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Introduction
Breast cancer (BC) is the most prevalent threat and a 
leading cancer-caused death in women around the world. 
It still presents a significant health issue due to the high 
rates of invasion, metastasis, recurrence, and drug resis-
tance [1]. Drug resistance remains a challenge in the 
treatment of BC despite substantial advancements in the 
field. A better understanding of the tumor microenviron-
ment and its implications for drug resistance, cancer-
associated fibroblasts (CAFs) has identified as significant 
contributors to the progression of BC and drug resis-
tance. CAFs represent a diverse group of stromal cells 
activated by cancer cells and capable of secreting vari-
ous factors that regulate tumor growth. Moreover, CAFs 
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Abstract
Cancer-associated fibroblast cells (CAFs) play a key role in the breast cancer (BC) microenvironment that induces 
resistance to chemotherapy. Adipose mesenchymal stem cells (ADMSCs) derived exosomes were utilized to deliver 
the doxorubicin (Dox) to BC cell lines (MDA-MB-231, MCF-7) and CAFs in both mono and co-culture systems. 
Immunocytochemistry (ICC) for VIMENTIN and flow cytometry for the CD45, CD34, CD73, and CD90 markers were 
used to confirm the phenotypic characteristics of CAFs and MSC cells. Dox was loaded into ADMSCs-derived 
exosomes (Exo-Dox) through sonication and its loading wasa confirmed by transmission electron microscope 
(TEM). Compared to free Dox, Exo-Dox showed a higher efficiency in inducing apoptosis and inhibiting growth 
and migration in co-culture cells with CAFs (P < 0.05). The up-regulation of H19 and UCA1 lncRNAs, associated with 
chemoresistance, was confirmed using real-time PCR in CAF-derived breast cancer patients, CAF-derived exosomes, 
and exosome-derived patient serums. H19 and UCA1 expression levels were significantly down-regulated in MDA-
MB-231, MCF-7, and co-cultures of MDA-MB-231 and MCF-7 cells with CAFs that received Exo-Dox treatment. 
In vivo results indicated that ADMSCs-derived exosomes (MSC-Exos) can accumulate at the tumor site. Exo-Dox 
suppressed cancer cell growth and significantly decreased tumor size compared to PBS (p < 0.01). The findings 
confirmed the growth inhibition effects of Exo-Dox n in CAFs, BC cells, and tumor-bearing mice.
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contribute to drug resistance by secreting of modulators 
that reduce the efficacy of chemotherapy and targeted 
therapies. Consequently, targeting CAFs could be a pos-
sible strategy to enhance the effectiveness of BC treat-
ment [2].

Long non-coding RNAs (lncRNAs), which can affect 
cancer cell proliferation, apoptosis, and metastasis, are 
also significant regulators of drug resistance in cancer [3].

There is substantial evidence supporting the involve-
ment of lncRNAs and CAFs in mediating drug resistance 
in cancers. Notably, several studies have indicated that 
lncRNAs can potentiate CAF activation and the release 
of pro-tumorigenic molecules. Conversely, other studies 
have demonstrated that lncRNAs can reduce drug resis-
tance caused by CAFs. Additionally, some research has 
shown that CAFs contribute to drug resistance through 
the secretion of exosomes containing lncRNAs [4]. For 
instance, exosomes secreted by CAFs, which include 
H19, can promote the catenin pathway and chemoresis-
tance in colorectal cancer [5].

Several studies have indicated that UCA1 induces treat-
ment resistance in BC cells by preventing apoptosis and 
increasing cell survival. Exosomes carrying the lncRNA 
UCA1 derived from CAFs have been reported to increase 
treatment resistance in vulvar squamous cell carcinoma 
[6]. Therefore, targeting H19, UCA1, and their interac-
tions with CAFs may represent a promising approach to 
overcoming drug resistance in BC.

One of the most crucial chemotherapy treatments 
employed for both early and advanced stages of BC is 
Dox, which has limitations such as cardiotoxicity [7, 8]. 
One approach to overcome these limitations is using 
nanocarriers to enhance the delivery of Dox to the tumor 
site while minimizing off-target effects [9, 10].

Small extracellular vesicles, known as exosomes, are 
released by diverse cell types, such as mesenchymal stem 
cells (MSCs) and cancer cells [11, 12]. Exosomes exhibit 
diameters ranging from 40 to 200 nm [13]. Characterized 
by their small size, stability, and ability to target specific 
cells and tissues, they are promising candidates for drug 
delivery to cancer cells [14].

MSCs-derived exosomes (MSC-Exos) also possess 
immunomodulatory and regenerative properties, which 
can enhance their therapeutic potential in BC treatment. 
They may strengthen the immune system, inhibit tumor 
metastasis, promote tissue regeneration, and suppress 
tumor growth [15].

Dox can be effectively delivered to BC cells and tumors 
using MSC-Exos. This method may increase the drug’s 
concentration within the tumor, thereby enhancing rove 
its therapeutic efficacy while reducing its cardiotoxicity 
[16]. Exosomes are also incorporated into the enhanced 
preclinical development method for Dox (Exo-Dox) [17].

It is hypothesized that the up-regulation of H19 and 
UCA1 by CAFs and CAFs derived exosomes plays a 
role in the invasion and chemoresistance of BC. This 
study is an attempt to investigate the efficacy of mes-
enchymal Exo-Dox in the chemosensitivity of MCF-7, 
MDA-MB-231 cells, as well as CAFs, in both mono and 
co-culture systems by down-regulating the H19 and 
UCA1. The steps of the study are presented in a flowchart 
as supplementary data (S1).

Materials & methods
Samples
Fresh BC tissue and serums were collected from 10 
patients with invasive ductal carcinoma (IDC) who did 
not receive any prior treatments. The surgical proce-
dures were carried out at the Farmaniyeh and Sina hospi-
tals. Additionally, serum samples were collected from 10 
healthy female individuals who provided blood samples. 
Adipose tissue was acquired from a 45-year-old woman 
who underwent liposuction at Alborz Hospital. A con-
sent letter was signed by all women and the Ethical Com-
mittee of the Islamic Azad University approved the study 
(Approval number: IR.IAU.SRB.REC.1401.362). The 
study was conducted according to ethical guidelines and 
principles.

Cell culture
The Cell Bank of Pasteur Institute of Iran provided the 
MDA-MB-231 and MCF-7 cell lines. Dulbecco’s Modi-
fied Eagle’s Medium F12 (DMEM-F12) (Bio-Idea, Iran) 
with 10% fetal bovine serum (FBS) (Bio-Idea, Iran) 
under standard cell culture conditions was used as the 
culture environment at 37  °C in a 5% humidified CO2 
atmosphere.

Animal
Female BALB/c mice (4–8 weeks) (25–30  g) were pro-
cured from Shahid Beheshti University. To ensure the 
health of the mice, blood sampling was done and blood 
factors such as RBC (red blood cell), and WBC (white 
blood cell) were checked. The mice were kept in the 
Research Center of Tehran University under controlled 
temperature and humidity conditions with 12 h of ambi-
ent light in ventilated and pathogen-free cages. The mice 
were provided with food and water ad limitum. Three 
mice were included in each study group for statistical 
analysis. All mice were labeled, and each treatment group 
was kept in a separate cage. The head of the laboratory 
and the authors of the article were aware of all animal 
studies. Animal experiments were performed follow-
ing NIH standards approved in 2010 and the protocol of 
working with laboratory animals approved by the Tehran 
University of Medical Sciences. This study is in accor-
dance with the ARRIVE guidelines.
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Primary cell isolation
The human CAFs were isolated from tumor samples of 
10 individuals diagnosed with invasive ductal carcinoma 
(IDC) of the breast and normal fibroblast (NFs) were iso-
lated from the non-tumoral area of the same patient. The 
specimens were thoroughly rinsed twice using PBS and 
1% penicillin/streptomycin solution (BIO-IDEA, Iran). 
The tissues were cut into small pieces (nearly 1–2 mm2) 
and transferred to microtubes containing 1  ml collage-
nase (5 mg/ml) (Gibco, CA, USA). The mixture of tissue 
and collagenase was incubated for 90 min at 37 °C in a 5% 
CO2 atmosphere. The resultant suspension was passed 
through a 70 μm mesh (Biofill) and centrifuged with the 
mixture of DMEM-F12 with 20% FBS. The cells were 
resuspended in DMEM-F12 with 10% FBS to remove the 
enzyme and then cultured in T-25 flasks at 37 °C in a 5% 
CO2 atmosphere. The medium was replaced after three 
days to remove floating cells. For CAFs and NFs valida-
tion, immunocytochemistry (ICC) staining was applied. 
To this end, CAFs and NFs were cultured in a 24-well 
plate in DMEM-F12 medium and incubated at 37ºC with 
a 5% CO2 atmosphere and 98% humidity conditions for 
24 h. On the second day, the wells were rinsed using PBS 
and dried at room temperature (RT) for 15  min. Then 
the cells were fixed by adding 400  µl paraformaldehyde 
and washed twice using PBS. In the next step, wells were 
blocked by 5% goat serum for 1  h at RT, washed three 
times using PBS, and incubated with the anti-VIMEN-
TIN antibody (bioscience, San Diego, Western US) at 
a concentration of 20  µg/ml in 1% Bovine Serum Albu-
min (BSA) with Tris Buffered Saline (TBS) at RT for 1 h. 
Afterward, the wells were subjected to 5  min of 100  µl 
nucleo-staining by DAPI (4′,6-diamidino2-phenylindole) 
(1 µg/ml) (Calbiochem, USA), rinsed by PBS, and exam-
ined under a fluorescent microscope (Olympus, Japan). 
CAFs were characterized through fluorescence-activated 
cell sorting (FACS) Caliber (BD Biosciences) using anti-
bodies against CD31, CD45, and CD90 (BioLegend, San 
Diego, CA).

For MSC isolation, connective tissue and blood were 
removed from the adipose tissue using a blade and scis-
sors, and 0.2 mg/ml collagenase was added to the tissue. 
It was then incubated for 40  min at 37  °C in a shaking 
incubator. Subsequently, 5  ml of medium was added, 
and the solution was centrifuged at 427 g for 15 min. The 
resulting pellet was cultured in a 25 cm2 flask in DMEM-
F12 medium supplemented with 1% penicillin/strep-
tomycin and 20% FBS. Spindle-shaped primary MSCs 
appeared and the medium was replaced after four days. 
ADMSCs were phenotyped using FACS Caliber (BD Bio-
sciences) using CD45, CD34, CD90, and CD73 antibod-
ies (BioLegend, San Diego, CA).

To evaluate the differentiation ability of MSC to adi-
pocytes, cells (1 × 104 cells/well) were seeded in a 96-well 

plate with adipogenic differentiation medium (DMEM 
containing 0.5 mM 3-isobutyl-1-methyl-xanthine, 10 µg/
mL recombinant insulin, 1 µM dexamethasone, and 10% 
FBS) (Gibco, United States) for two days. Then fresh 
DMEM-HG containing 10% FBS was replaced with the 
culture medium for 2–3 days. The cells were fixed in 
4% paraformaldehyde for 30  min and Oil Red O stain 
was used as an index of intracellular lipid aggregation to 
assess adipocyte formation.

To evaluate the differentiation ability of MSC to osteo-
cytes, 1 × 104 cells/well were seeded in a 96-well plate 
in an osteogenic induction medium (ascorbic 0.3 mM, 
β-glycerophosphate 10 mM, D-MEM containing dexa-
methasone 1 × 10− 8 M, and 10% FBS) (Gibco, United 
States). After 14 days of culture, the cells were fixed in 
4% paraformaldehyde for 30 min, and then stained with 
alizarin red to assess calcium aggregation was performed.

To evaluate the differentiation ability of MSC to chon-
drocytes, cells (1 × 104 cells/well) were seeded in a 96-well 
plate in a chondrogenic differentiation medium (100 mM 
sodium pyruvate, 50 µg/ml L-ascorbic acid 2-phosphate, 
40 µg/ml proline, 10− 7 M dexamethasone, 2% fetal bovine 
serum, ITS + premix in DMEM-HG basic medium, and 
1% penicillin–streptomycin (Gibco, United States). 
The cells were fixed in 4% paraformaldehyde for 30 min 
after 14 days of culture, and Alcian blue as an index of 
acidic proteoglycan was used for assessing chondrocyte 
formation.

Exosome isolation and identification
To isolate exosomes, ADMSCs and CAFs were cultured 
in T-75 flasks and incubated at 37 °C in a 5% CO2 atmo-
sphere. At 80-90% confluency of the cells, fresh DMEM-
F12 was added and the medium was left to rest for 48 h.

The Exosome Isolation Kit (AnaCell, Iran) was used for 
exosome extraction. Briefly, the cultured fluid was cen-
trifuged at 855  g for 10  min. To precipitate dead cells, 
the supernatant was filtered by using a 0.22  μm filter 
and regent A through 5  min of vortex. After formation 
of a cloudy solution, it was incubated at 4  °C overnight. 
Then, it vortexed for 1 min, and the mixture was centri-
fuged at855g for 40 min at 4 °C to collect the exosomes. 
In addition, 200 µl of regent B was added to obtain exo-
somes. To isolate exosomes from patients and normal 
serums, blood samples were received in serum separating 
tubes and immediately centrifuged at 855  g for 10  min. 
Exosomes were then isolated using an exosome extrac-
tion kit (Anacell, Iran) following the mentioned protocol. 
The suspended exosomes were stored in a microtube at 
-80˚C for the next experimental steps.

The distribution of exosomes in terms of size was stud-
ied using Dynamic Light Scattering (DLS). In total, 50 µL 
of the exosome was diluted in 1450 µL PBS. The exosome 
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size and zeta potential were measured at 25  °C using 
Nano Zetasizer (Malvern Instruments Ltd., UK).

For morphologic evaluation, a scanning electron 
microscope (SEM) (Seron Technologies AIF2100) was 
used. On a 1cm2 microscope slide, 5 µL of exosomes 
were recorded, dried, and then coated in gold using phys-
ical vapor deposition (PVD). The accelerating voltage was 
25  kV and the bicinchoninic acid (BCA) Protein Assay 
kit was employed to measure the amount of protein in 
the vesicles (Thermo Scientific, Massachusetts, US). To 
determine vesicle concentration, 50 µLof exosomes were 
used.

Exosome markers were analyzed by assessing 100 µL 
of the exosome sample solution in test tubes, one con-
jugated with a fluorescent dye and 100 µL of exosome 
sample solution without staining. Exosomes were divided 
into these tubes and then treated at 4 °C for 30 min with 
5 µL of antibodies (CD81 and CD63 antibody which 
are specific markers for extracellular vesicles) (BioLeg-
end, San Diego, CA). Subsequently, a FACSCalibur flow 
cytometer was employed to examine the size distribution 
of 100  nm-sized beads (BD Biosciences), and then data 
analysis was done in FlowJo software.

Moreover, an enzyme-linked immunosorbent assay 
(ELISA) was utilized to identify and detect CD9 and 
CD63 proteins in the mixture. To achieve this, each well 
was exposed to 100 µL of coating solution and incubated 
at 37 °C for one hour. Next, 250 µL of blocking buffer was 
introduced and the sample were rinsed for three times 
with 300 µL of wash buffer before being incubated for 
1 h at 37 °C. Then, 100 µL of the prepared standard and 
sample dilution were added to the wells and incubated 
for 40  min in a coating buffer. Afterward, 3, 3,5, and 5 
Tetramethylbenzidine (TMB) substrate was introduced, 
and the absorbance was measured after 30 min at 450 nm 
(Jenway 6305 spectrophotometer, Vietnam).

Western blot was used to detect protein marker CAL-
NEXIN (ab22595, Abcam, UK) on exosome or whole 
cell lysate. Briefly, to separate the proteins with different 
molecular weights in the Bio-Rad Electrophoresis System 
(California, USA) exosomes and whole cell lysate were 
loaded into 10% SDS-polyacrylamide gel, and a voltage of 
90 volts was applied. PVDF membranes (Sigma-Aldrich, 
Germany) were blocked with a blocking buffer for 2  h 
in a shaker, washed by TBST, and incubated with anti-
body against CALNEXIN at 4℃ for 24 h. The blots were 
then incubated using horseradish peroxidase-conjugated 
anti-rabbit secondary antibody (Abcam) for 2  h for sig-
nal visualization. The bound of protein was detected by 
employing the ECL prime Western blotting detection 
(GE Healthcare).

Dox loading into MSC-Exos
A 500 µL solution of MSC-Exos (0.45 mg/mL) was appro-
priately mixed with Dox (Ebedoxo, 50 mg/25 mL) in a 1 
mL volume, followed by dilution using PBS (pH 7.4) to 
achieve final concentrations of 1, 1.25, 2.5, and 4 µM. 
The sonication procedure was performed using an ultra-
sonic probe (BANDELIN SONOPULS GM3200, Berlin) 
immersed in the mixture. Six cycles of the full procedure 
were carried out, with a frequency of 20 kHz, amplitude 
of 20%, and 30 s on and off with a 2-min break between 
each cycle. The procedure was performed in an ice bath 
to prevent heating of the sample. To recover the exo-
somal membrane, the fluid was incubated for 30 min at 
37 °C. Non-entrapped Dox was separated by centrifuga-
tion at 14,000 g for 30 min.

The concentration of Dox within the extracted exo-
somes was assessed by utilizing Radioimmunoprecipita-
tion assay buffer (RIPA buffer) for dissolving Exo-Dox. 
Optical density (OD) measurements were conducted 
at 490  nm subsequent to the dissolution of Exo-Dox. 
Finally, the morphological characteristics of Exo-Dox 
were studied utilizing transmission electron microscopy 
(TEM), (Philips EM-208 S, 100 kb Netherlands). A sam-
ple solution of 400 µL was dropped on Formvar-carbon 
copper grids, followed by negative staining with uranyl 
acetate (1%) for 2 min prior to air drying.

Cytotoxicity study
The cytotoxicity effect of free Dox, free MSC-Exos, and 
Exo-Dox on NFs, MDA-MB-231, MCF7, CAFs, and co-
culture of MDA-MB-231 and MCF-7 cells with CAFs 
were evaluated through MTT assay. Briefly, the cells were 
seeded (5,000 cells/well) in 200 µL of 10% medium in a 
96-well plate and incubated for 24 h. Afterward, the cells 
were exposed to different concentrations of Dox (2.5, 5, 
10. 20 and 40 µM) for 24 and 48 h, Exo-Dox (0.625, 1.25, 
2.5, 5, 10, 20 and 40 µM) and free MSC-Exos for 48 and 
72 h at 37 °C with 5% CO2; 3 replicates were done for all 
groups. Three wells per group were designated as control 
groups (untreated cells). After each incubation period, 
the media were removed, and the cells were incubated 
with 100 µl of MTT reagent (Thiazolyl Blue Tetrazolium 
Bromide powder, Sigma, Germany). The formazan crys-
tals formed were dissolved after 4 h by adding 100 µl of 
dimethyl sulfoxide (DMSO, Sigma, Germany). The absor-
bance level was determined at 570  nm using an ELISA 
plate reader (Biotek, Vermont, USA). The rate of cell 
growth inhibition (IR) was determined as follows:

Inhibitory rate (%) = (1 - mean OD value in the experi-
mental group/mean OD value in the control group) × 
100%.

The IC50 values of Dox and Exo-Dox were estimated 
based on the OD value for each group of cells.
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Cell uptake assay
The cellular uptake of Exo-Dox by MCF-7 cells was 
assessed utilizing a fluorescence microscopy-based 
method. Specifically, MCF-7 cells were seeded at 1 × 104 
cells/well density in a 24-well plate and incubated over-
night (37 °C, 5% CO2). After removing the media, 100 µl 
of Exo-Dox (2.5 µM) and 100  µl of 10% DMEM-F12 
medium were added to the wells and further incubated 
for 4 hrs. Then, the cells were rinsed with 50 µl PBS and 
fixed with 50 µl paraformaldehyde (4%) for 15 min. The 
nuclei of the cells were examined with 20  µl of DAPI 
(Sigma-Aldrich) at 1  µg/ml concentration. Cellular 
uptake of Exo-Dox was visualized using an inverted fluo-
rescence microscope (BLACKL. 5000 MET, MONSA, 
Italy).

Real-time PCR
The expression levels of lncRNA H19 and UCA1 were 
evaluated by q-RT PCR in various groups including iso-
lated CAFs and NFs, CAF exosomes, and serum exo-
somes of patients. Additionally, the expression of lncRNA 
and TP53 in the cells (MCF-7, MDA-MB-231, and co-
culture of MCF-7 and MDA-MB-231 with CAFs) treated 
with Exo-Dox and Dox was investigated. To determine 
the value specificity of these lncRNAs, the receiver oper-
ating characteristic (ROC) graph was assessed.

Total RNA was extracted using Kiazol RNA (KiaZist, 
Iran). The concentration and OD ratio of isolated RNAs 
were defined spectrometrically (BioTek, USA). SMOBIO 
Technology kit was utilized to synthesize cDNA. Accord-
ing to the protocol, 2 µl RNA, 1 µl dNTP mix, 1 µl ran-
dom hexamers (100 µM), and 6 µl diethylpyrocarbonate 
(DEPC)-Treated H2O were mixed well and incubated at 
70 °C for 5 min. Afterward, 4 µl 5X RT Buffer, 4 µl DEPC-
Treated H2O, 1  µl RNAok RNase Inhibitor, and 1  µl 
Reverse Transcriptase were combined and added into the 
mixture. The solution was then incubated (25 °C, 10 min) 
at 50 °C for 50 min. In the termination step, the incuba-
tion was at 85 °C for 5 min.

Real-time PCR was carried out using 2x SYBER 
green Master Mix (Sinacolon, Iran), and a RotorGene 
Q machine (Corbett, Germany) was used to run the 
PCR cycles. The amplification protocol started with a 
denaturation step (95  °C, 10  min) with 40 denaturation 
cycles at 95 °C for 20s, annealing at 55 °C for 30s, and an 
extension at 72 °C for 20s. The melting temperature was 

72–95 °C. The primers were developed by the Gene Run-
ner (v.6.5.52) software (Table  1). All experiments were 
performed in duplicate, and β-ACTIN was utilized as an 
internal control. The 2−ΔΔCt technique was employed in 
the real-time PCR data analysis.

Live and dead assay
For acridine orange (AO) staining, MCF-7, MDA-
MB-231, CAFs, co-cultures of MCF-7/CAFs and MDA-
MB-231/CAFs were seeded at 5 × 103 cells/well density 
in 200 µl of culture medium in 96-well plates. After 24 h 
of incubation, each cell group received treatment with 
the respective IC50 concentration of Dox and Exo-Dox. 
All experiments were conducted in triplicate. Follow-
ing the incubation period, the cells were washed with 
PBS and fixed with 4% paraformaldehyde. Nuclei were 
then stained with 50 µl of AO fluorescent stain (Sigma-
Aldrich) in the dark for 3 minutes. A fluorescence micro-
scope (BLACKL. 5000 MET, MONSA, Italy) was used to 
visualize live and dead cells. ImageJ software (version. 
1.8.0) was used to analyze the images and determine the 
percentage of live and dead cells in each group.

Apoptosis assay
MCF-7, MDA-MB-231, and co-culture of MDA-
MB-231/CAF and MCF-7/CAF cells were seeded at the 
density of 25 × 104 cells per well in 3 ml of the medium in 
6-well plates for 24 h. The cells were then exposed to their 
respective IC50 concentrations of Dox and Exo-Dox. An 
Annexin V-FlTC apoptosis detection kit (BioLegend, San 
Diego, CA) was used to analyze cell apoptosis according 
to the producer’s instructions. After detachment from 
the culture plate, the cells were collected via centrifuga-
tion, and a binding buffer (1X) was added to the cell sedi-
ment. Each tube was supplemented with 3 µl of Annexin 
V-FITC before the entire batch was incubated at 4°C in 
the dark. Afterward, the cells were centrifuged, and the 
cell pellets were suspended in 500 µl of the binding buf-
fer. Finally, the cells were analyzed using flow cytometry 
using a binding buffer at 520 nm and 617 nm for Annexin 
V-FITC and Propidium Iodide (PI), respectively.

Migration assay
To examine the effects of treatment on cell migration, a 
scratch-wound cell migration assay was performed on 

Table 1  Primers used in this study for real-time PCR
lncRNA Forward Reverse Product-Size

(bp)
Accession
number

β-ACTIN CTCTTCCAGCCTTCCTTCCT AGCACTCTGTTGGCGTACAG 116 NM_001101.5
UCA1 TTTGCCAGCCTCAGCTTAAT TTGTCCCCATTTTCCATCAT 186 NR_015379.3
H19 GCCTTCCTGAACACCTTA GAGCCGATTCCTGAGTC 123 NR_002196.2
P53 AGTATTTGGATGACAGAAA TTACCACTGGAGTCTTC 181 NM_001126114.3
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MDA-MB-231/CAFs co-cultured, respecting an invasive 
group of breast cancer cells.

Briefly, a 6-well plate was used to seed the cells (3 × 105 
cells per well), which were left to grow overnight. After-
ward, each well was scratched using a sterile pipette tip. 
The cells were then washed twice with PBS. One well 
was left untreated while another well was treated with 
the IC50 concentration and incubated (37˚C in a 5% 
CO2). The migration of cells into the scratch wound was 
assessed by imaging the cells using an inverted micro-
scope at 0 and 24 h (Nikon, ECLIPSE, TS100).

In vivo distribution of intravenously injected Exo-Dox
Four to eight-week-old female BALB/c nude mice 
received 106 MDA-MB-231 and CAF cells mixed with 
Matrigel (BD, Bioscience, CA, USA) at a ratio of 1:1 in the 
right mammary gland through subcutaneous injection to 
determine the biodistribution of Exo-Dox. 25 nmol of 
ODAP-490 in a volume of 100 µL PBS and ODAP-490 
labeled exosomes were IV injected into tumor-bearing 
mice when the volume of tumors reached 0.1 cm3 in 
about six days. By using the Bio-Real Quickview 3000 
in vivo Imaging System (Bio-Real Sciences), fluorescent 
images were obtained at 1, 2, and 4 h after injection.

In vivo antitumor assays
To investigate the anti-tumor effects, the BALB/c nude 
mice were anesthetized by intraperitoneal injection of 

10 ml ketamine and 15 ml xylazine and inoculated with 
MDA-MB-231 and CAF cells (1 × 106 cells in 100 µL 
PBS). Five days after the injection of cells, tumor-bearing 
mice (1mm3) were sorted randomly into four treatment 
groups (n = 3/group) including PBS, MSCs-Exo, Exo-Dox, 
and Dox (a Dox equivalent of 5  mg/kg). The mice were 
injected intravenously through the tail vein with an inter-
val of two days for five times total. The tumor volume 
(TV) was calculated as follows:

TV (mm3) = (height×length×width) ×0.5 mm3.
Finally, the mice were sacrificed, and the major organs 

(liver, heart, kidney) were weighed. The tumor tissues 
and organs were fixed in 4% paraformaldehyde (PFA) 
and stained with hematoxylin and eosin (H&E). Immu-
nohistochemical (IHC) staining was performed on tumor 
tissues extracted from treated mice using an automated 
immunostainer (Leica Bond-ΙΙΙ, Leica, Buffalo Grove, 
IL). Primary antibodies against Ki-67 and CD45 (Abcam, 
Cambridge, MA) were used for staining (tin plated). The 
stained tissue sections were then analyzed using the Ape-
rio ScanScope Image Analysis System (Aperio, Vista, 
CA).

Statistical analysis
Graph Pad Prism (v.8) was used to perform the student’s 
t-test (p-value < 0.05) and the experiments were carried 
out three times.

Results
Demographic analysis
The clinicopathological specifications of the subjects are 
presented in Table 2. The mean age of the breast cancer 
participants was 59.5 years. All cases had invasive ductal 
carcinoma (IDC) with positive progesterone (PR), nega-
tive estrogen (ER), and human epidermal growth factor 
receptor 2 (HER-2). Half of the participants had a tumor 
size less than or equal to 2 cm. More than 25% of patients 
had lymph node involvement. All patients were in the 
early stages of breast cancer and no distant metastases 
(M0) were observed in any of the cases.

Characterization of primary cells
The isolated MSCs demonstrated a spindle-shaped mor-
phology. The multipotent capability of MSCs was deter-
mined by culturing in appropriate culture mediums for 
adipocyte, osteocyte, and chondrocyte induction (Fig. 1A 
and S. 2  A)). Phenotypic marker analysis revealed that 
MSCs were negative for CD45 and CD34 (Fig.  1B and 
S. 2B)), and positive for CD90 and CD73 (Fig.  1C). 
CAFs showed a spindle-shaped fibroblast morphology 
(Fig. 1D). The ICC results of cultured CAFs and NFs cells 
showed that CAFs were more positive for VIMENTIN 
(Fig. 1E). The phenotypic marker analysis indicated that 

Table 2  Demographic data of patients
Clinicopathological characteristics Number Percentage
Age
< 50 4 40%
> 50 6 60%
Type
Invasive ductal carcinoma 10 100%
Invasive lobular carcinoma 0 0%
TNM stage
1 5 50%
2 5 50%
3 0 0%
Differentiation grade
G1 4 40%
G2 6 60%
G3 0 0%
Lymph node involvement
Positive 3 30%
Negative 7 70%
HER-2 status
Positive 0 0%
Negative 10 100%
Tumor size
< 2 cm 5 50%
> 2 cm 5 50%
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Fig. 1  Characterization of ADMSCs and CAFs. (A) Cropped microscopy image of AMSCs phenotype, scale bar = 50 μm, magnification, 10X, adipogen-
esis: oil red O staining, osteogenesis: alizarin red staining, chondrogenesis: Alcian blue staining. (B) Immunophenotypic analysis of cultured AMSCs with 
monoclonal antibodies. Finings indicated that the cells were negative for CD45 and CD34 markers, and (C) positive for MSC markers CD73, and CD90. (D) 
Cropped microscopy image of CAFs phenotype, scale bar = 50 μm, magnification, 10X. (E) Immunophenotypic analysis of cultured CAFs with monoclonal 
antibodies. (1) blue, DAPI, (2) green, VIMENTIN. CAFs had higher levels of VIMENTIN positivity than NFs, scale bar = 50 μm. (F) Flow cytometry analysis of 
cultured CAFs. Cells negative for CD31 were found non-endothelial, while CD45-negative cells were confirmed as non-leukocytes. (G) CD90 serves as a 
key marker for fibroblasts, confirming its fibroblastic identity. The figures are based on three independent experiments
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CAFs were negative for CD31 and CD45 (Fig.  1F) and 
positive for CD90 (Fig. 1G).

Characterization of exosomes
Exosomes derived from MSCs and CAFs were also char-
acterized. Scanning electron microscopy (SEM) analysis 
revealed that the exosomes which had an average size 
of between 40 and 200  nm were disc-shaped (Fig.  2A 
and S. 3  A). The average size of the exosomes derived 
from MSCs and CAFs were obtained equal to 180  nm 
and 149  nm based on zeta sizer data, and the reported 
zeta potential was − 12.4 mV and − 7.5 mV, respectively 
(Fig. 2B and S. 3B). The expression of some key exosomal 
markers, including CD9 and CD63, was confirmed by 
ELISA (Fig.  2C). Phenotypic marker analysis revealed 
that MSCs-derived exosomes were negative for CD81 
and positive for CD63 (S. 3 C). These results showed that 
both kinds of exosomes were isolated successfully. The 
protein amount of CAFs and MSC exosomes were quan-
tified using the BCA assay equal to 1.5 and 0.45 mg per 
ml respectively. Moreover, no CALNEXIN (endoplasmic 

reticulum marker) expression was observed in exosomes 
based on Western blot (Fig. 2D and S. 4).

Dox loading and Exo-Dox characterization
The amount of encapsulated Dox was determined using 
intrinsic fluorescence analysis at 490  nm by using dia-
grams of different concentrations of Dox (S. 5). The 
finding indicated that ~ 59% of Dox was loaded into 
the exosomes (Fig.  3A). The TEM results demonstrated 
the preservation of the exosome membrane integrity 
(Fig.  3Bii). Furthermore, the color change of exosomes 
to dark gray provided additional confirmation of the 
successful encapsulation of Dox within the exosomes 
(Fig. 3Biii). To investigate the cellular uptake, 2.5 µM of 
Exo-Dox was incubated with MCF-7 cells for 4 h. Fluo-
rescent microscope images showed that Exo-Dox entered 
into cells perfectly (Fig. 3C).

Cytotoxicity and antitumor effects of Exo-Dox
Figure 4A and B display the cell viability of NFs, MDA-
MB-231, MCF-7, CAFs, co-culture of MDA-MB-231 

Fig. 2  Characterization of MSCs-derived exosomes. (A) SEM micrograph of MSCs-derived exosomes, low magnification, scale bar = 5 μm and high mag-
nification, scale bar = 3 μm. (B) Size distribution by number of MSCs-Exo. (C) Elisa analysis of positive exosomal CD markers in both isolated exosomes: 
(1) pink graph, CD63 expression in exosomes lysate, (2) black graph, CD9 expression in exosomes. (D) Western blot analysis for CALNEXIN (endoplasmic 
reticulum marker) expression in cellular and exosomal lysate (Cropped). experiments were done at least three independent times
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with CAFs, and co-culture of MCF-7 with CAFs treated 
with free Dox for 24 and 48 h. Free Dox reduced the cell 
viability of all cell types compared to the control group. 
The inhibitory effects of Dox was particularly promi-
nent in MDA-MB-231, MCF-7 cells and co-culture of 
MDA-MB-231 and MCF-7 with CAFs, with cell viability 
of approximately 26.9%, 30.3%, 71%, and 30.35% respec-
tively in 48 h.

The results showed that free MSC-Exos did not affect 
cell viability in all cell types. (Fig.  4C) In contrast, Exo-
Dox exhibited a significant cytotoxic effect on BC cells, 
which was concentration depended. The MTT assay 
revealed that the cytotoxic effect of Exo-Dox was sus-
tained for 72 h in all cell types, indicating that the release 
of Dox from the exosomes was prolonged (Fig. 4D, E, F, 
and G). Additionally, the half-maximal inhibitory dose 
(IC50) of Exo-Dox was significantly less than free Dox in 
all groups (P < 0.0001), except for MCF-7 cells (Fig. 4H).

Table  3 summarizes the IC50 values of free Dox and 
Exo-Dox for NFs, MDA-MB-231, MCF-7, CAFs, co-
culture of MDA-MB-231 with CAFs, and co-culture of 
MCF-7 with CAF cells. The results revealed that Exo-
Dox had a lower IC50 value than free Dox in all cell 

types, except for MCF-7 cells. A comparison between the 
subgroups of the MTT assay is shown in S. 6.

Breast cancer cells were exposed to the IC50 value of 
Exo-Dox and Dox to evaluate their anticancer effects. 
Exo-Dox had a significant impact on both triple positive 
and triple negative BC (TNBC) cells (Fig.  4I and S. 7). 
The graph demonstrates that all Exo-Dox treated groups 
had apoptosis rates that were significantly higher than 
free Dox (P < 0.01) (Fig.  4J). The apoptotic percentages 
for MDA-MB-231 cells were 39% and 50% for Dox and 
Exo-Dox treatments respectively. Treatment of MCF-7 
cells with Dox resulted in an apoptotic percentage of 
42%, whereas treatment with Exo-Dox led to a signifi-
cantly higher apoptotic percentage of 52.5%. Co-culture 
treatment of MDA-MB-231 and CAFs with Exo-Dox 
resulted in an apoptotic percentage of 46%. Treatment 
of the MCF-7 and CAFs co-culture with Dox and Exo-
Dox resulted in apoptotic percentages of 36% and 48% 
respectively.

A wound was created by sliding a yellow plastic pipette 
tip across the surface of nearly 70% confluent MDA-
MB-231 with CAF co-culture. At 0 h, the wound diam-
eters of the Exo-Dox treated and control cells were 

Fig. 3  Dox loading confirmation. (A) Dox standard curve. Emission and excitation were determined using a fluorimeter at 595 and 480 nm, respectively. 
(B) Characterization of Exo-Dox using TEM images. (Bi) TEM image of Msc-derived exosomes. (Bii) The lipid membrane and integrity of exosomes after 
Dox loading are clearly visible, scale bar = 200 nm. (Biii) color change to dark gray could be observed for Exo-Dox, scale bar = 100 nm. (C) Fluorescent 
microscopy images of the drug-loaded Exo intracellular distribution. Blue fluorescence indicates the cell nucleus and red fluorescence indicates Exo-Dox 
scale bar = 50 μm (Ci) magnification, 20X. (Cii) magnification, 40X. The figures are based on three independent experiments
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Fig. 4 (See legend on next page.)
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measured. The co-culture of MDA-MB-231 and CAFs in 
the control group migrated to cover the area created by 
the wound. In contrast, after 24 h of growth in the incu-
bator, the Exo-Dox treated cells were unable to migrate, 
and the wound remained open (Fig.  4K). These results 
indicate that Exo-Dox suppressed the cells’ ability to 
migrate.

The proportion of apoptotic MCF-7 cells treated with 
Dox was 10.14%, whereas the percentage of apoptotic 
cells treated with Exo-Dox was significantly higher at 
43.3%. MCF-7 cells were the most sensitive to both Dox 
and Exo-Dox treatments compared to other groups. For 
Dox and Exo-Dox treatments, the apoptotic percentages 
for MDA-MB-231 cells were 21.33% and 23,3%, respec-
tively. Exo-Dox treatment caused an 18.14% increase in 
apoptosis in the MDA-MB-231 and CAFs co-culture. 
Dox and Exo-Dox treatments caused apoptotic effects of 
15.43% and 13.52% respectively, in the MCF-7 and CAFs 
co-culture (Fig. 4L-P).

Real-time PCR
Compared to normal serum exosomes, real-time PCR 
findings indicated significantly higher expression levels 
of both H19 and UCA1 in serum exosomes of patients 
(P < 0.0001) (Fig.  5Ai, Aii). Moreover, higher expression 
levels of these lncRNAs were observed in MCF-7, MDA-
MB-231, and co-culture of MCF-7 and MDA-MB231 
with CAFs and CAFs cells, compared to NFs (P < 0.0001) 
(Fig.  5Bi, Bii). Additionally, both H19 and UCA1 
expression levels were downregulated significantly in 
MCF-7, MDA-MB-231, and co-culture of MCF-7 and 
MDA-MB-231 with CAF cells treated with Exo-Dox 
(P < 0.05) (Fig.  5Biii). Still, the expression of the TP53 
gene considerably increased in the mentioned treated cell 
groups (P < 0.0001) (Fig.  5Biv). A comparison between 
gene expression in subgroups of cells is shown in S. 8.

To further explore the clinical significance of these 
findings, a heat map diagram was constructed to show 
the expression levels of both lncRNAs in healthy indi-
viduals and breast cancer patients. The findings indicated 

that both H19 and UCA1 expressions were higher 
significantly in patients compared to healthy indi-
viduals (Fig. 5C). Pearson and Spearman’s methods dem-
onstrated that the expression levels of these two lncRNAs 
had no relationship to each other (Fig. 5D).

Furthermore, our results showed that the up-regulation 
of these lncRNAs was not related to age, stage, differen-
tiation grade, lymph node metastases, or any other factor. 
Receiver operating characteristics (ROC) curves of both 
H19 and UCA1 demonstrated their potent breast can-
cer identification capacities, with area under the curve 
(AUC) of 1 (P = 0.0002), and specificity of 100% (Fig. 5E). 
Therefore, these lncRNAs can be suitable biomarkers.

In vivo visualization of Exo-Dox
The tumor-distribution ability of Exo-Dox was assessed 
in a tumor xenograft mouse model. Figure  6A and S. 9 
demonstrate images at 1, 2, and 4 h post MSC-Exos injec-
tion. ODAP-490 labeled exosomes reached and gathered 
at the breast at 4 h, and since tumorigenesis occurred in 
the kidney, liver, and spleen, they reached these areas as 
well.

In vivo anti-tumor effect
The anti-tumor effect of Exo-Dox was evaluated using 
a murine model of BC (Fig. 6B, C). The tumor volumes 
of the mice were measured at regular intervals. Overall, 
the tumor volumes of mice receiving Exo-Dox decreased 
more than those receiving Dox (p < 0.05). On the 20th day 
of treatment, the average tumor sizes were 1.7, 1.5, 0.85, 
and 0.17 for PBS, MSC-Exo, Dox, and Exo-Dox, respec-
tively. The findings indicated that the tumor size in the 
Exo-Dox treated group was significantly decreased com-
pared to PBS (p < 0.01).

H&E staining of breast tumor tissue demonstrated 
tumor progression in the control group (PBS). Inflam-
mation and cancer cell division were significantly 
reduced in the treated mice, especially the Exo-Dox 
group. Additionally, central necrotic cells around leuko-
cytes were observed in the liver and kidney tissues, but 

(See figure on previous page.)
Fig. 4  Cytotoxicity and antitumor effects of Exo-Dox. (A) MDA-MB-231, MCF7, CAFs, co-culture of MDA-MB-231 with CAFs, co-culture of MCF-7 with CAFs 
and co-culture of NFs with CAFs for 24 h. (B) 48 h. (a, b, and c) values close to IC50 of MCF7, co-culture of MCF-7 with CAFs, and MDA-MB-231. (C) Free 
MSC-Exo for 48 and 72 h. (D and F) treated cells by Exo-Dox for 48 and 72 h. (d, e and f ) values close to IC50 of MCF7, co-culture of MCF-7 with CAFs, and 
MDA-MB-231. (E and G) MDA-MB-231 and co-culture of MDA-MB-231 with CAFs treated by Exo-Dox for 48 and 72 h. (g) value close to IC50 of co-culture 
of MDA-MB-231 with CAFs. (H) IC50 comparison between Dox and Exo-Dox. IC50 of co-cultured MCF-7 with CAFs and MDA-MB-231 cells treated by 
Exo-Dox was 4.24 and 5.1-fold lower than treated by Dox (P < 0.0001). (I) Live and dead assay (Cropped images). MDA-MB-231, MCF7, CAFs, co-culture of 
MDA-MB-231 and MCF-7 with CAFs cells, green fluorescence and red fluorescence show live and dead cells respectively, scale bar = 10 μm, magnification, 
40X. (J) Graph of apoptosis rate comparison between MDAMB-231, MCF7, CAFs, and co-culture of MDA-MB-231 and MCF-7 with CAFs following treat-
ment with Dox and Exo-Dox. The apoptotic rate of cells is calculated based on the results of AO staining. Apoptosis Rate (%) = (number of apoptotic cells/
total number of cells) × 100. The apoptosis rate was increased significantly in cells treated by Exo-Dox compared with Dox (P < 0.05). (K) micrographs of 
living cultures of MDA-MB-231 with CAF cells in a migration assay. The control sample and Exo-Dox treated sample at 0 and 24 h. Treatment with Exo-Dox 
on co-culture of MDA-MB-231 with CAFs inhibits cell migration. (L) MCF-7 cells are exposed to their own IC50 dosage of Dox and Exo-Dox. From left to 
right each column refers to control, Dox, and Exo-Dox. (M) Co-culture of MCF-7 with CAFs. (N) MDAMB-231. (O) Co-culture of MDA-MB-231 with CAFs. (P) 
Diagrams show that in all groups, apoptosis increased in Exo-Dox treated cells compared to Dox treated cells. The results are based on three independent 
experiments. T-test *P ≤ 0.05, **P ≤ 0.01, ****P ≤ 0.0001
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were considerably lower in the Exo-Dox treated group 
(Fig.  6D). Immunohistochemical staining for Ki-67 
and CD45 was utilized to evaluate the proliferative and 
inflammation index of a tumor, respectively. As depicted 
in Fig.  6E, our analysis revealed a significantly higher 
abundance of Ki-67 and CD45 positive cells in the control 
group compared to the treated groups. These findings 
indicate that Dox, and Exo-Dox treatments effectively 
reduced the tumor proliferation rate, and level of inflam-
mation, with the most pronounced effect observed in the 
Exo-Dox group (P < 0.01) (S 10).

Discussion
BC is a complex and heterogeneous disease that presents 
different molecular subtypes, including TNBC [18]. The 
lack of (ER), (PR) and (HER2) receptors in TNBC renders 
conventional therapies ineffective, highlighting the need 
for better treatment strategies [19].

Tumor progression and proliferation are regulated by 
the interplay between tumor cells and their microenvi-
ronment. Among the cell types interacting with cancer 
cells, cancer-associated fibroblasts (CAFs) enhance epi-
thelial cell activity [20]. By producing various substances 
and establishing direct contact with cancer cells, CAFs 
can promote drug resistance and metastasis [21]. Several 
studies have shown that the interaction between CAFs 
and BC cells is a factor in cancer invasiveness [22]. Addi-
tionally, lncRNAs such as H19 and UCA1 are linked to 
drug resistance in several malignancies [23, 24].

Exosomes, natural nanovesicles enclosed by mem-
branes, are released by tumor cells to communicate with 
neighboring or distant cells in the tumor microenviron-
ment [25]. While the precise mechanisms underlying 
exosome function remain unclear, studies have reported 
their significant contributions in the development, inva-
sion, migration, and drug resistance of BC [26]. Exo-
somes contain a variety of RNAs, including lncRNAs, 
which can alter gene expression in recipient cells and 
contribute to the pathogenesis of BC [27].

The exosomes derived from CAFs contain full genomic 
mitochondrial DNA (mtDNA) and act as onco-signals, 
promoting hormone therapy resistance in BC [28]. 
These results also demonstrated that CAF exosomes can 

Table 3  IC50 of free Dox and Exo-Dox
BC cells Dox 48 h Exo-Dox 48 h Exo-Dox 72 h
MDA-MB-231 5.1 1
MDA-MB-231 + CAFs 4
MCF-7 2.3 2.5
MCF-7 + CAFs 5.3 1.25

Fig. 5  The expression level of lncRNA H19, UCA1 and TP53. (Ai) H19 and (Aii) UCA1 expressions were significantly higher in the serum exosomes of patients 
compared with serum exosomes of normal ones. (Bi) MCF-7, MDA-MB-231, and co-culture of MCF-7 and MDA-MB-231 with CAFs compared with NFs 
showed significantly higher expression levels of these lncRNAs (P < 0.0001). (Bii) CAFs compared with NFs showed significantly higher expression levels of 
these lncRNAs (P < 0.0001). (Biii) MCF-7, MDA-MB-231, and co-culture of MCF-7 and MDA-MB-231 with CAFs treated by Exo-Dox, the H19, and UCA1 were 
significantly lower than untreated cells (P < 0.0001). (Biv) Upregulation of TP53 in all treated cells compared to control ones. (C) Heatmap diagram: (A) H19 
and (B) UCA1 in (0–10) normal and (11–20) breast cancer patients. (D) The correlation between expression level of H19 and lncRNA UCA1. The expression 
level of H19 was not correlated to the expression level of UCA1. (E) ROC curve. The AUC was 1 (P value = 0.0002, 95% CI = 1). (Ei) H19. (Eii) UCA1. All experi-
ments were done at least two times. T-test **P ≤ 0.01, ***P ≤ 0.001, ****P ≤ 0.0001
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significantly increase the expression of various lncRNAs, 
including H19 and UCA1, which may contribute to drug 
resistance.

In one of the studies conducted on UCA1, the higher 
expression of this lncRNA was significant (p < 0.01) on 
tamoxifen-resistant cells (LCC2) in comparison with 
tamoxifen-sensitive cells (MCF-7). In addition, an 
increased expression in the exosomes obtained from 
LCC2 cells in comparison with MCF-7 cells was also 
observed, which was more significant. High expression of 
UCA1 plays a role in tamoxifen resistance through sup-
pressing CASPASE-3 and cell apoptosis [29].

A study indicated that H19 expression was increased 
significantly in serum samples of BC patients and Dox-
resistant BC cells and these cells can transfer resistance 
to sensitive cells through the release of exosomes. The 
findings of this research indicated that when the expres-
sion of H19 suppressed, the resistance to Dox decreases 
by reducing cell viability and inducing apoptosis [30]. It 
has been found that H19 has a role in the development 
of resistance to drugs in breast cancer through different 
mechanisms [31]. For instance, H19 causes resistance to 
Dox through the regulation of the cullin4A–MDR1 sig-
naling pathway [32].

Moreover, the results did not indicate that a spe-
cific lncRNA causes Dox resistance in all cancers. For 
instance, in BC cells, an oncogenic lncRNA MALAT1 can 
significantly increase cell proliferation, migration, and 

Dox resistance by targeting miR-570-3p [33]. However, in 
Hepatocellular Carcinoma (HCC), LncARSR induces Dox 
resistance via decreasing and activating of PTEN expres-
sion and PI3K pathway, respectively [34].

Another noteworthy point according to the studies 
mentioned in this article is that this expression change in 
lncRNAs can show itself in different cell groups such as 
cancer cells, CAFs, or even exosomes derived from them.

Our earlier research demonstrated that lncRNAs H19 
and UCA1 were significantly upregulated in the BC sam-
ple [35]. Hence, our study found that serum exosomes of 
patients had a significantly higher-level expression of H19 
and UCA1 (P < 0.0001) compared to serum exosomes of 
normal women. Moreover, the current study revealed 
that CAFs had a significantly higher level of expressions 
of H19 and UCA1 compared to NFs (P < 0.0001).

Studies have measured the expression of H19 lncRNA 
in colorectal cancer-CAFs [5] and oral cancer-CAFs [36]. 
The level of expression of H19 in BC-CAFs cells was 
determined here for the first time and the upregulation 
among MDA-MB-231, MCF-7, and their co-culture with 
CAFs were confirmed.

Despite earlier studies suggesting that H19 expression 
levels were correlated with tumor size, hormone recep-
tor status (negatively), and lymph node status [37], our 
results did not support this. The difference might be 
due to factors such as the size and state of the investi-
gated samples. Notably, every patient in this study had 

Fig. 6  The in vivo distribution and anti-tumor effect of Exo-Dox. (A) In vivo biodistribution of Exo-Dox in MDA-MB-231 and CAFs tumor-bearing mice. (B) 
Average absolute tumor growth curves of mice injected with different formulations (n = 3). (C) Weight of excised tumors in mice after 20th day of treat-
ments (n = 3). (D) H&E-stained MDA-MB-231 tumor-bearing mice following treatments. (E) The expression level of Ki-67 and CD45 in breast tumor tissue. 
The results are based on three independent experiments. Data are shown as mean ± SD. **P < 0.01, ***P < 0.001, **** P < 0.0001
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a BC that was in stages one or two. Overall, the results 
highlited the role of interaction between tumor cells and 
the surroundings in the development of BC. The inter-
action between CAFs and BC cells, as well as the role of 
exosomes and their cargo, may play a critical role in pro-
moting the increase of drug resistance in breast cancer.

MSCs are recognized as a promising source of exo-
somes for clinical applications due to their unique abili-
ties to regulate immunological functions, self-renewal, 
and tissue repair in a variety of disorders [38].

Researchers tend to use ultracentrifugation for exo-
some extraction, despite some disadvantages such as 
aggregation and fragmentation during exosome separa-
tion. However, polyethylene glycol (PEG) precipitation 
separation (which is used in exosome isolation kits) is 
another way to isolate MSC-Exos. According to [39], the 
yield of exosomes isolated with PEG was 14 times more 
than that of different centrifugation protocols.

In this study, exosome isolation from ADMSCs was 
performed using an exosome isolation kit. The amount of 
our MSC-Exos was 450 µg/µl. MSCs-Exos can either pro-
mote or inhibit the growth of cancer cells and have com-
parable functional effects on MSCs [40]. The MTT assay 
results showed that the MSC-Exos had no noticeable 
effect on the cells, indicating that they might be a suitable 
drug delivery vehicle.

Sonication, a process involving the application of high-
frequency sound waves to facilitate drug entry, stand as 
one of the most popular techniques for loading therapeu-
tic compounds into exosomes [41]. Several studies have 
effectively utilized sonication to incorporate drugs such 
as 5-fluorouracil [42], curcumin, crocin [43], and Dox 
[44].

MSC- Exos sonicated and loaded with Dox were 
employed in this study to treat BC cells and CAFs. The 
results of TEM indicated that the Exo-Dox was success-
fully formed and maintained its structure, which could be 
a factor in the targeted delivery of Dox to cancer cells.

Research findings suggested that exosome-based thera-
pies play a significant role in cancer treatments.

 [45]. additionally, it was reported that exosomal cur-
cumin had more antiproliferative efficacy in BC cell lines 
compared to free curcumin [46]. Exosomal paclitaxel 
demonstrated a pronounced reduction in the viability of 
BC cells [47]. These finding suggest that exosomes serve 
as appropriate nanocarriers for delivering a variety of 
molecular drugs.

As the results showed, the vitality of MDA-MB-231, 
MCF-7, MDA-MB-231, and MCF-7 cells co-cultured 
with CAFs decreased almost in a dose-dependent 
way. Based on the comparison of IC50 of Dox shown 
in Table  2, it can be seen that this value is significantly 
higher for co-culture groups such as MCF-7 with CAF 
cells (5.3 µM) and MDA-MB-231 with CAF cells (no 

IC50) compared to monoculture groups such as MCF-7 
(2.3 µM) and MDA-MB-231 (5.1 µM). This, confirms that 
when CAF cells are present, the drug resistance is much 
higher and as a result, a higher dose of Dox is needed.

In spite of Exo-Dox-induced apoptosis, Dox-induced 
apoptosis was not observed noticeably in a co-culture 
of MDA-MB-231 cells and CAFs. This indicate that 
Exo-Dox has a higher ability to kill cancer cells. Since 
exosomes may enter cells through endocytosis, micropi-
nocytosis, and phagocytosis [48], the Exo-Dox sustains 
less damage compared to the free Dox. Therefore, Exo-
Dox is more successful in killing cancer cells [49]. More-
over, comparing the survival rates of normal fibroblast 
cells treated with equal concentrations such as 5 and 10 
micromolar Dox (Fig. 4B) and Exo-Dox (Fig. 4H) over a 
48 h period, it becomes evident that the toxicity of Exo-
Dox was significantly higher than doxorubicin (p < 0.05).

The morphological observation analysis in live and 
dead assays showed that the cells treated with Exo-Dox 
displayed apoptotic characteristics. Hence, Exo-Dox was 
significantly internalized by MDA-MB-231 and co-cul-
ture of MDA-MB-231 with CAF cells and leading to cell 
death.

Comparison of the antitumor effect between Exo-Dox 
and Dox in animal studies showed that Exo-Dox has a 
greater effect. Our study revealed that the in vivo results 
were completely in agreement with the results of in vitro 
results.

Overall, our findings indicated that the expression lev-
els of H19 and UCA1 in exosome-derived CAFs were 
significantly higher in BC patients, and their strong iden-
tification abilities suggested their potential as candidate 
biomarkers for BC diagnosis and treatment. Additionally, 
the elevated expression levels of the TP53 gene in MDA-
MB-231 and the co-culture of MDA-MB-231 with CAFs 
treated groups suggested its potential as a therapeutic 
target for BC.

Conclusion
Exo-Dox was created using the sonication process with 
a 59% entrapment efficiency. Exo-Dox had a lower IC50 
value than free Dox in the aggressive MDA-MB-231 
cells and MDAMB-231 co-cultured with CAFs. Exo-Dox 
treated cells demonstrated dramatically decreased levels 
of H19 and UCA1 expression with considerably increased 
levels of TP53 expression. Moreover, Exo-Dox showed 
remarkable anti-tumor efficacy in Tumor-bearing mice. 
Thus, we conclude that exosomes can be employed to 
deliver Dox to cancer cells, especially in tumors resistant 
to treatment. Exo-Dox treatment could be a desirable 
strategy to regulate lncRNA expression in BC cells and 
target CAFs. However, more research work is required to 
fully understand the processes behind Exo-Dox’s effects 
on CAFs and BC cells.
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