigerating storage conditions. Fur-
thermore, the study aims to assess therapeutic potential 
through in vitro tests, including nitric oxide inhibition in 
macrophages and fibroblast proliferation assays. Finally, 
in vivo safety was explored via acute toxicity tests involv-
ing tail-vein injections in a rat model, with the goal of 
proving their efficacy and safety for clinical applications.

Results
Microcarrier-based 3D culture facilitates scalable 
production of exosomes from cAD-MSCs
The microcarrier-based 3D culture system shows fea-
sibility for exosome production from cAD-MSCs, as 
depicted in Fig.  1A. Confocal laser scanning micros-
copy (CLSM) images (Fig.  1B) reveal the dynamics of 
live (green) and dead (red) cell populations on polysty-
rene (PS) microcarriers (blue) across various culture 
phases. During the seeding phase, intermittent agitation 
over three hours helped initial cell attachment, with cells 
showing a rounded morphology. A subsequent 21-hour 
resting phase allowed firm cell attachment, evident 
from increased green fluorescence. In the 3-day expan-
sion phase (Day 0), cell proliferation was pronounced, 
with strong green fluorescence confirming high viabil-
ity. However, during the serum-free medium (0% FBS 
medium; VSCBIC-3) incubation on Day 1 for exosome 
collection, viable cell numbers decreased compared to 
the expansion phase. The appearance of rounded cells 
and increased red fluorescence signified heightened cel-
lular stress and death. A 2-day refreshment phase in 
DMEM-10FBS (Day 3) restored cell viability, with promi-
nent green fluorescence indicating healthy attachment. 
By Day 4, during a second serum-free medium incuba-
tion, cell viability declined further, characterized by an 
increase in dead cells and a reduction in viable cell num-
bers. These findings highlight the challenges of sustaining 
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cell viability during repeated exosome collection cycles, 
critical for improving 3D culture systems for scalable 
exosome production.

Quantitative analysis (Fig.  1C) confirms the trends 
seen in CLSM images, utilizing normalized calcein fluo-
rescence intensities as a proxy for live-cell populations. 

During the seeding phase (Day − 4, 3 h), the mean fluo-
rescence intensity was 0.61 ± 0.03 AU, showing initial 
cell attachment. After the 21-hour resting phase (Day 
− 3), the intensity significantly increased to 0.72 ± 0.03 
AU (p ≤ 0.05), reflecting improved cell attachment. Dur-
ing the expansion phase (Day − 3 to Day 0), the intensity 

Fig. 1  Microcarrier-based 3D culture system for exosome production from cAD-MSCs. (A) Schematic representation of the culture process, including cell 
seeding, expansion, medium replacement, and exosome collection. (B) CLSM images showing live-dead staining of cAD-MSCs on PS microcarriers (blue) 
across different production phases. Green indicates live cells, red indicates dead cells, and blue represents PS microcarrier reflection. The scale bar repre-
sents 150 μm. (C) Boxplot of normalized calcein fluorescence intensity during culture phases, demonstrating significant viability changes. Mean values 
of each group were annotated at the bottom, and global statistics were stated at the top. The bars indicate pairwise comparisons (ns; no significance or 
p > 0.05, *; p ≤ 0.05). Abbreviation: AU; arbitrary unit, and CLSM; confocal laser scanning microscopy
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further rose to 0.75 ± 0.06 AU, though this increase com-
pared to Day − 3 was not statistically significant. On 
Day 1, following the first serum-free medium incuba-
tion, the intensity dropped significantly to 0.59 ± 0.04 AU 
(p ≤ 0.05), suggesting reduced cell viability and cellular 
stress. Upon refreshment with DMEM-10FBS, cell viabil-
ity improved by Day 3, with a mean value of 0.71 ± 0.03 
AU (p ≤ 0.05 compared to Day 1). On Day 4, during the 
second serum-free medium incubation, the intensity sta-
bilized at 0.73 ± 0.01 AU, comparable to Day 0 but with 
increased variability. These findings highlight the need 
for refining culture conditions to sustain cell viability and 
support the efficiency of exosome production, particu-
larly during repeated cycles involving serum-free media.

Characterization of exosomes produced by 3D culture of 
cAD-MSCs (cEXO)
Characterization of exosomes derived from 3D cultures 
of cAD-MSCs (cEXO) reveals promising profiles for 
potential therapeutic applications. Transmission electron 
microscopy (TEM) analysis (Fig. 2A) confirms the typical 
cup-shaped morphology of cEXOs, with a size consistent 
with exosomal characteristics. Nanoparticle Tracking 
Analysis (NTA) (Fig. 2D) shows an average particle size 
of approximately 81.23 ± 7.9  nm, within the expected 
range for exosomes. Zeta-potential analysis (Fig.  2B) 
using a Zetasizer indicates a negative surface charge of 
-19.45 ± 0.85 mV, suggesting moderate colloidal stability, 
which is ideal for therapeutic applications. Flow cytom-
etry analysis (Fig.  2C) of the exosomal surface marker 
CD9 suggests the presence of exosome-like particles, 
confirming their biogenesis pathway. NTA reveals a high 
concentration of cEXOs, approximately 1.32 ± 0.49 × 109 

Fig. 2  Characterization of exosomes produced by 3D culture of cAD-MSCs (cEXO). (A) Transmission electron microscopy (TEM) image confirms the 
cup-shaped morphology of cEXOs. The scale bar represents 50 nm. (B) Determination of zeta-potential via Zetasizer indicates negativity of cEXO surface 
charge. (C) Nanoscale flow cytometry analysis of exosomal surface marker CD9 suggests biogenesis pathway of cEXO. Nanoparticle tracking analysis 
(NTA) informs (D) particle size and (E) particle concentration profiles of cEXO. (F) Protein concentration of cEXOs quantified by fluorescence spectropho-
tometry reveals the purity of cEXO
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particles/mL for 205 mL (Fig. 2E), indicating efficient 
production from the 3D culture system. The protein con-
centration of 45.6 ± 18.42 µg/mL, as measured by fluores-
cence spectrophotometry (Fig. 2F), implying the purity of 
cEXO by particle-to-protein ratio of 2.89 ± 1.08 × 107 par-
ticles/µg protein.

Freezing storage condition preserves particle integrity and 
maintains the stability of cEXO
The stability of exosomes was assessed at two different 
temperatures (-20 °C and 4 °C) over a 30-day period. The 
particle size measured by NTA at -20 °C increased signif-
icantly from 67.13 ± 5.23 nm at day 0 to 95.48 ± 3.09 nm 
at day 15 (p ≤ 0.01) but showed no significant change 
between day 15 and day 30 (p > 0.05), remaining at 
91.18 ± 14.59 nm at day 30 (Fig. 3A). In contrast, at 4 °C, 
the particle size increased significantly between day 0 
(67.13 ± 5.23 nm) and day 30 (80.45 ± 6.32 nm) (p ≤ 0.01) 

(Fig. 3A). The particle concentration from NTA showed 
no significant changes at -20  °C throughout the storage 
period (p > 0.05), while at 4  °C, a significant decrease 
in particle concentration was observed between day 0 
(2.69 ± 0.42 × 108 particles/mL) and day 30 (1.9 ± 0.22 × 108 
particles/mL) (p ≤ 0.05) (Fig. 3B). Further analysis of par-
ticle concentration using NTA (Fig.  3C) demonstrated 
that at -20 °C, exosome populations exhibited minor 
shifts in size distribution but retained a higher concen-
tration compared to 4 °C. In contrast, exosomes stored 
at 4°C showed a marked decrease in concentration, with 
fewer particles detected across the size range.

The particle size measured by the Zetasizer at -20  °C 
remained stable from day 0 to day 15 but increased sig-
nificantly between day 15 (244.7 ± 14.99 nm) and day 30 
(368.78 ± 17.27 nm) (p ≤ 0.05) (Fig. 3D). At 4 °C, a signifi-
cant increase in particle size was observed between day 
0 (255.78 ± 12.75  nm) and day 30 (280.45 ± 15.32  nm) 

Fig. 3  Stability study of cEXO stored under freezing (-20 °C) and refrigerating (4 °C) conditions. (A) Boxplot of particle size measured by nanoparticle 
tracking analysis (NTA) over the study period (0, 15, and 30 days). (B) Boxplot of particle concentration from NTA, showing minimal changes at -20 °C but 
a significant decrease at 4 °C by Day 30. (C) Line plot illustrating particle size distribution from NTA, highlighting the shifts in particle size over time. (D) 
Boxplot of particle size measured by Zetasizer, indicating particle size stability at -20 °C and changes at 4 °C. (E) Boxplot of polydispersity index (PDI) from 
Zetasizer, showing stability in particle uniformity at -20 °C. (F) Boxplot of zeta-potential from Zetasizer, demonstrating a decrease in negativity of surface 
charge over time, especially at 4 °C. In all boxplots, the mean values for each group are annotated at the bottom, and global statistics are presented at the 
top. The bars indicate pairwise comparisons (ns; no significance or p > 0.05, *; p ≤ 0.05, **; p ≤ 0.01, ***; p ≤ 0.001). Abbreviation: cEXO; exosomes produced 
by 3D culture of cAD-MSCs
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(p ≤ 0.05). The polydispersity index (PDI) remained rela-
tively stable at both temperatures, except for a slight 
but significant increase at -20  °C between day 15 and 
day 30 (p ≤ 0.05) (Fig.  3E). The zeta potential at -20  °C 
decreased significantly from − 23.85 ± 1.71 mV at day 0 to 
-16.68 ± 1.41 mV at day 15 (p ≤ 0.05), with no significant 
changes thereafter (Fig.  3F). At 4  °C, the zeta potential 
decreased significantly between day 0 (-23.85 ± 1.71 mV) 
and day 30 (-18.56 ± 1.59 mV) (p ≤ 0.05).

These findings suggest that particle size and zeta 
potential are more stable at 4 °C, with fewer fluctuations 
compared to -20  °C. However, particle concentration 
decreased significantly over time at 4 °C, highlighting the 
need for optimized storage conditions to preserve exo-
some integrity and functionality.

cEXO exerts anti-inflammatory potential in LPS-induced 
RAW264.7 macrophage model
The anti-inflammatory assay provides a detailed anal-
ysis of cEXO’s effects on RAW264.7 macrophages. 
Figure  4A depicts the experimental setup, where mac-
rophages were treated with lipopolysaccharide (LPS) 

to induce inflammation, followed by exposure to PBS 
(blank control), DEXA (dexamethasone as a positive 
anti-inflammatory control), or varying concentrations of 
cEXO. Post-treatment assays included the nitrite assay 
to measure nitric oxide (NO) release, a key inflammation 
marker, and the resazurin assay to determine cell viability.

Microscopy images (Fig.  4B) reveal distinct morpho-
logical changes in macrophages across treatments. Mac-
rophages treated with PBS under LPS-free conditions 
(LPS-) displayed a small, rounded morphology character-
istic of the M0 (resting) phenotype. In contrast, macro-
phages treated with PBS in the presence of LPS (LPS+) 
exhibited a larger, amoeboid morphology typical of the 
pro-inflammatory M1 state. DEXA treatment and cEXO 
exposure shifted macrophages toward a more compact, 
rounded morphology indicative of the anti-inflammatory 
M2 phenotype. Higher cEXO concentrations (106 par-
ticles/mL) elicited a more pronounced M2-like response 
compared to lower concentrations.

Cytotoxicity analysis (Fig.  4C) indicates that cEXO 
treatment does not significantly affect macrophage 
viability under either LPS- or LPS + conditions. Cell 

Fig. 4  In vitro anti-inflammatory activity of cEXO. (A) Schematic diagram outlining the experimental design to evaluate the anti-inflammatory effects 
of cEXO on RAW264.7 macrophages, detailing the seeding, treatment, and assays for nitrite quantification and cell viability. (B) Bright-field microscopy 
images at 200X magnification showing the morphology of RAW264.7 macrophages under various treatment conditions. Scale bar represents 50 μm. 
(C) Boxplot showing the viability of RAW264.7 macrophages grouped by LPS induction and treatment conditions, demonstrating the dose-dependent 
effect of cEXO on macrophage viability. (D) Boxplot illustrating the inhibition of nitric oxide production by RAW264.7 macrophages, highlighting the 
anti-inflammatory potential of cEXO. In all boxplots, mean values are annotated at the bottom, and global statistics are provided at the top. The bars 
indicate pairwise comparisons (ns; no significance or p > 0.05, *; p ≤ 0.05, **; p ≤ 0.01, ***; p ≤ 0.001). Abbreviation: cEXO; exosomes produced by 3D culture 
of cAD-MSCs, LPS; lipopolysaccharides
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viability remained above 80% across all treatments. 
Under LPS-free conditions, viability was highest for 
PBS (100 ± 2.55%) and decreased slightly with increasing 
cEXO concentrations (108 particles/mL: 91.24 ± 8.12%, 
107 particles/mL: 86.66 ± 3.46%, 106 particles/mL: 
86.17 ± 2.87%). Similarly, in LPS + conditions, cell viability 
was 100 ± 2.55% for PBS and 88.78 ± 8.12%, 80.77 ± 3.46%, 
and 79.13 ± 2.87% for 108, 107, and 106 particles/mL 
cEXO, respectively. Significant differences were observed 
between PBS and 107 particles/mL cEXO under LPS- 
conditions (p ≤ 0.05) and between PBS and 106 particles/
mL cEXO under LPS + conditions (p ≤ 0.001), confirming 
that cEXO is not cytotoxic to RAW264.7 macrophages.

In the anti-inflammatory assay (Fig.  4D), NO release 
was significantly inhibited by DEXA (40.35 ± 4.31%). 
cEXO treatments demonstrated a reverse dose-depen-
dent effect, with 106 particles/mL cEXO showing the 

highest inhibition (33.93 ± 10.86%), followed by 107 par-
ticles/mL cEXO (13.61 ± 5.57%), and 108 particles/mL 
cEXO (12.02 ± 5.59%). Statistical analysis revealed sig-
nificant differences between DEXA and 108 particles/
mL cEXO (p ≤ 0.001), as well as between 107 and 106 
particles/mL cEXO (p ≤ 0.05), highlighting variable anti-
inflammatory efficacy across different cEXO concentra-
tions. These results underscore cEXO’s potential as a 
non-cytotoxic, anti-inflammatory therapeutic.

cEXO exhibits no cytotoxicity in 3T3-J2 fibroblasts
The cytotoxicity of cEXO was evaluated using 3T3-J2 
fibroblasts treated with varying concentrations of cEXO 
compared to a PBS control. As illustrated in Fig.  5A, 
fibroblasts were seeded on Day − 1, treated with PBS or 
cEXO on Day 0, and cell viability was assessed using the 
resazurin assay on Day + 1. The results (Fig. 5B) indicate 

Fig. 5  In vitro cytotoxicity of cEXO against 3T3-J2 fibroblasts. (A) Schematic representation of the experimental workflow, including seeding 3T3-J2 
fibroblasts, treatment with varying concentrations of cEXO, and evaluation of cell viability using resazurin assay. (B) Boxplot displaying the viability of 
3T3-J2 fibroblasts treated with cEXO, demonstrating non-cytotoxicity. In boxplots, mean values of each group were annotated at the bottom, and global 
statistics were stated at the top. The bars indicate pairwise comparisons (ns; no significance or p > 0.05, *; p ≤ 0.05). Abbreviation: cEXO; exosomes produced 
by 3D culture of cAD-MSCs
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that fibroblast viability remained near baseline PBS lev-
els (100 ± 8.37%), with values of 89.88 ± 3.42% for 108 
particles/mL cEXO, 94.08 ± 7.53% for 107 particles/mL 
cEXO, and 85.78 ± 7.45% for 106 particles/mL cEXO. Sta-
tistical analysis revealed no significant differences among 
groups (ANOVA, p > 0.05), except for a significant reduc-
tion in viability between PBS and 106 particles/mL cEXO 
(p ≤ 0.05). These findings suggest that cEXO has minimal 
cytotoxic effects on fibroblasts, even at high concentra-
tions, confirming its biocompatibility and supporting its 
potential for therapeutic applications.

Demonstration of safety of cEXO in acute toxicity in a 
rodent model (ISO 10993-11)
This study evaluated the acute toxicity of exosomes pro-
duced from 3D cultures of cAD-MSCs (cEXO) in female 
Sprague-Dawley rats over 14 days following a single 
intravenous dose of 109 particles/mL cEXO via the tail 
vein. As illustrated in Fig. 6A, the experiment comprised 

acclimatization, cEXO administration, a 14-day obser-
vation period, and organ examination. No mortality or 
morbidity was observed at any point, including at 24-, 
48-, and 72-hour post-administration and through Day 
14. Clinical evaluations showed no signs of abnormal 
behaviors or movements, such as tremors, convulsions, 
lethargy, labored breathing, diarrhea, hypersalivation, or 
ocular discharge.

The rats were provided with a sterilized pellet diet and 
reverse osmosis (RO) water ad libitum, and their food 
and water intake were recorded. While slight fluctua-
tions were noted, all values remained within the expected 
ranges for adult rats (5–6  g/100  g body weight/day for 
food and 10–12 mL/100  g body weight/day for water) 
[12]. Detailed intake data are presented in Tables 1 and 
2. Body weight monitoring, conducted at baseline, 24-, 
48-, and 72-hour post-administration, as well as on 
Days 7 and 14, indicated trends consistent with normal 
growth patterns. One rat (ID1) experienced a temporary 

Fig. 6  In vivo acute toxicity evaluation of cEXO in a rodent model. (A) Schematic diagram summarizing the acute toxicity study design in female Sprague-
Dawley rats. The experiment involved acclimatization, marking, intravenous administration of cEXO, followed by a 14-day observation period. Euthanasia 
was conducted on day 16 for gross examination of major organs. (B) Body weight monitoring across the 14-day period for individual rats (n = 5). Linear 
regression analysis indicated consistent weight gain trends with no adverse deviations among treatment groups. (C) Boxplot of body weight gain at dif-
ferent time points. (D) Food intake measurements over time showed stable dietary consumption across all rats. (E) Water intake measurements remained 
consistent throughout the observation period. In boxplots, mean values of each group were annotated at the bottom, and global statistics were stated at 
the top. The bars indicate pairwise comparisons (ns; no significance or p-value > 0.05, *; p ≤ 0.05, ****; p ≤ 0.0001). Abbreviation: cEXO; exosomes produced 
by 3D culture of cAD-MSCs, GI tract; gastrointestinal tract, ID; animal identical number, and BW; body weight
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weight decrease at 48 and 72  h, but its weight recov-
ered from Day 4 onwards without any associated clinical 
abnormalities.

As shown in Fig.  6B, all rats demonstrated consistent 
weight gain (2.72 ± 0.43 g/day), with a significant increase 
of 14.81% by Day 14 (ANOVA, p ≤ 0.0001; Fig. 6C). Body 
weight trends for all rats are summarized in Table 3, fur-
ther supporting the lack of adverse effects. Food intake 
(Fig.  6D) and water intake (Fig.  6E) remained stable 
with no significant differences (p > 0.05), confirming that 
cEXO did not adversely impact appetite or hydration. 
At the study’s conclusion, all rats were fasted overnight, 
euthanized, and subjected to gross necropsy. Examina-
tion revealed no abnormalities in major organs, including 
the liver, kidneys, spleen, gastrointestinal tract, reproduc-
tive organs, heart, lungs, and thymus gland. These results 
confirm the safety and non-toxicity of cEXO, supporting 
its potential for therapeutic applications.

Discussion
This study demonstrates the feasibility of using a micro-
carrier-based 3D culture system for scalable exosome 
production from canine adipose-derived mesenchymal 
stem cells (cAD-MSCs). The microcarrier-based system 
has shown substantial promise in enhancing exosome 
yield by providing a suitable microenvironment that 
promotes robust MSC proliferation, similar to previous 
reports where 3D culture systems improved MSC expan-
sion and exosome production [3, 13]. The approach of 
intermittent agitation during the seeding phase, followed 
by a resting period, was crucial for achieving stable cel-
lular adhesion on the microcarriers. This methodology 
is consistent with earlier findings that emphasize the 
importance of optimizing physical parameters such as 
agitation and resting cycles to improve cell attachment 
and stability [14]. However, transitioning to serum-free 
media (0% FBS medium; VSCBIC-3) for exosome pro-
duction introduced challenges related to cell viability. 
As seen in previous studies, serum-free conditions can 
impose metabolic stress on MSCs, leading to reduced 
viability and cellular stress [15, 16]. To mitigate this, 
optimizing the serum-free media composition or incor-
porating small molecules to support cellular metabolism 
would enhance both cell viability and exosome yield dur-
ing extended culture periods [17, 18].

The characterization of exosomes, using techniques 
such as Transmission Electron Microscopy (TEM), 
revealed cup-shaped vesicles, consistent with the 
expected morphology for exosomes [19]. The moder-
ate zeta potential observed indicates adequate colloidal 
stability, crucial for maintaining exosome dispersal and 
functionality, particularly in therapeutic applications 
[20]. Ensuring colloidal stability is essential for preserv-
ing exosome integrity during storage and enhancing their Ta
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therapeutic efficacy. Furthermore, the particle-to-protein 
ratio suggested potential contamination from free pro-
teins, a common challenge in exosome isolation, under-
scoring the need for further optimization of purification 
protocols [21, 22]. Referring to the MISEV2023 guide-
lines, we evaluated the quality of exosome samples by 
detecting CD9, a well-recognized marker of tetraspanin-
enriched exosome populations, using alternative meth-
ods. While we acknowledge the necessity of including 
additional positive markers (e.g., CD63, CD81) and nega-
tive markers (e.g., calnexin), our efforts were limited by 
the unavailability of commercial anti-dog antibodies. 
These limitations highlight the need for more robust and 
comprehensive characterization approaches.

Our study provides critical insights into the stability 
of exosomes stored at two different temperatures (-20 °C 
and 4 °C) over 30 days. The observed changes in particle 
size, concentration, and zeta potential highlight the intri-
cate interplay between storage conditions and exosome 
integrity, underscoring the need for precise temperature 
management. At -20  °C, significant increases in particle 
size measured by NTA and the Zetasizer indicate poten-
tial vesicle aggregation or fusion during freezing. These 
changes, particularly evident between day 0 and day 15, 
are consistent with reports suggesting that freezing-
induced stress can cause vesicle aggregation or fusion, 
potentially impacting their bioactivity or vesicle leakage 
[23, 24]. The larger particle size measured by the Zeta-
sizer compared to NTA is attributable to the differences 
in measurement principles. The Zetasizer, which uses 
dynamic light scattering (DLS), calculates the hydrody-
namic diameter that includes the hydration shell and any 
associated aggregates, leading to larger size values [25]. 
In contrast, NTA measures individual particle move-
ments through Brownian motion, providing a more 
accurate representation of vesicle size in heterogeneous 
populations [26]. Interestingly, particle concentration at 
-20 °C remained stable over time, suggesting that despite 
structural alterations, the number of vesicles was pre-
served. However, the significant reduction in zeta-poten-
tial at -20  °C suggests changes in surface charge, which 
could impair cellular uptake and functionality [27]. Con-
versely, refrigeration at 4 °C demonstrated fewer changes 
in particle size and zeta potential, reflecting a more stable 
storage condition for maintaining vesicle structure. How-
ever, the notable decline in particle concentration at 4 °C 
suggests that prolonged refrigeration may lead to vesicle 
degradation, likely due to oxidative and enzymatic activi-
ties [28, 29]. Our results emphasize that while refrig-
eration may better preserve exosome morphology and 
surface characteristics, freezing conditions require fur-
ther optimization to prevent aggregation [30].

This study shows that cEXO can promote a shift from 
the pro-inflammatory M1 macrophage phenotype to an Ta
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M2-like anti-inflammatory state. Exosomes derived from 
mesenchymal stem cells (MSCs) have been shown to 
modulate macrophage polarization by reducing inflam-
matory markers and enhancing anti-inflammatory 
pathways [31, 32]. Additionally, the ability of cEXO treat-
ments to maintain high cell viability under LPS-induced 
inflammatory stress is in agreement with studies that 
confirm MSC-derived exosomes preserve cell health 
even under inflammatory conditions [33, 34]. Lipopoly-
saccharide (LPS), a component of the outer membrane 
of Gram-negative bacteria, is a potent activator of the 
innate immune system. It induces inflammation by 
stimulating macrophages to produce pro-inflammatory 
cytokines and nitric oxide (NO) via the TLR4/NF-κB sig-
naling pathway, as demonstrated in various studies on 
LPS-induced immune responses [35, 36]. This cascade 
is widely recognized as a robust model for assessing the 
bioactivity of anti-inflammatory agents, including exo-
somes derived from canine adipose-derived mesenchy-
mal stem cells (cEXO). In this study, cEXO significantly 
reduced LPS-induced NO production and modulated 
macrophage polarization, shifting them from a pro-
inflammatory M1 phenotype to an anti-inflammatory 
M2 phenotype [37]. These effects are likely mediated by 
exosomal cargo, including miRNAs, proteins, and lipids, 
which can interact with molecular targets downstream 
of TLR4, such as NF-κB, to suppress its activation [38, 
39]. Moreover, cEXO could enhance anti-inflammatory 
mediators like IL-10, promoting a shift from pro-inflam-
matory to anti-inflammatory macrophage phenotypes 
[40]. These findings underscore the therapeutic poten-
tial of cEXO as modulators of immune responses and 
promising candidates for managing inflammation-related 
conditions.

The observed reverse dose-dependent effect, where 
lower exosome concentrations demonstrated greater 
anti-inflammatory activity than higher concentrations, 
aligns with findings in similar biological contexts. For 
instance, the anti-inflammatory effects of rhoifolin in 
a carrageenin-induced rat paw edema model revealed a 
reverse dose-dependent pattern, with the greatest anti-
oxidant and anti-inflammatory effects observed at the 

lowest dose tested. This phenomenon was attributed to 
optimal engagement of anti-inflammatory pathways at 
lower doses, as higher doses diminished the total anti-
oxidant capacity and modulated cytokine release sub-
optimally [41]. Similarly, the dose-dependent effects 
observed in neuromuscular-blocking agents and their 
reversal by neostigmine emphasize the potential for 
overdosing to introduce adverse effects due to satura-
tion or feedback mechanisms. At higher doses, receptor 
or enzyme targets may become oversaturated, reducing 
efficacy and increasing risks, whereas optimal dosing 
strategies significantly mitigated complications [42]. This 
concept also applies to digoxin-specific antibody interac-
tions, where stoichiometric Fab: digoxin ratios reversed 
inhibition efficiently, but excessive antibody doses failed 
to enhance efficacy and suggested receptor saturation or 
off-target effects [43]. In the context of exosome-medi-
ated anti-inflammatory effects, higher concentrations of 
exosomes could saturate receptors or induce feedback 
inhibition, suppressing signaling efficacy. Additionally, 
higher doses may lead to cargo competition within recip-
ient cells, interfering with the intracellular processing of 
bioactive molecules. Conversely, lower concentrations 
are likely to achieve a balanced interaction, optimizing 
signal modulation without overwhelming cellular path-
ways. These findings highlight the need for precise dose 
optimization in exosome-based therapies to ensure maxi-
mum therapeutic efficacy while avoiding the potential 
drawbacks associated with higher doses.

Exosomes derived from MSCs are inherently biocom-
patible due to their natural origin and low immuno-
genic properties [44, 45]. This supports their potential 
for regenerative medicine applications, including the 
observed lack of cytotoxicity in fibroblasts, indicating 
that cEXO can be safely applied in regenerative medicine 
without compromising fibroblast function [46, 47]. The 
use of resazurin as a viability assay, measuring mitochon-
drial activity, further confirms the lack of cytotoxicity, 
as mitochondrial health is a reliable indicator of overall 
cell viability [48, 49]. Moreover, the results of the in vivo 
acute toxicity test show that the administration of cEXO 
did not result in metabolic disturbances or systemic 

Table 3  Body weight progression and percentage gain in rats after exosome administration
Animal ID Body weight after administration Gain(a) %Gain(b)

Day 0 Day 1 Day 2 Day 3 Day 7 Day 14
ID 01 226.87 235.17 230.60 223.52 238.16 266.58 39.71 17.50
ID 02 229.13 240.02 242.59 245.90 260.98 274.94 45.81 19.99
ID 03 208.15 208.22 205.72 212.83 227.62 234.46 26.31 12.64
ID 04 223.15 216.92 221.04 228.02 247.25 250.91 27.76 12.44
ID 05 235.89 232.69 228.22 234.75 252.38 262.98 27.09 11.48
Mean ± S.D. 224.64 ± 10.32 226.60 ± 13.44 225.63 ± 13.57 229.00 ± 12.36 245.28 ± 12.88 257.97 ± 15.73 33.34 ± 8.88 14.81 ± 3.73
Note: Note: Data presented as body weight measurements (grams; g) at each time point, with (a) Gain calculated as Day 14 - Day 0, and (b) %Gain as (Gain / Body 
weight at Day 0) × 100
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toxicity. Consistent body weight gain across all rats sug-
gests that the exosome treatment did not induce adverse 
effects on overall health [50, 51]. Gross necropsy find-
ings, showing no abnormalities in major organs, further 
support the conclusion that cEXO does not induce overt 
tissue damage or histopathological changes [52].

This study highlights the therapeutic potential of exo-
somes derived from 3D cultures of canine adipose-
derived mesenchymal stem cells (cAD-MSCs); however, 
several limitations should be addressed. Firstly, while 
exosomes were characterized using CD9 as a marker of 
exosomal biogenesis, additional markers such as CD63, 
CD81, and TSG101 should be included to confirm exo-
some purity and eliminate potential contamination 
from other extracellular vesicles, as recommended by 
the MISEV guidelines [53, 54]. A more rigorous marker-
based characterization would enhance the reproduc-
ibility and reliability of the findings. Secondly, the small 
sample size and variability in donor-derived cAD-MSCs 
may limit reproducibility and generalizability [55]. 
Expanding the study to include a larger and more diverse 
pool of donors would improve the robustness of the 
results. Thirdly, while the stability of cEXO was evalu-
ated under freezing and refrigeration conditions, future 
research should explore strategies for room-temperature 
suspension formulations. Stabilizers such as trehalose or 
polyethylene glycol (PEG) could prevent aggregation and 
maintain exosome integrity, making them more practical 
for clinical applications, particularly in resource-limited 
settings [56].

Conclusion
This research proves the feasibility and efficacy of pro-
ducing exosomes from cAD-MSCs (cEXO) using a 
microcarrier-based 3D culture system. The study shows 
that cEXO exhibit stable physicochemical properties, low 
cytotoxicity, and significant anti-inflammatory potential, 
making them promising candidates for therapeutic appli-
cations. Optimized culture conditions enabled efficient 
exosome production, though challenges such as main-
taining cell viability during serum-free medium cycles 
were noted. Stability studies revealed that cEXO main-
tain their integrity and functionality better under frozen 
conditions compared to refrigeration. In vitro assays 
confirmed ability of cEXO to modulate macrophage 
responses and reduce nitric oxide release, indicative of 
anti-inflammatory activity. Furthermore, acute toxicity 
evaluation in a rodent model revealed no adverse effects, 
with consistent growth, stable food and water intake, 
and no abnormalities in major organs. Collectively, these 
findings suggest that cEXO are safe and effective, sup-
porting their potential for future clinical translation in 
inflammatory and regenerative therapies.

Methods
Isolation and expansion of cAD-MSCs
Adipose tissue was collected from a 5-year-old female 
German Shepherd (33.6 kg) at the Small Animal Teach-
ing Hospital, Faculty of Veterinary Science, Chulalong-
korn University, Thailand. The procedure adhered to 
ethical standards outlined by the Institutional Animal 
Care and Use Committee (IACUC) of the Faculty of Vet-
erinary Science, Chulalongkorn University, Thailand, 
and was approved under Animal Use Protocol 2231041. 
Since the dog was privately owned, informed consent 
was obtained from the owner prior to tissue collection. 
The tissue was minced, treated with the Cell Recovery 
Solution, a nonenzymatic proprietary solution designed 
to recover cells while preserving their integrity, and fil-
tered through a 70  μm strainer. The isolated cells were 
cultured in expansion medium (DMEM-10FBS), con-
sisting of Dulbecco’s Modified Eagle Medium (DMEM; 
Thermo Fisher Scientific, USA) supplemented with 10% 
fetal bovine serum (FBS; Thermo Fisher Scientific, USA), 
under standard conditions of 37  °C, 5% CO2, and 95% 
relative humidity. Subculturing was performed when the 
cells reached 80–90% confluence. Cells from passages 
3–5 were confirmed as mesenchymal stem cells accord-
ing to the International Society for Cellular Therapy 
(ISCT) standards [55]. Characterization included mor-
phological observation (fibroblastic-like shape), surface 
marker analysis (CD29+, CD44+, CD90+, and CD45-), 
and mRNA expression profiling for stemness markers 
(Oct4 and Rex1) and the proliferation marker (Ki-67), as 
detailed in a previous study [57].

The trilineage differentiation potential of cAD-MSCs 
was assessed through adipogenic, osteogenic, and chon-
drogenic protocols. Adipogenesis was confirmed by 
intracellular lipid droplet formation visualized with Oil 
Red O staining and by mRNA expression of adipogenic 
markers (Lep and Lpl). Osteogenesis was validated by 
extracellular matrix mineralization using Alizarin Red S 
staining and by mRNA expression of osteogenic mark-
ers (Ocn and Runx2). Chondrogenesis was demonstrated 
by glycosaminoglycan formation detected with Alcian 
Blue staining and by mRNA expression of chondrogenic 
markers (Col2a1 and Sox9). These findings confirmed the 
trilineage differentiation capability of the isolated cAD-
MSCs, validating their stem cell identity and functional 
potential, as detailed in an earlier work [57].

Production and characterization of exosomes from cAD-
MSCs by 3D culture
Anti-inflammatory exosomes were derived from canine 
adipose-derived mesenchymal stem cells (cAD-MSCs) 
cultured in a three-dimensional (3D) environment using 
polystyrene microcarriers (Corning, USA), as illus-
trated in Fig.  1A. Exosome production was performed 
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in a 250-mL glass spinner flask (Corning, USA) over an 
8-day culture period. Initially, cAD-MSCs were seeded 
at a density of 20,000 cells/cm2, with microcarrier load-
ing at 4.8  cm2/mL in serum-containing media (180 mL; 
DMEM-10FBS). Agitation cycles of 5  min followed by 
25 min of resting were conducted at 75 rpm, repeated six 
times during seeding [58]. After a 21-hour resting phase 
to promote cell attachment, the cell expansion phase 
lasted for 3 days under continuous agitation at 75 rpm.

Following cell expansion, the medium was replaced 
with in-house serum-free defined medium (0% FBS 
medium; VSCBIC-3) for 24  h, and conditioned media 
were collected (165 mL) on Day 1. To remove cell debris 
and microvesicles, the media were filtered through a 
0.22-µm PES filter (Membrane Solutions, USA) and 
stored at 4–6 °C for further processing [59]. After a 2-day 
refreshment period with expansion media, the medium 
was replaced again with VSCBIC-3 on Day 3. Following 
24  h of preconditioning, conditioned media (165 mL) 
were collected on Day 4, filtered through a 0.22-µm PES 
filter, and stored similarly.

Conditioned media collected on Days 1 and 4 were 
pooled (330 mL) and processed using tangential flow fil-
tration (TFF) with a 100-kDa cassette (Merck, Germany). 
To preserve exosome integrity, samples were maintained 
at 4–6  °C or on ice throughout purification. The pooled 
media were concentrated to 5 mL (66X concentration) 
using TFF and subjected to buffer exchange with Dul-
becco’s phosphate-buffered saline (DPBS; Gibco, USA) to 
achieve a final volume of 205 mL (40X buffer addition). 
The exosome solution (cEXO) was sterilized using a 0.22-
µm PVDF syringe filter (Merck, Germany), aliquoted, 
and stored at -20  °C. Prior to use or analysis, the cEXO 
was thawed in a 37 °C water bath for 30 s.

The cEXO was comprehensively characterized for mor-
phology, surface markers, stability, particle size, con-
centration, and protein content. Transmission electron 
microscopy (TEM) confirmed the cup-shaped morphol-
ogy of the exosomes. For this, 10-fold diluted samples 
were stained with 2% uranyl acetate and visualized using 
a Talos F200X microscope (Thermo Fisher Scientific, 
USA) [60]. Nanoscale flow cytometry validated the pres-
ence of CD9, a well-recognized exosomal surface marker 
[61]. Samples were labeled with Exobrite™ 410/450 conju-
gated anti-CD9 antibody and analyzed using a DxFLEX 
flow cytometer (Beckman Coulter, USA), with fluores-
cence intensity at 450 nm confirming CD9 positivity.

Zeta-potential analysis was performed using a Zeta-
sizer Nano ZS (Malvern Instruments, UK) to evaluate 
surface charge and colloidal stability [62]. For this, sam-
ples were diluted tenfold in PBS. Protein concentrations 
were quantified using a Qubit™ Protein Assay Kit (Invit-
rogen, USA), where denatured samples (75 °C for 10 min) 

were mixed with Qubit™ working solution and measured 
with a Qubit™ 3.0 Fluorometer [63].

Nanoparticle tracking analysis (NTA) was conducted 
using a NanoSight NS300 system (Malvern Panalytical, 
UK). Tenfold diluted samples were analyzed for particle 
size and concentration using the Stokes-Einstein equa-
tion, with particle movement recorded in 60-second vid-
eos [64]. The particle-to-protein ratio was calculated to 
assess sample purity.

Stability study of cEXO under freezing and refrigerating 
conditions
For the stability study of cEXO, 200 µL of exosome sam-
ples were stored in amber glass vials sealed with butyl 
rubber stoppers and flip-off caps to protect them from 
light and contamination. The samples were stored at 
-20 °C and 4 °C for 30 days, with evaluations conducted 
at 0, 15, and 30 days to assess their physicochemical 
properties. Key parameters analyzed included particle 
size, polydispersity index (PDI), and zeta-potential using 
Zetasizer Nano ZS. Nanoparticle tracking analysis (NTA) 
using Nanosight NS300 was employed to determine 
particle size and concentration, providing insights into 
vesicle integrity and abundance over time. The character-
ization protocol is stated in the section below.

In vitro anti-inflammatory activity of cEXO in LPS-induced 
RAW264.7 macrophage model
The in vitro anti-inflammatory activity of cEXO from 
cAD-MSCs was evaluated following established pro-
tocols [37, 65], using LPS-stimulated RAW264.7 mac-
rophages. Cryopreserved RAW264.7 cells (passage 9, 
ATCC, USA) were expanded and seeded in a T-75 flask, 
then plated at a density of 105 cells/well in a 96-well plate. 
After 24 h, the media were replaced with either LPS-con-
taining media (1,000 ng/mL) or LPS-free media. Various 
treatments were applied, including cEXO (106 − 108 par-
ticles/mL), a positive control (1.25  µg/mL dexametha-
sone; Bukalo Trading, Thailand), and a negative control 
(PBS; Sigma-Aldrich, USA). Following an 18-hour co-
incubation, nitrite release in the conditioned media was 
measured using the Griess reagent assay. Briefly, 10 µL of 
Griess reagent (Biotium, USA), 65 µL of deionized water, 
and 75 µL of conditioned media were mixed and incu-
bated at room temperature for 30 min in the dark. Absor-
bance at 570 nm (A570) was measured using a microplate 
reader (Thermo Fisher Scientific, USA).

To calculate nitric oxide inhibition (NOI; %) as anti-
inflammatory activity of cEXO, the A570 from nitrite 
assay were divided by the SA570 from the resazurin assay 
mentioned in the section “Cell viability determination” 
for cellular metabolism normalization. After blank cor-
rection (medium), the data from LPS-treated samples 
were subtracted from those of non-LPS-treated samples 
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[65]. the absorbance of the LPS + group was subtracted 
from the LPS- group, and the resulting value was divided 
by that of the negative control and multiplied by 100. 
Cell morphology after co-incubation was observed using 
an Eclipse Ti2 inverted brightfield microscope (Nikon, 
Japan) at 200X magnification.

In vitro cytotoxicity against 3T3-J2 fibroblast of cEXO
The in vitro cytotoxicity of cEXO against 3T3-J2 fibro-
blasts was evaluated using a resazurin-based cell viabil-
ity assay as visualized in Fig.  5A. Cells were seeded at 
4,000 cells/well in a 96-well plate and incubated at 37 °C 
for 24 h before treatment. cEXO samples (106 − 108 par-
ticles/mL) were diluted in PBS, while serum-free DMEM 
was used as the treatment medium. Positive (5% FBS) 
and negative (PBS) controls were included. After 24 h of 
treatment at 37 °C, the media were replaced with a 15 µg/
mL resazurin solution prepared in 5% FBS DMEM, and 
plates were incubated for 3  h. The cell viability (CV; %) 
was obtained as described in the section “Cell viabil-
ity determination”. Cell morphology was monitored by 
employing an Eclipse Ti2 inverted brightfield microscope 
(Nikon, Japan) with differential interference contrast 
objective lens at 100X magnification.

In vivo study for acute toxicity evaluation of cEXO in rodent 
model
According to ISO 10993-11 (2017) guidelines for acute 
toxicity testing in laboratory animals, five female Jcl: SD 
rats, aged 8 weeks, were approved for use by the Naresuan 
University Institutional Animal Care and Use Committee 
(NU-ACUC), with approval code NU-TS660302-02. The 
rats were housed in an AAALACi-accredited and GLP-
compliant facility, undergoing a 7-day quarantine and an 
additional 7-day acclimatization period before the exper-
iment. They were kept in sterile filter-top cages under 
controlled conditions, with a temperature of 22 ± 3 °C and 
relative humidity of 30–70%, regulated by an HVAC sys-
tem. Environmental conditions were recorded through-
out the study, and the rats were provided sterilized pellet 
food and filtered water via a reverse osmosis system ad 
libitum.

After acclimatization, the rats underwent health checks 
and weight measurements before the experiment. Exo-
somes were administered via the tail vein at a concen-
tration of 109 particles/mL, with a maximum volume of 
40 mL/kg BW and an infusion rate not exceeding 1 mL/
min. Following administration, the rats were observed 
for clinical signs and behavior at 24, 48, and 72  h and 
then monitored daily for 14 days. Body weights, food 
intake, and water consumption were recorded daily. If a 
rat exhibited a body weight reduction exceeding 20% or 
died within the first 24 h, data on mortality and morbid-
ity were documented.

At the end of the experiment, if no rats died or exhib-
ited imminent death, they were fasted overnight before 
being euthanized by intraperitoneal injection of Thio-
pental at a dose of 150  mg/kg. Death was confirmed 
before conducting a necropsy to examine internal organs, 
including the liver, kidneys, spleen, gastrointestinal tract, 
reproductive organs, heart, lungs, and thymus gland. 
Any abnormalities observed were documented and con-
sidered for further histopathological examination. This 
study was conducted to evaluate the safety of exosomes 
following international standards.

Cell viability determination
The viability of cells cultured in 96-well pate were 
assessed using a resazurin assay. After discarding the 
conditioned media, 15 µg/mL resazurin reagent (Sigma-
Aldrich, USA) in DMEM-5FBS was added, and cells were 
incubated for 3  h. Absorbance at 570  nm (A570) and 
620 nm (A620) was measured using a microplate reader 
(Thermo Fisher Scientific, USA). Blank subtractions 
were executed to obtain subtracted absorption of A570 
(SA570) and A620 (SA620). The resazurin reduction 
(RZR; %) was corrected using a dual-wavelength spectro-
photometric approach as described elsewhere [49]. Cell 
viability (CV; %) was calculated by dividing the RZR of 
the sample by that of the negative control (PBS) and mul-
tiplying by 100.

Confocal laser scanning microscopy (CLSM)
Confocal laser scanning microscopy (CLSM) was con-
ducted using an Eclipse Ti2 inverted microscope (Nikon, 
Japan) to observe cells on microcarriers with live-dead 
staining. Live cells were stained green with Calcein AM 
(Sigma-Aldrich, USA), while dead cells were stained red 
with Propidium Iodide (PI; Sigma-Aldrich, USA), and 
microcarriers were visualized in blue. Imaging was per-
formed at 200X magnification with a Z-stack configu-
ration, capturing 29 stacks at 5 μm intervals to create a 
comprehensive three-dimensional view. Quantitative 
analysis was based on normalized calcein fluorescent 
intensity, calculated as the mean green channel inten-
sity from all stacks divided by the mean blue channel 
intensity from all stacks. This method provided detailed 
insights into cell viability and attachment dynamics on 
microcarriers across various culture phases.

Statistical analysis and visualization
Data are presented as mean ± standard error of the mean 
(SEM). For parametric datasets, the t-test was used to 
compare two groups, and one-way analysis of variance 
(ANOVA) was applied for multiple groups. Non-para-
metric datasets were analyzed using the Wilcoxon test 
for two groups and the Kruskal-Wallis test for multiple 
groups. The Shapiro-Wilk test was performed to assess 
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the normality of the datasets. Statistical significance was 
set at a 95% confidence interval. Data visualization and 
statistical analyses were conducted using R software (R 
Core Team, 2023), with the ggboxplot() function from the 
ggpubr package (version 0.6.0). Linear regression analy-
sis was performed with the ggplot() function from the 
ggplot2 package (version 3.4.2).
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