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Cinnamaldehyde (CINAM), a natural compound with established anticancer 
properties, has limited clinical application due to its poor solubility and 
low bioavailability. Exosomes, which are cell-derived nanocarriers, offer a 
biocompatible platform for enhancing drug delivery and intracellular targeting. 
In this study, we evaluated the cytotoxic and molecular effects of CINAM-loaded 
mesenchymal stem cell–derived exosomes (EXO-CINAM) on colorectal cancer 
(Caco-2) cells. Exosomes were isolated and characterized using transmission 
electron microscopy (TEM), and CINAM loading was confirmed using high-
performance liquid chromatography (HPLC). Cytotoxicity was assessed by 
sulforhodamine B (SRB) assay, apoptosis and cell cycle progression was analyzed 
by flow cytometry and DNA fragmentation assays, and ultrastructural changes 
were visualized by TEM. Western blotting and ELISA were employed to measure 
apoptotic protein expression, while qRT-PCR was used to examine gene 
expression related to apoptosis, inflammation, and angiogenesis. EXO-CINAM 
exhibited significantly greater cytotoxicity than free CINAM (IC₅₀: 23.87 µg/mL 
vs. 35.24 µg/mL, p < 0.01), with increased apoptosis (56.3% vs. 43.7%), G₀/G₁ 
apoptotic morphology confirmed by TEM, and DNA laddering indicating nuclear 
fragmentation. Protein analysis revealed elevated levels of cleaved caspase-3, 
-8, and -9, along with increased p53 and BAX levels and decreased BCL-2 levels. 
Gene expression analysis showed downregulation of NF-κB, MMP-2, MMP-9, and 
VEGFR2, and upregulation of CD95 and CD95L. IL-10 levels were also reduced, 
suggesting an anti-inflammatory effect of the treatment. Collectively, these 
findings indicate that exosomal delivery of CINAM enhances its anticancer activity 
by promoting apoptosis and suppressing inflammatory and angiogenic signaling, 
establishing EXO-CINAM as a promising nanotherapeutic platform for cancer 
treatment.
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INTRODUCTION
Colorectal cancer (CRC) is one of the most 

prevalent and lethal malignancies worldwide, 
particularly in industrialized nations [1]. It 
typically arises from the transformation of benign 
adenomatous polyps through a multistep process 
involving genetic and epigenetic alterations, ultimately 
resulting in invasive carcinoma and metastasis. 

CRC progression is influenced by a combination of 
hereditary factors, accounting for approximately 35% 
of cases, and modifiable risk factors, such as dietary 
habits, physical inactivity, obesity, smoking, and 
chronic inflammatory conditions of the colon [2]. 
Despite advances in screening techniques, including 
colonoscopy, fecal immunochemical tests, and stool 
DNA assays, late-stage diagnosis remains common, 
significantly reducing patient survival rates [3].  

http://creativecommons.org/licenses/by/4.0/.
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Current treatment options for CRC include 
surgical resection, chemotherapy, radiotherapy, 
targeted therapy, and immunotherapy [4]. Although 
these approaches have improved clinical outcomes, 
their efficacy is often limited by systemic toxicity, 
drug resistance, and poor tumor-specific targeting 
[5]. Consequently, there is a growing emphasis 
on developing novel therapeutic strategies that 
enhance efficacy while minimizing adverse effects. 
In this context, natural bioactive compounds and 
nanotechnology-based drug delivery systems 
have emerged as promising strategies for cancer 
treatment [6].  

Cinnamaldehyde (CINAM), the principal 
active component of cinnamon bark extract, 
has garnered significant attention for its 
diverse pharmacological properties, including 
antioxidants, anti-inflammatory, antimicrobial, 
and anticancer properties [7]. Mechanistic studies 
have demonstrated that CINAM exerts cytotoxic 
effects on cancer cells by modulating key signaling 
pathways involved in apoptosis, oxidative stress, 
angiogenesis, and cell proliferation [8]. CINAM 
activates pro-apoptotic proteins, suppresses anti-
apoptotic markers, reduces oxidative damage, and 
inhibits the growth and metastasis of various tumor 
types, including colorectal carcinoma [9].  

Exosomes (EXOs) are nanosized extracellular 
vesicles (30–150 nm in diameter) secreted by 
most eukaryotic cells. They play a critical role 
in intercellular communication by transporting 
biologically active molecules, such as proteins, 
lipids, mRNAs, and microRNAs [10]. In cancer 
biology, exosomes are implicated in processes 
such as tumor progression, immune evasion and 
metastasis. Owing to their inherent stability, low 
immunogenicity, and ability to traverse biological 
barriers, exosomes are ideal candidates for 
drug delivery systems. Their capacity for tumor 
tropism and deep tissue penetration enhances the 
therapeutic potential of encapsulated agents while 
reducing off-target effects [11].  

The integration of natural compounds, such 
as CINAM, into exosome-based delivery systems 
represents a novel strategy for enhancing anticancer 
efficacy through improved bioavailability, sustained 
release, and targeted action. However, few studies 
have evaluated the combined therapeutic effects 
of CINAM and exosome carriers, particularly in 
colorectal cancer.    While previous studies have 
explored loading phytochemicals such as curcumin 
and resveratrol into exosomes, our study specifically 

utilizes exosomes derived from mesenchymal stem 
cells (MSCs). MSC-derived exosomes possess 
unique advantages including low immunogenicity, 
high biocompatibility, tumor-targeting ability, and 
abundant yield, making them particularly effective 
drug carriers for cancer therapy [12, 13].

The present investigation is considering among 
the first to systematically evaluate the anticancer 
efficacy and detailed molecular mechanisms of 
MSC-derived exosome-loaded cinnamaldehyde 
(EXO-CINAM) in human colorectal cancer cells 
(Caco-2). Prior reports primarily focus on other 
phytochemicals or cancer types, so this represents a 
novel application in CRC with a natural compound 
not extensively studied in this delivery context [14]. 
Regarding exosome-mediated delivery of small 
molecules and phytochemicals has been explored 
previously; however, our study differs from prior 
work in different keys, empirically supported ways e.g. 
While cinnamaldehyde-treated MSC exosomes have 
been reported in other disease contexts (for example, 
in a recent study evaluating BM-MSC exosomes 
treated with cinnamaldehyde for anti-inflammatory 
effects in chondrocytes), there is no prior report to 
our knowledge that evaluates MSC-derived exosome 
encapsulation of CINAM specifically for anti-CRC 
activity and mechanistic profiling in Caco-2 cells. 
Thus, our work extends cinnamaldehyde–EXO 
applications into the CRC field [15]. 

Moreover, many prior reports using MSC-
exosomes in CRC focus on nucleic-acid cargo or 
single pathway readouts (for example, miRNA-
mediated effects), or test exosomes in other disease 
models. In contrast, our manuscript presents a 
comprehensive battery of mechanistic endpoints in 
a CRC model, including quantitative cytotoxicity/
IC₅₀, Annexin V/PI apoptosis profiling, caspase 
activation (intrinsic and extrinsic), cell-
cycle distribution, TEM ultrastructure, DNA 
fragmentation, ELISA protein quantification, and 
qRT-PCR of NF-κB/MMP/VEGFR2 pathways;  
allowing a systems-level interpretation of how 
EXO-CINAM exerts anti-tumor effects. This 
breadth of mechanistic data for a phytochemical 
loaded into MSC-exosomes in CRC has not been 
previously documented [16].

Finally, the present study aims to apply 
a sonication-assisted loading protocol and 
report loading efficiency, size distribution, 
and morphology of the drug-loaded vesicles. 
Although several reviews and studies document 
exosome loading strategies and examples with 
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curcumin/ resveratrol, explicit reporting of loading 
efficiency together with a functional, pathway-
level readout in a CRC cell model is less common; 
our methodological transparency (parameters, 
dialysis/ultracentrifugation purification and HPLC 
quantitation) is intended to facilitate reproducibility 
and comparison with other cargo types [17].

Unlike many earlier studies addressing only 
cytotoxicity or uptake, the present investigation 
provides comprehensive mechanistic analysis 
via extensive characterizations of apoptotic 
pathways (intrinsic and extrinsic), cell cycle 
effects, inflammation, angiogenesis, and 
metastasis-related gene expression. This multi-
dimensional mechanistic insight into how MSC-
exosome delivery potentiates cinnamaldehyde’s 
anticancer effects is uniquely detailed (Ababneh 
et al., 2025). Moreover, the present study applied 
a refined sonication-assisted loading method 
to maximize cinnamaldehyde encapsulation 
efficiency and preserve exosome integrity, with 
thorough physicochemical characterization. This 
optimization contributes to reproducibility and 
translational potential beyond previous crude 
formulations reported [12]. 

The combination of (i) MSC-sourced exosomes, 
(ii) cinnamaldehyde cargo applied to colorectal 
cancer cells, (iii) explicit encapsulation optimization 
and quantitative reporting, and (iv) an integrated, 
multi-assay mechanistic characterization that 
elucidates how EXO-CINAM modulates apoptotic, 
inflammatory, and angiogenic pathways is what 
makes our study novel, rather than the general idea 
of exosome-mediated phytochemical delivery per se. 

Therefore, this study aimed to investigate the 
synergistic anticancer effects of exosome-loaded 
cinnamaldehyde (EXO-CINAM) in a human 
colorectal cancer cell model (Caco-2). Specifically, 
we evaluated the impact of this combination on 
multiple cellular processes, including proliferation, 
apoptosis (via intrinsic and extrinsic pathways), cell 
cycle progression, angiogenesis, and inflammatory 
signaling. This study aimed to establish a 
mechanistic foundation for the development of 
exosome-mediated delivery of natural compounds 
as a promising therapeutic approach for CRC 
treatment.

MATERIALS AND METHODS
Chemicals and Reagents

Cinnamaldehyde (CINAM; purity ≥99%; 
CAS No. 14371-10-9) was purchased from Carlo 

Erba (Milan, Italy). Ethanol (analytical grade), 
phosphate-buffered saline (PBS), and all other 
chemicals were obtained from Sigma-Aldrich 
(St. Louis, MO, USA), unless otherwise stated. 
Fetal bovine serum (FBS), RPMI-1640 medium, 
penicillin–streptomycin, and trypsin–EDTA were 
procured from Gibco (Thermo Fisher Scientific, 
USA). All reagents were prepared using sterile 
techniques.

 
Cell Line and Culture Conditions

The human colorectal adenocarcinoma cell 
line Caco-2 was obtained from Nawah Scientific, 
Inc. (Cairo, Egypt) and cells were cultured in 
RPMI-1640 medium supplemented with 10% heat-
inactivated FBS and 1% penicillin–streptomycin 
and maintained in a humidified incubator at 
37 °C with 5% CO₂. Cells were subculture at 
80–90% confluence using 0.25% trypsin–EDTA. 
The RPMI-1640 formulation was employed in 
this study following the conditions provided and 
validated by Nawah Scientific Inc. (Cairo, Egypt), 
a certified supplier of the Caco-2 cell line. Their 
culture conditions are based on some previous 
studies, which have also successfully maintained 
Caco-2 cells in RPMI medium with comparable 
phenotypic and metabolic characteristics to those 
cultured in DMEM [18, 19].

 
Preparation of Cinnamaldehyde Stock Solution

A 1 mg/mL stock solution of CINAM was 
prepared in absolute ethanol and stored at 4 °C, 
protected from light. Working dilutions were 
freshly prepared in a 1:1 ethanol–water mixture for 
experimental use.

 
Exosome Isolation from Mesenchymal Stem Cells

All experiments were conducted in compliance 
with institutional guidelines for research 
involving biological materials. Rat bone marrow 
mesenchymal stem cells (rBM-MSCs) were 
commercially sourced from a Nawah Scientific Inc. 
(Cairo, Egypt), the certified supplier of the Caco-
2 cell line used in our experiments, and therefore, 
no animal experiments were performed directly by 
the authors. Therefore, the institutional approval 
for animal use was not required for this study. The 
culture supernatants were subjected to differential 
centrifugation at 300 ×g for 10 min, 1,000 ×g 
for 20 min, and 10,000 ×g for 30 min to remove 
debris and apoptotic bodies. The supernatant was 
then filtered through 0.22 µm syringe filters and 
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ultracentrifuged at 100,000 ×g for 90 min at 4 °C. 
The resulting exosomal pellet was resuspended 
in PBS and quantified using a bicinchoninic acid 
(BCA) protein assay kit (Novagen, Darmstadt, 
Germany) following the manufacturer’s protocol 
[20]. In addition, owing to resource limitations, 
the present study did not perform surface marker 
profiling (e.g., CD9, CD63, and CD81) in this 
investigation, even though TEM confirmed the 
characteristic spherical bilayer-bound vesicles of 
~30-150 nm. Such profiling is advised for complete 
EV/exosome “ validation in accordance with the 
ISEV MISEV2018 criteria [21]. 

 
Preparation of Exosome-Loaded Cinnamaldehyde 
(EXO-CINAM)

CINAM was encapsulated into exosomes using 
a sonication-assisted loading method adapted from 
Haney et al. (2015). Briefly, exosomes (200 µg/mL 
protein concentration) were mixed with CINAM at 
a 1:10 drug-to-exosome ratio (w/w) and sonicated 
using a probe sonicator (10 cycles of 30s on/30 s 
off at 20% amplitude). The mixture was incubated 
at 37 °C for 1 h and dialyzed against PBS using a 
3.5 kDa MWCO dialysis membrane to remove 
the unbound drug. The final formulation (EXO-
CINAM) was filtered through a 0.22 µm membrane 
and stored at 4 °C until use [22].

Characterization of Exosomes and EXO-CINAM
Transmission Electron Microscopy (TEM)

The morphology and size of the exosomes were 
evaluated using transmission electron microscopy 
(TEM; JEOL JEM-1400, Japan) [23]. They detail 
the examination of exosome morphology using 
the JEOL JEM-1400 TEM and offer procedural 
specifics for fixation, staining, and imaging. Briefly, 
the samples were fixed in 2% paraformaldehyde, 
loaded onto formvar-coated grids, and negatively 
stained with 1% uranyl acetate. After drying, 
the grids were imaged at 80 kV. The diameters of 
roughly 50–75 individual vesicles were measured 
using ImageJ software to ascertain the average size 
and distribution of the 8–10 TEM images that were 
prepared for this study. These images were taken at 
random. In addition, two qualified authors carried 
out the current counting and measurements 
separately to guarantee precision and repeatability.

High-Performance Liquid Chromatography (HPLC)
Moreover, to clarify, after exosome loading, the 

formulation underwent two sequential purification 

steps to ensure the complete removal of unbound 
(free) cinnamaldehyde (CINAM). First, the 
suspension was subjected to dialysis using a 12–14 
kDa molecular weight cut-off (MWCO) membrane 
against phosphate-buffered saline (PBS) at 4 °C 
for 24 h, with buffer changes every 4 h. Second, 
following dialysis, the sample was ultracentrifuged 
at 100,000 × g for 70 minutes at 4 °C, and the 
supernatant was discarded. HPLC analysis of the 
supernatant revealed no detectable free CINAM, 
confirming removal. This combined method is 
consistent with current best practices in the EV 
field for separating drug-loaded vesicles from free 
drug molecules, as outlined in recent reviews on 
drug-loaded extracellular vesicle purification [24-
26]. The loading efficiency of CINAM into exosomes 
was quantified using high-performance liquid 
chromatography (HPLC; Waters 2690 Alliance 
system, USA) equipped with a photodiode array 
detector set at 290 nm. Separation was achieved 
using a C18 Inertsil ODS column (4.6 × 250 mm, 
5 µm) with an isocratic mobile phase of 0.1% 
phosphoric acid: acetonitrile (80:20, v/v) at a flow 
rate of 1.0 mL/min. The injection volume was 20 
µL. A calibration curve of CINAM (10–80 µg/mL) 
was used for quantification of CINAM.

Experimental Design and Treatment Groups
Caco-2 cells were seeded in 6-well plates at a 

density of 5 × 10⁴ cells/well and incubated for 24 h 
before treatment. The cells were divided into four 
groups: Control group (C): Untreated Caco-2 cells, 
CINAM group: Caco-2 cells treated with CINAM 
(20 µg/mL), EXO group: Caco-2 cells treated with 
exosomes (20 µg/mL protein) and EXO-CINAM 
group: Caco-2 cells treated with CINAM-loaded 
exosomes (equivalent to 20 µg/mL CINAM). All 
treatments were applied for 48 h, unless otherwise 
stated.

Cytotoxicity Assay
Cell viability was assessed using the 

sulforhodamine B (SRB) assay. After 72 h of 
treatment, the cells were fixed in cold 10% 
trichloroacetic acid, stained with 0.4% SRB solution, 
washed with 1% acetic acid, and solubilized in 
10 mM Tri’s base. Absorbance was measured at 
540 nm using a microplate reader (BioTek, USA). 
Inhibitory Concentration 50% (IC₅₀) values were 
calculated from dose–response curves. Since the 
SRB assay measures total protein content and total 
cell mass following prolonged treatment, a 72-hour 
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exposure time was selected to capture cumulative 
harmful effects and precisely calculate the IC₅₀. 
This duration considers the slow action of natural 
substances and exosome-based systems and is 
consistent with the standard procedure in Caco-
2 cell drug screening. As demonstrated by lower 
cell viability at 72 h than at shorter exposures, 
longer incubation guarantees consistent dose–
response relationships and more accurate viability 
assessments. To precisely determine the cytotoxicity 
and IC₅₀ in Caco-2 cells, particularly for drugs with 
delayed effects, our final selection for the 72-hour 
exposure is ideal [27].

Flow Cytometry Analysis
Cell Cycle Distribution

Cells were harvested, fixed in 70% ethanol, 
and stained with propidium iodide (PI, 50 µg/
mL) containing RNase A (100 µg/mL) for 30 min 
at 37 °C. Samples were analyzed using a CytoFLEX 
flow cytometer (Beckman Coulter, USA), and the 
cell cycle phases were quantified using CytExpert 
2.3 software.  

Apoptosis Detection
Apoptosis was evaluated using Annexin V–

FITC/PI dual staining (Miltenyi Biotech, Cat #130-
092-052). After 48 h of treatment, the cells were 
stained for 15 min at room temperature in the dark, 
and fluorescence was recorded using a CytoFLEX 
flow cytometer. A 48-hour incubation was chosen to 
capture apoptosis and cell cycle changes occurring 
early after drug exposure, while avoiding excessive 
loss of cells or secondary necrosis. This timeframe 
effectively detects apoptotic events, cell cycle arrest, 
and phosphatidylserine externalization, aligning 
with published Caco-2 data showing significant 
changes within 24–48 hours [28].

Transmission Electron Microscopy of Treated Cells
Treated and untreated Caco-2 cells (24- and 

48-hours post-treatment) were fixed in 2.5% 
glutaraldehyde, post-fixed in osmium tetroxide, 
dehydrated through a graded ethanol series, 
embedded in epoxy resin, sectioned (70 nm), and 
stained with uranyl acetate and lead citrate. The 
samples were examined using a JEOL JEM-1400 
TEM.

DNA Fragmentation Assay
Genomic DNA was extracted following the 

instruction of the Quick-gDNA™ MiniPrep kit 

(Zymo Research, USA). DNA fragmentation was 
assessed using 1.5% agarose gel electrophoresis. 
The DNA concentration was determined 
spectrophotometrically at 260 nm.

 
Western Blotting

Total protein was extracted using the 
ReadyPrep™ Protein Extraction Kit (Bio-Rad, 
USA). Briefly, proteins (30 µg/lane) were separated 
using SDS-PAGE and transferred onto PVDF 
membranes. Membranes were blocked with 5% 
non-fat milk and incubated overnight at 4 °C with 
primary antibodies against caspase-3, caspase-8, 
caspase-9, and β-actin (loading control). HRP-
conjugated secondary antibodies were applied, and 
bands were visualized using chemiluminescent 
substrate and imaged with a ChemiDoc™ MP 
system (Bio-Rad).

 
ELISA Assays

Quantitative ELISA kits were used to detect the 
protein levels of p53 (BMS256), BAX (EEL030), 
BCL-2 (BMS244-3), cytochrome c (BMS263), and 
IL-10 (BMS215-2), according to the manufacturers’ 
instructions (Thermo Fisher Scientific). The 
absorbance was measured at 450 nm.

Quantitative Real-Time PCR (qRT-PCR)
Total RNA was isolated using the Qiagen 

RNeasy Mini Kit, and cDNA was synthesized using 
the High-Capacity cDNA Reverse Transcription 
Kit (Applied Biosystems). qRT-PCR was performed 
using SYBR Green Master Mix on a Step OnePlus™ 
Real-Time PCR system. The primers targeted NF-
κB, MMPs, CD95, CD95L, and VEGFR2. Relative 
expression was calculated using the 2–ΔΔCt 
method, with GAPDH as the internal control. 
The present work aims to evaluate mechanistic 
alterations (caspases, Bcl-2 family, NF-κB/MMP/
VEGFR2) during the stage of the greatest signaling 
response, these endpoints were timed to coincide 
with the 48-hour flow cytometry point. Coherent 
interpretation is ensured, and variability is 
decreased by this assay alignment. Additionally, to 
ensure uniformity across mechanistic readouts and 
to align with the time of peak apoptotic signaling 
seen in flow cytometry, these studies were timed to 
coincide with the 48-hour treatment point [29].

Statistical Analysis
Data is presented as the mean ± standard 

deviation (SD) from at least three independent 
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experiments. Statistical analysis was performed 
using IBM SPSS Statistics v26.0 (IBM Corp., 
Armonk, NY). Means for groups in homogeneous 
subsets are displayed the subset of alpha = 0.05. and 
all values were represented as Mean ± Std & n = 3 
replicates (three independent biological replicates) 
and repeated twice for each cell group. Means 
that within the same conditions and not sharing a 
common superscript symbol(s), differ significantly 
at *p < 0.05, p < 0.01 vs. control. Superscripts 
represent significant post-Hoc one-way ANOVA 
results of improvement over time. Data was 
analyzed using Duncan’s method for post-hoc 
analysis to compare various groups with each other. 

RESULTS
Characterization of Exosomes and Cinnamaldehyde 
Loading

Figure 1 shows a TEM image of exosomes 
isolated from the mesenchymal stem cell–derived 

conditioned medium. The exosomes appeared as 
well-defined, spherical vesicles with diameters 
ranging from approximately 14.6 nm to 33.7 nm. 
These nanoscale dimensions fall within the 
expected size range for exosomes (30–150 nm), 
confirming successful isolation. The vesicles 
exhibited a uniform morphology and discrete 
membrane boundaries, indicating structural 
integrity. This image supports the morphological 
criteria for exosomal identity, consistent with 
previously published reports. No significant 
morphological alterations were observed following 
CINAM loading into the exosomes, confirming 
structural preservation.

The calibration curve for CINAM based on 
HPLC analysis, plotting the peak area against 
standard concentrations ranging from 10 to 80 µg/
mL (Figure 2). The calibration data demonstrated 
excellent linearity across this concentration range, 
with a regression equation of y = 109,492.324x 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. Transmission electron micrographs (JEOL (JEM-1400 TEM) of mesenchymal stem cell–

derived exosomes. Representative TEM images show rounded, bilayer-bounded vesicles 
within the expected exosome size range (30–150 nm). Scale bars = 100 nm. 

 
 

Print Mag: 19800x 211 mm     100 nm 
TEM mode: Imaging     HV~ 80.0 Kv 
     Direct Mag: 80000x   

33.7 nm 

14.6 nm

31.5 nm 
33.1 nm 

26.3 nm 

Fig. 1. Transmission electron micrographs (JEOL (JEM-1400 TEM) of mesenchymal stem cell–derived exosomes. Representative 
TEM images show rounded, bilayer-bounded vesicles within the expected exosome size range (30–150 nm). Scale bars = 100 nm.
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+ 305,907.201 and a correlation coefficient (R² 
= 0.999), indicating a strong linear relationship 
between the concentration and peak response. 
This high degree of linearity ensured the accuracy 
and reliability of the quantitative determination of 
CINAM in the experimental samples. Thus, the 
method was validated for the precise calculation 
of loading efficiency and drug content in exosome-
based formulations. Drug-loading efficiency was 
evaluated using HPLC. The CINAM peak was 
identified at a retention time of 7.2 min. Quantitative 
analysis confirmed a loading efficiency of 38.7 ± 
1.2%, with consistent recovery across replicates.

Cytotoxicity and IC₅₀ Determination
The cytotoxic effects of CINAM, exosomes 

(EXO), and CINAM-loaded exosomes (EXO-
CINAM) on Caco-2 cells were assessed using a 
sulforhodamine B (SRB) assay. CINAM reduced 
cell viability in a concentration-dependent manner, 
with an IC₅₀ value of 35.24 ± 1.8 µg/mL. EXO-
CINAM demonstrated a significantly enhanced 
inhibitory effect, with an IC₅₀ of 23.87 ± 1.3 µg/mL 

(mean ± SD, n = 3; one-way ANOVA, F = 41.22, p 
< 0.001; Tukey’s post hoc test, p < 0.01 vs. CINAM 
group). Exosomes alone did not significantly affect 
the cell viability (Figure 3).

Apoptosis Induction by Annexin V–FITC/PI Staining
To evaluate apoptosis, flow cytometry was 

performed after Annexin V–FITC/PI dual 
staining. EXO-CINAM significantly increased the 
proportion of total apoptotic cells (early + late 
apoptosis: 56.3 ± 3.4%) compared to CINAM alone 
(43.7 ± 2.9%), EXO (9.8 ± 1.7%), and untreated 
controls (7.6 ± 2.1%) (n = 3 per group; F = 76.55, p 
< 0.001; Figure 4). No significant differences were 
observed between the EXO and control groups (p 
> 0.05).

Cell Cycle Distribution Analysis
Cell cycle progression was analyzed using 

propidium iodide (PI) staining and flow cytometry. 
Both CINAM and EXO-CINAM treatment induced 
G₀/G₁ phase arrest in Caco-2 cells. EXO-CINAM 
resulted in 61.4 ± 2.2% of cells in the G₀/G₁ phase, 

 

 
 
Figure 2. Calibration curve and chromatogram of cinnamaldehyde (CINAM) by HPLC. The inset 

displays the standard calibration curve (10–80 µg/mL) with excellent linearity (R² = 
0.999). The chromatogram shows the CINAM retention peak at 7.2 min used to determine 
loading efficiency. 

  

Fig. 2. Calibration curve and chromatogram of cinnamaldehyde (CINAM) by HPLC. The inset displays the standard calibration curve 
(10–80 µg/mL) with excellent linearity (R² = 0.999). The chromatogram shows the CINAM retention peak at 7.2 min used to determine 

loading efficiency.
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significantly higher than that in the CINAM (49.6 
± 1.9%), EXO (37.5 ± 2.4%), and control (36.2 ± 
2.5%) groups (n = 3; one-way ANOVA, F = 46.9, p < 
0.001; Figure 5). The reductions in the S and G₂/M 
populations were proportional and statistically 
significant.

 
Ultrastructural Evaluation by TEM

Ultrastructural features were assessed 48 h 
post-treatment using TEM. CINAM- and EXO-
CINAM–treated cells exhibited condensed 
chromatin, nuclear fragmentation, cytoplasmic 
vacuolization, and apoptotic bodies (Figure 6B, 6C). 

Mitochondrial swelling and disrupted membrane 
integrity were more pronounced in EXO-CINAM–
treated cells. In contrast, cells treated with EXO or 
left untreated retained normal ultrastructure with 
intact nuclear and cytoplasmic features (Figure 6A, 
6D).

 
DNA Fragmentation Assay

Apoptosis-associated DNA fragmentation was 
confirmed using agarose gel electrophoresis. DNA 
fragmentation analysis revealed characteristic 
apoptotic DNA laddering patterns in treated 
Caco-2 cells (Figure 7 and Table 1). Lane M, the 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3. Cell viability by dose–response curve Cell Viability (%) Treatments:(A) Dose–response 

curves obtained by SRB assay after 72 h treatment. (B) Bar graph comparing mean cell 
viability (%) of each group relative to control. Data represents Means± SD (n = 3), 
whereas CINAM (white bar graph), EXO (striped bar graph) and EXO–CINAM (black 
bar graph) and IC₅₀ determination of free CINAM, EXO, and EXO-CINAM in Caco-2 
cells.  

[B] 

[A] 
EXO+ CINAM 

Fig. 3. Cell viability by dose–response curve Cell Viability (%) Treatments:(A) Dose–response curves obtained by SRB assay after 72 
h treatment. (B) Bar graph comparing mean cell viability (%) of each group relative to control. Data represents Means± SD (n = 3), 
whereas CINAM (white bar graph), EXO (striped bar graph) and EXO–CINAM (black bar graph) and IC₅₀ determination of free CI-

NAM, EXO, and EXO-CINAM in Caco-2 cells.
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Figure 4. Apoptosis analysis of Caco-2 cells by Annexin V–FITC/PI staining (using Propidium 
iodide; PI) after 48h treatment. Flow-cytometric dot plots showing early and late 
apoptotic populations. whereas panel [A] controls Caco-2 cells without any treatments; 
panel [B] treatment with CINAM; panel [C] treatment with EXO and panel [D] treatment 
with CINAM+ EXO. Quantitative data demonstrate a significant increase in apoptosis in 
the EXO-CINAM group compared with CINAM and control. Mean ± SD (n = 3) 
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Figure 5. Cell-cycle distribution of Caco-2 cells treated with CINAM or EXO-CINAM (48 h). 
Histograms from propidium iodide (PI)/RNase staining using flow cytometry indicate 
G₀/G₁ phase arrest following treatment. whereas panel [A] controls Caco-2 cells without 
any treatments; panel [B] treatment with CINAM; panel [C] treatment with EXO and panel 
[D] treatment with CINAM+ EXO. Percentages of cells in each phase were quantified 
using CytExpert 2.3 software. 
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RNase staining using flow cytometry indicate G₀/G₁ phase arrest following treatment. whereas panel [A] controls Caco-2 cells without 
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DNA Marker (100 bp ladder), shows distinct 
bands at expected intervals (100, 200, 300, 400, 
500 bp, etc.), serving as a molecular reference. 
Lanes 2 and 3 for untreated Caco-2 cells show 
a single intact, high–molecular-weight DNA 
band near the top of the gel, with no laddering 
pattern, indicating that genomic DNA remains 
intact, which is typical of viable/non-apoptotic 
cells i.e. high-molecular-weight DNA bands with 
no apparent fragmentation, indicating preserved 
genomic integrity. Moreover, lanes 4 and 5 for 
the CINAM-treated cells show a clear DNA 

fragmentation ladder, showing multiple bands at 
~200, 400, 600, 800, and 1,000 bp. This pattern 
reflects oligonucleosomal DNA fragmentation, a 
hallmark of apoptosis, confirming that CINAM 
induces apoptotic cell death. Lanes 6 and 7 show 
EXO–CINAM co-treatment showing a stronger 
and more defined laddering pattern than CINAM 
alone, revealing bands at approximately 200, 
400, 600, 800, 1,000, and 1,200 bp, suggesting 
enhanced apoptotic DNA fragmentation, 
supporting a synergistic apoptotic effect of EXO–
CINAM. Finally, lanes 8 and 9 (EXO-treated cells) 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6. Ultrastructural images examined by transmission electron microscope JEOL (JEM-1400 

TEM) of treated Caco-2 cells. [A] Image of control cell of Colorectal Cancer cell line 
(Caco-2), [B] Image of Colorectal Cancer cell line (Caco-2) 24h after treated with 
CINAM+EXO, [C] Image of Colorectal Cancer cell line (Caco-2) 48h after treated with 
CINAM+EXO. Control and EXO groups show intact nuclei and cytoplasmic 
morphology, while CINAM and EXO-CINAM groups exhibit chromatin condensation, 
mitochondrial swelling, and apoptotic bodies. 

 
 

Fig. 6. Ultrastructural images examined by transmission electron microscope JEOL (JEM-1400 TEM) of treated Caco-2 cells. [A] 
Image of control cell of Colorectal Cancer cell line (Caco-2), [B] Image of Colorectal Cancer cell line (Caco-2) 24h after treated with 
CINAM+EXO, [C] Image of Colorectal Cancer cell line (Caco-2) 48h after treated with CINAM+EXO. Control and EXO groups show 
intact nuclei and cytoplasmic morphology, while CINAM and EXO-CINAM groups exhibit chromatin condensation, mitochondrial 

swelling, and apoptotic bodies.
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showed that DNA remained largely intact with no 
clear laddering; faint smearing may be present, 
indicating minimal or no apoptosis, suggesting 
that EXO alone are less cytotoxic under these 
conditions.

Protein Expression Analysis
Western Blotting

The protein expression levels of cleaved 
caspase-3, -8, and -9 were evaluated. CINAM and 
EXO-CINAM treatments significantly upregulated 
all three caspases compared to the control and EXO-
only groups. Quantitative densitometry indicated 
that EXO-CINAM induced higher expression of 
cleaved caspase-3 (2.8-fold), caspase-8 (2.1-fold), 
and caspase-9 (3.0-fold) compared to CINAM (n = 
3; F = 19.32–28.46; p < 0.001; Figure 8A).

ELISA Quantification
ELISA assays revealed that EXO-CINAM 

treatment significantly increased the expression 
of pro-apoptotic proteins p53 (42.1 ± 2.5 pg/mL) 
and BAX (55.3 ± 3.1 pg/mL) and decreased the 
expression of anti-apoptotic BCL-2 (18.4 ± 1.6 pg/
mL) compared to CINAM, EXO, and control (n = 3; 
all p < 0.001; Figure 8B). Cytochrome c levels were 
significantly elevated. Notably, IL-10 levels were 
reduced in the CINAM (21.6 ± 2.2 pg/mL) and 
EXO-CINAM (14.8 ± 1.9 pg/mL) groups compared 
to the control group (33.4 ± 2.6 pg/mL) (p < 0.01), 
suggesting anti-inflammatory activity. The results 
are presented in Table 2.

 
Gene Expression by qRT-PCR

Relative gene expression was analyzed using 

 
 

Figure 7. DNA fragmentation assay of Caco-2 cells following treatment. Agarose gel 
electrophoresis (1.5%) showing characteristic DNA laddering (~200 bp multiples) in 
CINAM and EXO-CINAM groups, consistent with apoptosis induction. Lane M = 100 
bp DNA marker; Lanes 2–3 = Control; Lanes 4–5 = CINAM; Lanes 6–7 = EXO-CINAM; 
Lanes 8–9 = EXO. 

 
 
 
 
 
 
 
 
 
 
 

  

Fig. 7. DNA fragmentation assay of Caco-2 cells following treatment. Agarose gel electrophoresis (1.5%) showing characteristic DNA 
laddering (~200 bp multiples) in CINAM and EXO-CINAM groups, consistent with apoptosis induction. Lane M = 100 bp DNA 

marker; Lanes 2–3 = Control; Lanes 4–5 = CINAM; Lanes 6–7 = EXO-CINAM; Lanes 8–9 = EXO.

Table 1. DNA fragmentation values (optical density units, O.D / 260) in Caco-2 cells after 48 h treatment. Higher fragmentation indicates greater 
apoptotic activity 
 
 

Groups Control CINAM EXO 
CINAM 
+EXO 

F value P < 

DNA Fragmentation 2.01± 0.09d 1.51± 0.08c 1.02± 0.08b 0.63± 0.06a 360.11 0.000 
Means for groups in homogeneous subsets are displayed the subset of alpha = 0.05. and all values were represented as Mean ± Std & n = 3 replicates and repeated twice 
for each cell group. Means that within the same conditions and not sharing a common superscript symbol(s), differ significantly at *p < 0.05, p < 0.01 vs. control. 
Superscripts represent significant post-Hoc one-way ANOVA results of improvement over time. Data was analyzed using Duncan’s method for post-hoc analysis to 
compare various groups with each other. 
 
  

Table 1. DNA fragmentation values (optical density units, O.D / 260) in Caco-2 cells after 48 h treatment. Higher fragmentation indi-
cates greater apoptotic activity
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the 2–ΔΔCt method. EXO-CINAM significantly 
downregulated NF-κB, MMP-2, MMP-9, and 
VEGFR2 compared to the other groups (p < 0.001; 
n = 3; Figure 9). Conversely, CD95 and CD95L 
were markedly upregulated in the EXO-CINAM 
group (4.3-fold and 3.7-fold increases, respectively, 
compared to the control). These changes indicate 
concurrent modulation of intrinsic, extrinsic, 
and angiogenesis-related pathways, along with 
the suppression of inflammatory and angiogenic 
signaling. The results are presented in Table 3. 
Across multiple assays, EXO-CINAM consistently 
demonstrated greater efficacy than free CINAM in 
promoting apoptosis, inhibiting cell proliferation, 
and modulating the key signaling pathways. The 
exosome-based delivery system improved CINAM 
bioactivity, as evidenced by enhanced cytotoxicity, 
greater caspase activation, stronger gene regulation, 
and increased apoptotic markers without inducing 
off-target toxicity, highlighting EXO-CINAM as 
a superior formulation with increased bioactivity 

and targeted cellular uptake.
 

DISCUSSION
This study demonstrated that exosome-

mediated delivery of CINAM enhances its anticancer 
efficacy in CRC cells. The formulation significantly 
improved CINAM’s cytotoxicity, apoptotic 
activity, and suppression of proinflammatory and 
proangiogenic mediators. These findings align with 
and extend the existing evidence supporting the use 
of exosomes as efficient biocompatible nanocarriers 
for small molecules and phytochemicals.

Our results are consistent with those of 
previous studies reporting that CINAM induces 
apoptosis through both mitochondrial and death 
receptor pathways in various cancer models, 
including colorectal, gastric, and breast cancers 
[30]. Consistent with these reports, we observed 
upregulation of cleaved caspase-3, -8, and -9, 
along with increased p53 and BAX expression 
and downregulation of BCL-2 in Caco-2 cells. 

 
 
 
 
 
 
 

 

 

 

 
 
 
Figure 8. Estimation of the protein expression of apoptotic markers using Western blot analysis of 

cleaved caspase-3, -8, and -9 in treated Caco-2 cells. Whereas Lanes 1–2 for Controls 
(C); Lanes 3–4 for CINAM-treated group; Lanes 5–6 for EXO-CINAM-treated group; 
Lanes 7–8 for EXO-treated group. 
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Caco-2 cells. Whereas Lanes 1–2 for Controls (C); Lanes 3–4 for CINAM-treated group; Lanes 5–6 for EXO-CINAM-treated group; 

Lanes 7–8 for EXO-treated group.

Table 2. ELISA quantification of apoptotic and inflammatory proteins (p53, BAX, BCL-2, cytochrome c, and IL-10 levels) in Caco-2 
cells (48 h).

 
Table 2. ELISA quantification of apoptotic and inflammatory proteins (p53, BAX, BCL-2, cytochrome c, and IL-10 levels) in Caco-2 cells (48 h).  
 

Groups P53 BAX Bcl2 CYC IL-10 
Control a1.11± 0.11 a0.98± 0.17 d3.07± 0.14 a99.65± 12.14 d173.03±6.31 

CINAM b1.94± 0.25 b2.12± 0.05 c2.20± 0.01 b157.72±11.57 c95.95± 7.17 

EXO b1.99± 0.13 b2.07± 0.07 b1.99± 0.11 b152.20±10.75 b78.65± 2.98 
CINAM 
+EXO 

c2.68± 0.13 c2.80± 0.11 a1.02± 0.11 c200.68±11.86 a50.97± 1.73 

F value 90.31 287.95 388.53 76.57 637.05 
P < 0.0001 0.0000 0.0001 0.0001 0.0000 

Means for groups in homogeneous subsets are displayed the subset of alpha = 0.05. and all values were represented as Mean ± Std & n = 3 replicates 
and repeated twice for each cell group. Means that within the same conditions and not sharing a common superscript symbol(s), differ significantly 
at *p < 0.05, p < 0.01 vs. control. Superscripts represent significant post-Hoc one-way ANOVA results of improvement over time. Data was analyzed 
using Duncan’s method for post-hoc analysis to compare various groups with each other. 
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These molecular changes support the activation 
of both intrinsic and extrinsic apoptotic cascades. 
Importantly, the exosome-encapsulated form of 
CINAM exhibited superior potency compared to 
the free drug, reducing the IC₅₀ and enhancing 
apoptotic indices. This enhancement aligns 
with recent findings that exosomes improve 
drug solubility, cellular uptake and intracellular 
retention [31]. While earlier studies have also 
shown CINAM-induced G₂/M arrest [32]. 
Our findings revealed G₀/G₁-phase arrest. This 
discrepancy may stem from cell line–specific 
factors or altered cellular internalization dynamics 
associated with exosomal delivery. Furthermore, 
EXO-CINAM induced G0/G1 cell cycle arrest, 
consistent with cinnamaldehyde’s role in inhibiting 
cyclin-dependent kinases and interrupting cell 
cycle progression [33].

Cinnamaldehyde mostly causes apoptosis by 
intrinsic routes regulated by the mitochondria, 
which include activating the caspase-9 and caspase-3 
cascades, downregulating anti-apoptotic proteins 
(BCL-2), and upregulating pro-apoptotic proteins 
(p53, BAX). In stomach cancer models, it can also 
cause epigenetic changes and autophagy-mediated 
cell death [7, 34, 35]. The resulting mitochondrial 
dysfunction leads to reactive oxygen species 
(ROS) generation, and subsequent cytochrome 
c release, activating caspase-9 and downstream 
caspase-3, hallmark features of mitochondrial-
mediated apoptosis [36]. Key molecular factors 
include mitochondrial malfunction and associated 
oxidative stress [7, 35]. Moreover, cinnamaldehyde 
specifically suppresses the PI3K/Akt pathway 
and modifies cell cycle progression to limit 
proliferation and promote apoptosis in colorectal 
cancer [37]. Extrinsic apoptotic signaling is 

enhanced by upregulating death receptors, such as 
CD95 (Fas), and their ligands, which complement 
mitochondrial pathways [38].

At the molecular level, cinnamaldehyde is 
known to trigger apoptosis through both intrinsic 
and extrinsic pathways. The extrinsic pathway 
involves activation of death receptors such as 
CD95/Fas, leading to caspase-8 activation [38]. The 
present results showing increased cleaved caspases, 
p53, BAX upregulation, and BCL-2 downregulation 
align with these mechanisms and are potentiated by 
exosome-mediated delivery enhancing CINAM’s 
intracellular availability.

In terms of inflammation and metastasis, our 
findings showed significant downregulation of 
NF-κB, MMP-2, MMP-9, and VEGFR2 expression 
after EXO-CINAM treatment, suggesting reduced 
tumor invasiveness and angiogenic signaling. These 
results are consistent with studies indicating that 
CINAM suppresses NF-κB activation and tumor 
microenvironment modulation (Cao et al., 2024). 
The observed reduction in IL-10 levels further 
supports this immunomodulatory role. However, 
this contrasts with reports where CINAM elevated 
IL-10 expression as part of its anti-inflammatory 
response [39]. Such discrepancies may arise from 
differences in CINAM dosage, delivery method, 
or the cancer model employed. Moreover, the 
marked upregulation of CD95 and CD95L in EXO-
CINAM–treated cells reinforce the contribution of 
the extrinsic apoptotic pathway and complements 
the findings in other tumor models [40].

The recorded downregulation of NF-κB, 
MMP-2, MMP-9, and VEGFR2 gene expression 
after treatment indicates suppression of pro-
inflammatory, invasive, and angiogenic signaling 
pathways, corroborating previous reports of 

Table 3. Relative mRNA expression of selected genes determined by qRT-PCR. 
Fold change relative to control calculated using the 2⁻ΔΔCt method. Down-regulated genes are shaded in gray 
 

Groups NFkB MMPs CD95 CD95L VEGFR2 

C 
1.17±  
0.04d 

1.07±  
0.05d 

1.01± 
 0.01a 

1.01±  
0.01a 

1.11±  
0.09d 

CINAM 
0.78±  
0.03c 

0.72±  
0.05c 

2.32±  
0.08b 

2.47±  
0.12b 

0.71±  
0.02c 

EXO 
0.57±  
0.06b 

0.52±  
0.04b 

2.55±  
0.05c 

3.01±  
0.14c 

0.48±  
0.03b 

CINAM 
+EXO 

0.29±  
0.03a 

0.13±  
0.01a 

3.83±  
0.08d 

3.62±  
0.07d 

0.20±  
0.01a 

F value 543.18 584.34 2262.97 777.90 396.94 
P < 0.0001 0.000 0.0001 0.0001 0.0001 

Means for groups in homogeneous subsets are displayed the subset of alpha = 0.05. and all values were represented as Mean ± Std & n = 3 replicates and repeated twice 
for each cell group. Means that within the same conditions and not sharing a common superscript symbol(s), differ significantly at *p < 0.05, p < 0.01 vs. control. 
Superscripts represent significant post-Hoc one-way ANOVA results of improvement over time. Data was analyzed using Duncan’s method for post-hoc analysis to 
compare various groups with each other. 
 

Table 3. Relative mRNA expression of selected genes determined by qRT-PCR. Fold change relative to control calculated using the 2⁻
ΔΔCt method. Down-regulated genes are shaded in gray
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cinnamaldehyde’s multifaceted antitumor effects 
[41]. The observed reduction in IL-10 also supports 
a shift in the tumor microenvironment, though this 
may vary with dose and context [42].

Overall, these data position EXO-CINAM as 
a promising nanotherapeutic strategy that not 
only enhances the apoptotic and antiproliferative 
activity of CINAM but also contributes to the 
suppression of key molecular pathways involved 
in inflammation, angiogenesis, and metastasis. 
This approach may provide a valuable platform 
for the delivery of hydrophobic phytochemicals in 
targeted cancer therapy.

The enhanced anticancer efficacy of the 
exosome-loaded cinnamaldehyde (EXO-CINAM) 
formulation compared to free CINAM can be 
explained by several well-established concepts 
supported by recent literature. Exosomes serve as 
highly efficient drug delivery vehicles due to their 
natural origin, biocompatibility, and ability to 
facilitate targeted cellular uptake and intracellular 
delivery of therapeutic agents. Haney et al., [22] 
demonstrated that exosomes improve the solubility 
and intracellular accumulation of encapsulated 
compounds, enhancing their bioavailability and 
therapeutic effects. This delivery advantage likely 
underlies the increased cytotoxicity and apoptosis 
induction observed with EXO-CINAM in 
colorectal cancer cells by promoting more effective 
drug internalization and retention.

While this study provides valuable insights 
into the therapeutic efficacy of CINAM-loaded 
exosomes in colorectal cancer cells, several 
limitations should be acknowledged. First, all 
experiments were conducted in vitro using a 
single human colorectal adenocarcinoma cell line 
(Caco-2). Although this model is well-established 
for intestinal cancer research, it may not fully 
represent the complex tumor microenvironment 
or heterogeneity observed in clinical settings. 
Second, the pharmacokinetics, biodistribution, 
and metabolic stability of EXO-CINAM were not 
evaluated, which limits the conclusions about its 
behavior in vivo. Third, although gene and protein 
expression analyses suggested the modulation of 
apoptotic, inflammatory, and angiogenic pathways, 
the underlying mechanisms were not validated using 
specific inhibitors or gene knockdown approaches. 
Finally, the safety, immunogenicity, and long-term 
stability of exosome-based delivery systems remain 
unexplored in preclinical animal models. These 
limitations highlight the need for subsequent vivo 

studies and mechanistic investigations to confirm 
the therapeutic potential and safety profile of EXO-
CINAM for clinical application.

Exosomes have been shown in previous 
studies to be efficient natural nanocarriers for 
phytochemicals, enhancing their pharmacokinetic 
profiles and therapeutic benefits. Nevertheless, 
the combination of MSC-derived exosomes and 
cinnamon aldehyde for colorectal cancer, as well as 
a comprehensive mechanistic analysis like in your 
paper, continues to be a unique and significant 
addition. Moreover, exosomes from edible plants, 
such as ginger and grapefruit, have been shown to 
function as biocompatible, non-toxic nanocarriers 
that enhance drug absorption, target inflammatory 
and malignant areas of the intestine, and shield 
therapeutic compounds from deterioration. 
Exosomes produced from ginger, for instance, 
demonstrated improved transport and therapeutic 
efficacy in colitis and cancer models while loading 
doxorubicin with a high encapsulation efficiency 
through electrostatic interactions. With lower 
systemic toxicity, these exosomes efficiently 
transport siRNA and other nucleic acids while 
maintaining their bioactivity, enabling targeted 
medication or gene therapy [43, 44].

Exosomes generated from mesenchymal stem 
cells (MSCs) have been thoroughly investigated 
for improved drug delivery because of their 
capacity to overcome biological barriers, evade 
the immune system, and exhibit tumor tropism. 
In cancer models, particularly colorectal cancer, 
their application for loading hydrophobic natural 
chemicals such as curcumin, resveratrol, and 
cinnamon aldehyde analogs, has demonstrated 
enhanced solubility, intracellular uptake, and 
therapeutic efficiency. Several techniques have been 
refined for effective payload loading, including 
sonication, incubation, and electroporation [45, 
46].

Exosome encapsulation of phytochemicals, 
such as curcumin and resveratrol, has been 
described in several studies; this method overcomes 
the problems of low solubility and bioavailability. 
In vitro and in vivo, exosome administration 
improves anti-inflammatory properties, induces 
apoptosis, and suppresses tumor growth pathways. 
The findings underscore the exosome platform’s 
potential to improve stability, targeted delivery, and 
controlled release of anticancer agents [47, 48].

Future research should focus on validating these 
in vitro findings in vivo tumor models to assess 
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pharmacokinetics, biodistribution, systemic toxicity, 
and therapeutic efficacy in a physiological context. 
Additional studies incorporating mechanistic 
inhibitors or gene silencing approaches are warranted 
to dissect the exact molecular pathways modulated 
by EXO-CINAM. Moreover, exploring targeted or 
surface-engineered exosomes may further improve 
tumor selectivity and reduce off-target effects of these 
exosomes. Ultimately, translation into preclinical 
and clinical frameworks is essential to realize the 
full therapeutic potential of exosome-based delivery 
systems in colorectal and other solid tumors.

 
CONCLUSION

In conclusion, this study shows that the 
anticancer activity of cinnamon aldehyde 
(CINAM) against colorectal cancer (CRC) cells 
is significantly increased by mesenchymal stem 
cell–derived exosomes (EXO-CINAM). Exosome 
administration of CINAM resulted in stronger 
cytotoxicity, cell cycle arrest, and activation of 
both mitochondrial and death receptor-mediated 
apoptotic pathways, which also increased its 
cellular absorption and bioavailability. Additionally, 
EXO-CINAM successfully inhibited angiogenic, 
inflammatory, and metastatic signals. Therefore, 
these results highlight the therapeutic potential 
of exosome-based nanocarriers for the targeted 
delivery of natural hydrophobic chemicals in the 
treatment of colorectal cancer.
LIMITATIONS

Although the present manuscript assessed 
EXOs’ morphology, their marker-based validation 
was not done (e.g. tetraspanin immunoblot/flow 
cytometric analysis), therefore, the future work will 
include more functional biological objectives e.g. 
Western blot or flow cytometric analysis of CD9, 
CD63, CD81 and appropriate negative markers to 
strengthen vesicle identity and purity. Moreover, 
as a result, authors will call the preparation “MSC-
derived small extracellular vesicles (sEVs)” instead 
of just “exosomes.” Purity and marker evaluations 
will be part of future research.
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