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Abstract

Background
In recent years, numerous efforts have been dedicated to reducing the side effects of doxorubicin (DOX).
Exosomes (EXOs), as extracellular vesicles (EVs), can play a role in the safe transport of DOX in breast
cancer treatment. The aim of this study was to alleviate the adverse effects associated with DOX while
enhancing its targeted delivery to cancer cells through the codelivery of melatonin (MEL) as an antioxidant
and DOX into EXOs-derived from human adipose tissue mesenchymal stem cells (A-MSCs).

Methods
MSCs were isolated from liposuction samples using collagenase II enzyme, and stemness markers were
evaluated by �ow cytometry. EXOs were extracted from conditioned A-MSCs media through
ultracentrifugation, and surface markers were evaluated by western blotting, DLS and TEM. The
absorption and release of EXOs in cells were investigated using PKH-26 dye and UV–Vis
spectrophotometry, respectively. DOX and MEL were loaded into EXOs using the sonication method, and
their cytotoxic effects on normal and cancer cells were evaluated using the MTT test. Additionally, the
expression of p53, NANOG, and miR-34a genes was analyzed using qRT-PCR, and apoptosis was assessed
using �ow cytometry and acridine/orange dye.

Results
It was observed that they exhibited remarkable stability under pH ~ 7.4 while displaying a high release rate
under low pH conditions commonly found within cancerous environments (pH ~ 5.0). Cellular uptake
experiments revealed a substantial percentage of internalization. Cytotoxicity evaluation demonstrated
that co-delivery of DOX and MEL into EXOs (Exo-DOX-MEL) enhanced their toxicity towards normal MCF-
10A and A-MSC cells, while exhibiting greater lethality towards MCF-7 and MDA-MB231 cancer cells. In
normal cells, Exo-DOX-MEL augmented the effects of DOX, leading to increased expression of p53 and
miR-34a and decreased expression of NANOG, particularly in MCF-7 and MDA-MB231 cells. Apoptotic
analysis validated the favorable outcomes associated with Exo-DOX-MEL, which enhanced DOX e�cacy in
cancer cells while reducing apoptosis in normal cells compared to the administration of free DOX.

Conclusions
Exo-DOX-MEL appears to enhance the destructive effects of DOX in cancer cells, particularly those
resistant to chemotherapy such as MDA-MB231 cells. It also plays a protective role in normal cells, which
could be crucial in the treatment of drug resistance and the side effects caused by DOX.

Introduction
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Despite recent advances in cancer treatment, DOX, as a class I anthracycline antibiotic, is still one of the
main chemotherapy drug in the treatment of early and advanced breast cancer, which binds to DNA and
inhibits its biosynthesis [1]. Chemotherapy with DOX is unfortunately associated with multidrug resistance
(MDR) and its toxicity to healthy tissues, such as non-selective cardiac toxicity [2, 3]. Several studies have
been conducted to �nd new strategies to maximize the clinical e�cacy and limit the side effects of DOX.
Therefore, there is an urgent need to identify compounds that can reduce the prescribed dose and their
side effects, in addition to increasing the sensitivity of cancer cells to DOX. The use of carriers that can
deliver the drug in a targeted manner to the target tissue may be more effective with reduced side effects
[4, 5].

Despite recent advances in encapsulating drugs for cancer treatment and achieving effective drug
accumulation in the tumor, there are still challenges in this �eld [6]. Most of the chemotherapy drugs have
low solubility in water, as a result, it is necessary to use specialized carriers, such as liposomes, carbon
nanotubes, gold nanoparticles, polymer nanoparticles and etc. Unfortunately, many of these drug carriers
cause severe side effects, including organ toxicity or immune response, which can be due to the synthesis
of these carriers from unnatural substances in the body. In addition, due to their premature destruction by
the immune system, the circulation time of these carriers in the body decreases [7–9]. Therefore,
biomimetic nanoparticles such as EXOs, which combine the unique properties of natural biological
materials, such as cells or cell membranes, and the engineering versatility of synthetic nanoparticles, have
been recently attracted considerable attention as effective drug delivery systems. Due to the fewer side
effects, more studies have been conducted on EXOs than exogenous nanoparticles [10, 11]. EXOs are
small extracellular vesicles (ECVs) with characteristics such as size 30 to 150 nm, lipid bilayer and
endosomal origin, which are released by many cells into the extracellular space and recently, they have
been considered as attractive carriers due to their low toxicity, biocompatibility, stability in circulation, and
low immune response [12, 13]. EXOs have many roles that include cell-cell communication over long and
short distances, as intercellular messengers, carriers of RNA, proteins, and small drugs [14].Since the
source of EXO is important, mesenchymal stem cells (MSC) are recommended as an effective source of
EXOs due to their stability, signi�cant EXO production potential, and relatively high tolerance [15, 16].

Furthermore, given that a notable side effect of DOX involves the increase in free radical production, the
integration of combination therapy with an adjuvant such as melatonin (MEL) can potentially overcome
drug resistance, increase e�cacy and reduce side effects by utilizing lower drug doses. It is suggested that
MEL has potential antioxidant properties that can reduce DOX toxicity. In this study, an exosomal carrier
derived from human adipose tissue stem cells was used to increase the effectiveness of DOX on cancer
cells and reduce its side effects. Also, co-delivery of DOX with MEL in EXOs was performed to study its
probable protective properties against the toxicity characteristics of DOX.

Material and method

Reagents:
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Cell culture medium (Dulbecco’s modi�ed eagle medium, DMEM), fetal bovine serum (FBS),
penicillin/streptomycin (P/S), trypsin–EDTA, and Phosphate buffered saline (PBS), Doxorubicin
hydrochloride, Melatonin, Methylthiazolyldiphenyl-tetrazolium bromide (MTT), Dimethyl sulfoxide (DMSO),
PKH26 (exosomes labeling) were purchased from Sigma-Aldrich (St. Louis, MO, USA). Collagenase Type II
and trypan blue were purchased from Biochrom/Merck (Darmstadt, Germany). BCA protein assay kit was
purchased from iNtRON Biotechnology Inc (Seoul, Rep. of Korea). The Annexin V-FITC apoptosis
eBioscience detection kit was purchased from the Invitrogen company (USA).

Isolation of mesenchymal stem cells from human adipose
tissue
Liposuction-derived fat (n = 4) was obtained from subcutaneous fat deposits on the abdominal wall of
patients undergoing elective liposuction following the Coleman technique [17]. The study received
approval from the local Ethical Committee on Human Studies (IR.MUBABOL.REC.1399.461), and all
participants provided written informed consent to participate. The fat was mixed with cold phosphate-
buffered saline (PBS) containing 1% Penicillin/Streptomycin (Pen/Strep) and transported to the laboratory
in sterile containers, where it was processed within 1 h of liposuction. An average of 100 ml of adipose
samples were washed several times with PBS, sliced, and digested in a 0.1% collagenase solution in a
shaker incubator at 37°C and 80 rpm for 30–45 minutes [18, 19].

After inactivating the enzyme by adding complete culture medium (containing 20% FBS), the solution was
centrifuged at 2000 rpm for 10 minutes to obtain the resulting cell suspension, which was then washed
with PBS and �ltered through a 40 µm cell strainer (BD Falcon, Durham, NC, USA). The resulting sediment
was placed in RBC lysis solution (ammonium chloride 40%) for 10 minutes at room temperature. After a
single washing and centrifugation step, the cells were seeded in culture �asks (Greiner Bio-One GmbH,
Frickenhausen, Germany) containing DMEM/F12 with 20% FBS and 1% Pen/Strep. The cells were then
incubated at 37°C in a humidi�ed atmosphere with 5% CO2. After 24 h, the culture medium was changed,
and this process was repeated every 48 h. Cell passaging was performed using 0.05% trypsin and 0.02%
EDTA (Euroclone) once the cells reached 80–90% con�uence.

Characterization of MSC isolated from adipose tissue
The cells were evaluated for MSC characteristics at the third passage. Cell morphology was assessed
using a �uorescence microscope (Olympus microscope Bh2-RFCA, Japan), while stemness surface
markers were analyzed using �ow cytometry (BD Bioscience, San Jose, CA, USA). Expression of surface
markers, including CD44 and CD90 (positive MSC markers), was assessed, along with CD34 and CD45
(negative MSC markers), in order to evaluate the stemness of the mesenchymal cells involved in the study
[20].

After separating the cells from the �ask by trypsin, they were washed by adding PBS solution and
centrifuged at 1500 rpm for 5 minutes. Subsequently, each sample was supplemented with 5 µl of
monoclonal antibodies and 5 µl of isotype control (Biolegend) in a �nal volume of 100 µl, using PBS, and
the cells were incubated for 30 minutes at 4°C. Following incubation, excess antibodies were removed by
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washing the samples with PBS. Finally, the samples were analyzed using the BD FACSCalibur machine
(BD biosciences, San Jose).

Isolation of EXOs from the conditioned medium of MSC
cells
MSCs in the fourth passage were cultured in T75 �asks with DMEM F12 culture medium containing 10%
FBS and incubated at 37°C. To eliminate the interference of FBS materials, especially FBS-EXOs, an FBS-
free medium was used. In order to minimize cell stress resulting from the absence of FBS, the amount of
FBS was gradually decreased. The FBS concentration was sequentially reduced to 10%, 8%, 4%, 2%, 1%,
and eventually 0%. After 24 h of exposure to FBS-free media (0%), culture medium or conditioned medium
was collected [21, 22].

The EXOs extraction was performed by ultracentrifugation as a gold standard method (the Beckman Opti
ma TLX Ultracentrifuge (CA, USA)) [23, 24]. Brie�y, the conditioned medium was centrifuged at 200 g for
10 minutes, 2000 g for 10 minutes and 20000 g for 30 minutes to remove debris and other cellular bodies
such as apoptotic bodies and larger EVs. Finally, the supernatant was collected and �ltered with a 0.22
micrometer �lter. The conditioned medium was ultracentrifuged at 120,000g for 120 minutes at 4°C, and
the pelleted EXOs was washed in sterile PBS and �ltered with a 0.22 µm �lter to remove cellular materials
and proteins. Again, the sample was ultracentrifuged for 90 minutes at 120,000g at 4°C. The resulting
precipitate was resuspended in 200 µl of sterile PBS containing 1% Pen/Strep and stored at -80°C [25].

Exosome characterization
To con�rm the extracted EXOs, we used TEM, DLS, western blot for the size and nature of EXOs, and also
BCA kit for measuring the protein contents of EXOs.

Transmission electron microscopy
Transmission electron microscopy (TEM) (Philips CM30 electron microscope) was used for morphological
evaluation of isolated EXOs. The EXOs were resuspended in PBS and �xed with 2% paraformaldehyde for
30 min at room temperature. Immobilized EXOs were placed on Formvar-carbon copper grids, which were
treated with ultraviolet light, to reduce static electricity.

Dynamic Light Scattering Particle Size
The average size and size distribution of EXOs were evaluated using dynamic light scattering (DLS). DLS
uses �uctuations in the intensity of scattered light to estimate the size of particles with a diameter of 1 nm
to 6 µm. For this purpose, 20 µL of EXOs sample was diluted in PBS and their size was evaluated by DLS
Zetasizer Nano ZS (Malvern Instruments, UK), and the results were analyzed using Zetasizer v7.11
software (Malvern Corp).

Immunoblotting
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Western-blot method was used to identify EXOs markers such as CD9, CD81, CD63, and Calnexin. The cells
were lysed by RIPA buffer (Tris-HCL, EDTA, NaCl, Sodium Deoxycholate, SDS, Protease inhibitor cocktail,
Triton NP40 1%) and boiled at 95°C for 10 min with Laemmli sample buffer. Protein content was
quanti�ed using a standard Bradford assay. Resolved proteins in 10% SDS-PAGE were then transferred to
nitrocellulose membranes, was placed in blocking solution (5% w/v skim milk powder in tris-buffered
saline (TBS))-Tween buffer and incubated separately with CD9, CD81, CD63, and calnexin speci�c primary
antibodies (cell guidance systems, UK) at the supplier’s recommended dilutions overnight at 4°C. After
subsequent washing, the membranes were further incubated with horseradish peroxidase coupled
secondary antibodies (Abcam, Cambridge, UK). Bound Proteins were visualized using the ECL prime
western blotting detection system (GE Healthcare, UK).

Measuring the protein content of EXOs using the BCA
method
The concentration of exosomal proteins was quanti�ed using the BCA method (SMART™ microBCA Protein
Assay Kit, iNtRON Biotechnology Inc., Korea), following the manufacturer’s instructions. In brief, 200 µl of
the Working Solution (WS) was added to each well containing 10 µl of sample and standard, and then
incubated at 37°C for 30 minutes. The absorbance was measured at 562 nm, and the calibration curve
was calculated by plotting the absorbance against the concentration of the standards.

EXOs labeling and cell uptake assay
The EXOs were labeled with PKH26 (Sigma-Aldrich, St.Louis, MO, USA), a red-orange lipophilic dye,
according to the manufacturer's instructions [26]. One hundred µg of EXOs (100 µl) and 4 µl PKH26 were
separately diluted in 100 µL diluent C. The EXOs were mixed with PKH26 and incubated for 5 minutes at
37°C under darkness. The reaction was stopped by adding an equal volume of 1% BSA, and the mixture
was ultracentrifuged at 120,000g for 90 min at 4°C to remove excess dyes. Mcf-7 cells (1×105 cells/well)
were seeded in a 48-well plate, and 25 µg of labeled EXOs was added to each well. After 24 h, the cells
were washed with PBS and �xed by 4% paraformaldehyde. The nuclei were stained by DAPI �uorescent
(Sigma-Aldrich, USA), and examined using an inverted �uorescence microscope (Nikon TE300, Tokyo,
Japan).

Preparation of the DOX and MEL-loaded EXOs, and
Redetermination of EXOs properties
The sonication method, a preferred technique for loading drugs into EXOs [27], was used for transferring
DOX and MEL to EXOs according to the method by Kim et al [7], with some modi�cations. Sonication was
performed using a Sonoplus ultrasonic homogenizer HD2070 (BANDELIN) at 20% amplitude, with 6 cycles
of 20 seconds on/off for three minutes and an 80-second cooling period between each cycle. After
sonication, the EXO-DOX and EXO-MEL solutions were incubated at 37°C for 60 minutes to allow for
recovery of the exosomal membrane. Excess free drug was separated from EXO-DOX and EXO-MEL by
ultracentrifugation at 120,000 g for 90 minutes at 4°C.
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The amount of drug loading in EXOs was determined by measuring the absorbance of each drug using a
spectrophotometer. The quantity of free (unencapsulated) DOX and MEL in the supernatant was
calculated using a UV-Vis spectrophotometer with a calibration curve of DOX and MEL at wavelengths of
480 nm and 285 nm, respectively. The encapsulation e�ciency (EE) was calculated using the following
formula [28]:

EE%:  × 100

After loading the drug in EXOs, TEM and DLS were used according to the above-mentioned protocol to
recon�rm the integrity of the EXOs.

Release of DOX and MEL from EXOs
DOX release from EXOs was determined according to the following method. DOX and MEL-loaded EXOs
were immersed in dialysis tubes and dispersed in 5 mL of PBS with different pH values including 5.3 for
cancer cells and 7.4 for normal cells under sink conditions. The concentration of DOX and MEL at 37°C
and at time intervals of 0, 1, 3, 6, 12, 24, 36 h was calculated according to the DOX and MEL calibration
curve of the UV-Vis spectrophotometer at 480 and 285 nm with the following formula [29]:

Drug Release (%) = × 100

Cellular uptake assay of DOX and Exo-DOX
The quantitative and qualitative cellular uptake of DOX and EXO-DOX in cancer and normal cells was
investigated using �uorescence microscopy and �ow cytometry analysis, which relied on the intrinsic
�uorescence emission of DOX. For the �ow cytometry analysis, cells were cultured in 6-well plates (5×105
per well) and incubated for 24 h. Subsequently, the cells were treated with DOX (positive control) and EXO-
DOX. After 2 h, the cells were trypsinized, collected, and washed twice with cold PBS. The resulting
precipitate was re-dissolved in cold PBS, and the DOX �uorescence intensity was evaluated using a
FACScalibur �ow cytometer (Becton Dickinson Immunocytometric Systems, San Jose, CA, USA) in the FL2
channel.

The cells were treated with DOX and EXO-DOX 24 h after cell culture, and the treatment lasted for 2 h.
Subsequently, the cells were trypsinized and collected. After centrifugation, the cells were washed twice
with cold PBS, and the resulting precipitate was placed on a slide for examination of the �uorescence
intensity of DOX using a �uorescence microscope (Olympus Bh2-RFCA microscope, Japan).

The Cell treatment and cytotoxicity assay
We utilized MCF-7, MCF-10A, MDA-MB-231, and A-MSC cell lines to study the effect of EXOs-loaded drugs
on breast cancer. To investigate the breast cancer model, MCF-7 (estrogen receptor-positive) cells were
used as tumors affected by estrogen hormone and MDA-MB-231 (estrogen receptor-negative), which are
aggressive and invasive triple-negative breast cancer (TNBC) cells that are resistant to several anticancer

(Totaldrugadded)–(Freenonentrappeddrug)

Totaldrugadded

AmountofDrugRelease

AmountofDrugonExosomes
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agents. Additionally, the normal breast epithelial cells MCF-10a and A-MSC were included in the study to
compare the treatment effects [30].

The MTT assay was conducted to examine the cytotoxic effects of Exo-loaded drugs on MCF-7, MCF-10A,
MDA-MB-231, and A-MSC cells and to determine the IC50. Firstly, the cells were seeded in a 96-well plate.
When the cells reached 80–90% con�uency, the medium was removed and cells were washed with PBS.
The fresh medium containing various concentrations of free-DOX, free-MEL, DOX/MEL, free-Exo, Exo-DOX,
Exo-MEL, and Exo-DOX-MEL was added and incubated for 24, 48, and 72 h. Then, the supernatant was
discarded and the cells were washed with PBS to remove the residual drug. 100 µL of 0.5 mg/mL MTT
was added and further incubated for 4 h. Finally, supernatant liquid was removed and replaced with 150
µL of DMSO to dissolve the formazan crystals. The microplate was shaken on a shaker at 37°C for 10 min.
The viability of the cells was determined by measuring the absorbance of each well at 570 nm by a multi-
functional microplate reader with a reference wavelength of 630 nm. The cell viability was determined by
comparing the mean absorbance of treated cells to untreated cells [31].

Cell Viability (%) =  × 100 (where, A=absorbance)

Gene expression assay by Real Time PCR
After 24 h of treatment of cells with the IC50 concentration of the drug, total RNA was extracted using an
RNA extraction kit (Favorgen, Taiwan) following the instructions provided by the manufacturer. Isolated
RNAs were dissolved in 20 µL of diethylenepyrocarbonate-treated water (DEPC-treated water) (SinaClon.
Iran) and the quantity and quality of RNA were determined using a spectrophotometer (NanoDrop
Technologies, USA) and agarose gel electrophoresis, respectively. Total RNA was reverse transcribed
according to the manufacturer's instructions using a cDNA synthesis kit (Yekta Tajhiz Azma Co, Iran).

After reverse transcription, the produced cDNA was used to Real-time PCR by SYBR Green PCR Master Mix
(Ampliqon, Denmark) to analyze the P53, NANOG, and miR-34a expression status. The expression of the
target genes was studied in comparison to the housekeeping gene using the comparative threshold cycle
(Ct) approach. The data was derived via ΔCt calculations, where ΔCt = Ct (Target)-Ct (Reference). The
2−ΔΔCt formula was used to calculate fold changes.

Analysis of apoptosis by �ow cytometry and acridine
orange/ethidium bromide stain
Annexin V and PI staining were used to evaluate the amount of apoptosis in groups receiving free-DOX,
free-MEL, DOX/MEL, free-Exo, Exo-DOX, Exo-MEL, and Exo-DOX-MEL. The group that did not receive any
treatment was considered as the control group. Annexin V and PI staining were used to evaluate the
amount of apoptosis in the treated groups. The group that did not receive any treatment was considered
as the control group.

The cell lines were cultured in six-well plates with a concentration of 2×10^5 cells in each well for 24 h.
Subsequently, the cells were treated with free-DOX, free-MEL, DOX/MEL, free-Exo, Exo-DOX, Exo-MEL, and

A(Treatment)

A(Control)
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Exo-DOX-MEL at their respective IC50 concentrations for 24 h. The cells were then trypsinized, collected,
washed with PBS, and suspended in annexin binding buffer. The cell suspension was combined with 5µl
of propidium iodide (PI) and 5µl of FITC Annexin V. After incubating for 15 minutes, 200 µl of binding
buffer was added to each sample. Finally, a FACSCalibur �ow cytometer was utilized to identify apoptotic
cells.

Acridine orange/ethidium bromide (AO/EB) dye was used to qualitatively assess apoptosis. Twenty-four
hours after cell treatment, 2.5 ×105 cells were harvested, washed with cold PBS and centrifuged. The
precipitate was dissolved in 2 µl of staining solution containing 100 µg/ml acridine orange (AO) and 100
µg/ml ethidium bromide (EB). Also, 10µl of the suspension were transferred to glass slides and covered
with a coverslip. The morphology of the cells was examined using a �uorescent microscope (Olympus
Bh2-RFCA microscope, Japan) at wavelength 470/40 nm.

Statistical analysis
Results were presented as mean ± SD from at least 3 independent experiments. Statistical analysis was
performed via GraphPad Prism 6 software (GraphPad Software, Inc., La Jolla, CA). One-way analysis of
variance (ANOVA) was performed to determine the signi�cance differences between study groups.
Signi�cant differences are shown as *p < 0.05, **p < 0.01, ***p < 0.001 and ****p < 0.0001.

Results and discussion
DOX is a widely used chemotherapy drug for treating breast cancer, but its clinical application is restricted
by severe side effects and drug resistance. In our study, we encapsulated the chemotherapy drug DOX in
the safe carrier exosomes (Exo), derived from mesenchymal stem cells obtained from human adipose
tissue. Additionally, we included melatonin as an antioxidant in the above composition, with the aim of
potentially achieving improved results.

The properties of MSCs were observed from cells isolated from adipose tissue.

Examination of adipose tissue-derived MSCs at passage 3 revealed a �broblast morphology throughout
the culture when observed under an inverted microscope (Fig. 1). Characteristic surface markers on MSCs
were identi�ed using �ow cytometry. The expression of negative markers, CD45 and CD34, was found to
be 1.37% and 2.19%, respectively, while the expression of positive markers, CD44 and CD90, was 99.8%
and 99.5%, respectively (Fig. 2). These results, along with the morphology of the cells, con�rm that these
cells exhibit typical characteristics of stem cells, aligning with �ndings from similar studies [32, 33].

The particles extracted from MSCs con�rmed the characteristics of EXOs.

EXOs were successfully isolated from AMSC-conditioned media by ultracentrifuge method. TEM
observations of the EXOs revealed a typical spherical and oval shape for AMSC- EXOs (Fig. 3-A).
Additionally, dynamic light scattering (DLS) characterization indicated an average size of 101.7 nm with a
peak at 80.72 nm for these EXOs. (Fig. 3-B). Moreover, western blot analysis of surface markers suggested
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that EXOs were rich in tetraspanins as positive markers such as CD9, CD63 and CD81, while Calnexin was
not expressed as a negative marker in EXOs. (Fig. 3-C). These results are consistent with the other results
in con�rming the characteristics of EXOs in terms of shape, size and expression of surface proteins [34,
35].

Protein content of Exos was measured using BCA method. BCA is a standard method to determine the
concentration of Exos. After lysing the Exos, the protein concentration was measured. The results
indicated the protein concentration of the Exos, which served as the basis for determining the amount of
Exos used in the subsequent stages of the study.

EXOs have the capability to be uptake up by cells.

To investigate whether Exos extracted from MSCs are able to bind and enter cancer cells, cancer cells were
treated with EXOs whom previously labeled with PKH26 dye. PKH26 as a dye bound to the Exos was
observed inside the cell by using a �uorescent microscope; the cellular absorption of the Exos was
con�rmed. Red and blue colors represent PKH26 and DAPI, respectively (Fig. 4).

Drug entrapment and release rate from Exos and revisited
Exos structure
DOX as an anti-cancer drug and Mel as an antioxidant were loaded in Exos and the loading and release
capacity of these drugs from Exos was evaluated. Among the drug loading methods evaluated, sonication
demonstrated the highest potential for facilitating drug entry into Exos [36]. The quantity of encapsulated
DOX was determined using a spectrophotometric method, measuring the auto�uorescent characteristics
of DOX at 480 nm, while the amount of encapsulated Mel was measured at 285 nm against serial
dilutions of known standards. Our results revealed that approximately 37% of DOX and 32% of Mel were
successfully loaded into Exos [37].

The drug loading in Exos is in�uenced by several factors including the loading method, the source of Exos,
and the size and solubility of the drug. Various studies have reported different loading and encapsulation
percentages of drugs in EXOs [38, 39], while the results of Chunyan Yang et al. were almost similar to our
work [40]. TEM and DLS were utilized to assess whether sonication or drug transfer had any impact on the
structure of EXOs. TEM images showed that the morphology of Exos remained almost unchanged after
drug loading. Also, DLS showed no signi�cant change in the size of EXOs (Fig. 5). The results indicate no
change in the nature of the EXOs for drug storage and release, and these results were con�rmed by others
[38].

DOX is affected by pH due to having amine groups as functional groups. Therefore, the release capacity
was investigated at different pH of 5 (environment of cancer cells) and 7.4 (conditions of normal cells).
The release rate of DOX and EXO-DOX at pH: 5 were 66.7% and 90.5% after 36 h, respectively, but the
release pro�les of DOX and EXO-DOX after 36 h at pH: 7.4 were 35.4% and 28.6%, respectively. Also, the
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release rate of Mel and EXO-MEL at pH: 5 were 25.2% and 33.6%, after 36 h, but the release pro�les of Mel
and EXO-MEL were 32.3% and 42.4% after 36 h at pH 7.4, respectively.

These results clearly demonstrate that the pH of the medium has a signi�cant impact on the release rate
of DOX and MEL [41]. Under conditions mimicking those of cancer cells (pH 5), DOX and MEL loaded in
EXOs are released more rapidly than free DOX and MEL, indicating an increase in cytotoxicity under acidic
conditions. Consequently, there is improved effectiveness and targeting of drug accumulation in
cancerous conditions.

Conversely, under conditions mimicking normal cells (pH 7.4), EXO-DOX is released at a slower rate than
free DOX, while EXO-MEL is released at a faster rate than free MEL. This discrepancy leads to decreased
toxicity in normal cells (reducing side effects of DOX) and an increased presence of antioxidants (MEL)
(Fig. 6). Consistent with our �ndings, other studies have reported similar results, with authors concluding
that acidic environments in endosomes and lysosomes can induce drug release [42–44].

Qualitative and quantitative intracellular uptake of Exo-DOX
As illustrated in Fig. 7, both DOX-loaded Exos and free DOX were e�ciently absorbed and internalized by
both cancer and normal cells within 4 h. The uptake process appeared to be completed within this time
frame, as indicated by the high �uorescence intensity observed in the cells. Flow cytometry analysis
corroborated these observations, demonstrating that in MCF-7 and MDA-MB231 cells, 76.4% and 45.3% of
free DOX, and 96% and 82.1% of EXO-DOX, were absorbed after 4 h, respectively. These �ndings suggest
that Exo-DOX exhibits greater absorption compared to free DOX within the same time period, thus
heightening the impact of DOX on these cells. In MCF-10A and A-MSC cells, the absorption rates after 4 h
were 80.9% and 74.1% for free DOX, and 65.7% and 69% for EXO-DOX, respectively. These outcomes
validate the diminished absorption of EXO-DOX in comparison to free DOX, leading to reduced
accumulation in normal cells. Consequently, the initially low absorption of free DOX in cancer cells is
largely compensated by the presence of EXO, magnifying the impact of DOX on these cells. However, in
normal cells, EXO diminishes DOX absorption, consequently lowering cell death and its associated effects.

In vitro anticancer effect of functional EXOs-mediated co-
delivery of DOX and MEL
In order to assess the potential enhancement of the anticancer effect through the combined delivery of
DOX and MEL with EXOs, we evaluated the viability of breast cancer cells, normal cells, and stem cells
treated with free-DOX, free-MEL, DOX/MEL, free-Exo, Exo-DOX, Exo-MEL, and Exo-DOX-MEL over the course
of 24, 48, and 72 h.

As shown in the Fig. 8, the cytotoxicity assay of different treatment showed dose- and time-dependent
manner inhibition of cell proliferation. In MCF-7 cells, DOX/MEL, Exo-DOX and Exo-MEL caused greater
toxicity than free-DOX and MEL in their free form. However, the most striking difference was observed with
Exo-MEL compared to the free form of MEL and Exo. On the other hand, free-Exo exhibited slightly greater
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effectiveness than free-MEL and achieved a 50% inhibitory concentration within 72 h. Moreover, the
combination of Exo-DOX-MEL showed a signi�cantly superior effect on cell death compared to other
compounds. In MCF-10A and AMSC cells, MEL and Exo were able to reverse the effect of DOX to a large
extent, and free-DOX showed the lowest IC50.

In MDA-MB231 cells, free-DOX could kill 50% of the cells at a concentration of 5.4 µg/ml. However, the
combination of DOX with MEL or the loading of DOX in Exos did not exhibit a signi�cant effect on
enhancing the e�cacy of DOX in causing cell death in this particular cell line. But, when the co-delivery of
DOX and MEL took place within Exo, it demonstrated the most pronounced effect in inducing cell death in
MDA-MB231 cells.

In general, Exo increases DOX toxicity in MCF-7 and MDA-MB231 cells and decreases it in MCF-10A and
AMSC cells. As a result, by targeting cancer cells, it can prevent unwanted side effects on normal cells to
some extent. The selectivity index (SI) was calculated as the ratio of cytotoxicity (IC50) observed in normal
cells (MCF-10a and AMSC) to that in cancer cells (MCF-7 and MDA-MB-231). An SI value greater than 3
suggests the selectivity of the cytotoxic effect of DOX speci�cally toward MCF-7 and MDA-MB-231 cells
[30].

According to the results of Tables 2 and 3, free DOX cannot act selectively on any of MCF-7 and MDA-
MB231 cell lines. Although the combination of DOX with MEL was able to reduce the IC50 compared to
free DOX, it was selective only in MCF-7 cells over A-MSC cells. Furthermore, the outcomes from the
encapsulation of DOX in EXOs were similar to the results of combining DOX with MEL. Co-delivery of DOX
and MEL in EXOs (Exo-Dox-Mel) ampli�ed the selectivity index in MCF-7 and MDA-MB-231 cells.
Subsequently, it can be concluded that, in contrast to free DOX, unlike free DOX, which affects not only
cancer cells but also rapidly dividing normal cells, the Exo-DOX-Mel demonstrates selectivity toward breast
cancer cells while exhibiting less impact on normal cells.
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Table 1
IC50 concentration of free-DOX, free-MEL, DOX/MEL, free-Exo, Exo-DOX, Exo-MEL, and Exo-DOX-MEL

against Saos-2, MG63, and hBM-MSC for 24, 48, and 72 h.
IC50   free-

DOX

(µg/mL)

free-
MEL

(µg/mL)

DOX/MEL

(µg/mL)

free-Exo

(µg/mL)

Exo-
DOX

(µg/mL)

Exo-
MEL

(µg/mL)

Exo-
DOX-
MEL

(µg/mL)

MCF-7 24h 2.21 - 2.08 50 1.83 5.65 0.89

48h 1.93 - 1.49 37.5 0.98 5.07 0.71

72h 1.2 33.54 0.86 18.75 0.91 3.64 0.38

MCF-10A 24h 2.11 - 4.04 - 4.6 - 5.35

48h 1.06 - 1.1 - 1.25 - 2.49

72h 0.64 - 0.71 - 0.76 34.86 1.79

MDA-
MB231

24h 5.4 - 4.68 - 3.48 12.22 1.76

48h 2.88 - 3.13 - 2.86 8.09 0.81

72h 1.67 - 3.08 39.49 1.47 6.17 0.57

A-MSC 24h 4.8 - 5.65 - 6.49 - 8.52

48h 3.95 - 6.34 - 6.41 - 9.15

72h 3.06 - 4.14 - 5.73 - 10.07
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Table 2
Selectivity index (SI) of treatments for MCF-7 and MDA-MB231 cells.

SI free-
DOX

(µg/mL)

free-
MEL

(µg/mL)

DOX/MEL

(µg/mL)

free-Exo

(µg/mL)

Exo-
DOX

(µg/mL)

Exo-
MEL

(µg/mL)

Exo-
DOX-
MEL

(µg/mL)

MCF-
10A/MCF-
7

24h 0.95 - 1.9 - 2.51 - 6.01

48h 0.54 - 0.73 - 1.27 - 3.50

72h 0.53 - 0.82 - 0.83 9.57 4.71

A-MSC
/MCF-7

24h 2.17 - 2.71 - 3.54 - 9.57

48h 2.04 - 4.25 - 6.54 - 12.88

72h 2.55 - 4.81 - 6.29 - 26.5

MCF-
10A/MDA-
MB231

24h 0.39 - 0.86 - 1.32 - 3.03

48h 0.36 - 0.35 - 0.43 - 3.07

72h 0.38 - 0.23 - 0.51 5.6 3.14

A-
MSC/MDA-
MB231

24h 0.88 - 1.20 - 1.86 - 4.84

48h 1.37 - 2.02 - 2.24 - 11.29

72h 1.83 - 1.34 - 3.89 - 3.14

Gene expression changes as a result of the combination of MEL with DOX and loading in EXO

Since DOX interacts with double-stranded DNA and increases free radicals, it causes double-stranded
breaks in DNA structure, DNA damage and induction of apoptosis [45]. Therefore, we analyzed the
mechanistic effects of DOX in combination with MEL loading in EXOs at the gene level by assessing the
expression of p53, NANOG, and MIR-34a genes in MCF-7, MCF-10A, MDA-MB231, and A-MSC cell lines.
P53 is recognized as the principal regulator of the cell cycle and apoptosis [46].

Two main comparisons were conducted: one toward untreated cells (control) and the other toward cells
that received only DOX (free DOX), aimed at more precisely elucidating the mechanism of the drug's
impact when using the EXO carrier and MEL antioxidant. In the current research, we demonstrated that the
p53 gene, recognized as the primary regulator of the cell cycle and apoptosis, exhibited increased
expression in cells treated with DOX, aligning with our expectations. In the presence of free DOX, MCF-10A
and MDA-MB231 cells recorded the highest and lowest p53 gene expression, respectively, which indicates
the inability of free DOX to effectively destroy resistant breast cancer cells (MDA-MB231) and side effects
on the cells. In addition, free DOX caused a signi�cant increase in p53 gene expression in normal breast
tissue cells (MCF-10A) and mesenchymal stem cells (MSCs) compared to the control group, which
indicates the beginning of apoptosis. EXO-loaded DOX showed a signi�cant increase in p53 gene
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expression compared to free DOX in MCF-7, but had a protective role in MCF-10A and MSC cells, which
caused the reduction of apoptosis due to the reduction of p53 gene expression. But in MDA-MB231 cells,
EXO-DOX did not cause much change compared to free DOX. Co-delivery of DOX with MEL in EXOs
signi�cantly increases the expression of p53 gene in cancer cells and has a much greater protective effect
in normal cells compared to the control group and the group receiving free DOX (Fig. 9).

p53 is directly related to NANOG; a key transcription factor for the maintenance of embryonic stem cell
pluripotency, which has recently been shown to be overexpressed in many types of human cancers,
including breast cancer and it is related to increasing drug resistance properties of cancer cells. NANOG
expression is modulated through p53 deacetylation, and induction of p53 expression by DNA damage
represses NANOG and induces embryonic stem cells (ESC) to differentiate into cell types that can undergo
cell death to e�ciently remove damaged DNA, which ultimately prevents tumorigenesis [47, 48].

Our �ndings indicate that the expression of NANOG signi�cantly decreased in MCF-7, MCF-10A, and A-
MSC cells treated with free DOX, in comparison to the control group. This reduction in NANOG expression
has the potential to induce P53-mediated cell death [49]. In the case of MDA-MB231 cells, the effect of free
DOX on NANOG expression was observed to exhibit a slight decrease compared to the control group,
which was not statistically signi�cant and indicated a possible connection with the inherent resistance of
these cells to chemotherapy agents. In both the DOX-MEL and EXO-DOX groups, the expression of NANOG
was signi�cantly downregulated in MDA-MB231 and MCF-7 cells, in comparison to the free DOX group.
Conversely, an elevated expression of NANOG was observed in MCF-10A and A-MSC cells when compared
to the free DOX group. In the DOX-MEL, EXO-DOX, and EXO-DOX-MEL treatment groups, a notable decrease
in the expression of NANOG was observed in MDA-MB231 and MCF-7 cells when compared to the free
DOX group. Conversely, increased NANOG expression was detected in MCF-10A and A-MSC cells when
compared to the free DOX group. Of particular signi�cance, the EXO-DOX-MEL group exhibited the most
pronounced changes, highlighting its effectiveness in comparison to the other treatment groups.

These results demonstrate that the loading of DOX in EXOs in combination with MEL (EXO-DOX-MEL)
leads to a reduction in NANOG expression in cancer cells, thereby amplifying the toxicity of DOX in these
cell lines and inducing heightened apoptosis through P53 activation. Moreover, increasing Nanog
expression in normal cells may partially reduce the DOX cytotoxic effects and prevent the destruction of
these cells [50].

In this regard, Ebeid et al showed that free DOX combined with berberine can signi�cantly reduce the
expression of NANOG compared to the control group [49]. Also, similar studies emphasized that inhibiting
Nanog, reverses resistance to chemotherapy and radiation therapy [51]. It was also found that removing
NANOG by reducing the expression of MDR1 increases the chemical sensitivity of liver cancer cells to DOX
[52].

Cardiotoxicity is a known side effect of DOX and has been linked to the activity of MiR-34a. MiR-34a plays
a crucial role in the p53-mediated antitumor process, and its upregulation in tumor cells can enhance their
sensitivity to chemotherapy drugs [47, 53]. Moreover, research �ndings indicate that miR-34a acts as a
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barrier to reprogramming by suppressing pluripotency marker genes, including NANOG. The repression of
Nanog by p53 occurs through direct transcriptional silencing as well as indirect post-transcriptional
silencing mediated by miR-34 [54, 55].

By assessing the levels of MiR-34a, our study approved the �ndings of p53. Following DNA damage, the
activation of miR-34a by p53 arrested the cell cycle and enhanced apoptosis in breast cancer cells upon
treatment with EXO-DOX-MEL. Conversely, in normal cells, miR-34a played a protective role, potentially
guarding against DOX-induced cardiotoxicity.

In the study of Lee et al., miR-34a by inhibiting Sirt1 expression leads to increased activity of p53,
suppression of cell reprogramming by Nanog and �nally apoptosis [47]. In this regard, Zheng et al. stated
that the overexpression of MiR-34a enhances the inhibitory effect of DOX on HepG2 cancer cells [55]. In
addition, Correia Marques et al published that high expression of miR-34a improves the response to DOX
in diffuse B-cell lymphoma [56]. In addition, Deng et al found that miRNA-34a can enhance the antitumor
activity of DOX in the treatment of triple negative breast cancer [57].

The co-delivery of DOX and MEL within EXOs enhances the rate of apoptosis.

The apoptosis rate was evaluated using Annexin V and PI staining. MCF-7, MCF-10A, MDA-MB231, and A-
MSC lines were treated with free-DOX, free-MEL, DOX/MEL, free-Exo, Exo-DOX, Exo-MEL, and Exo-DOX-
MEL. The control group consisted of untreated cells (Fig. 10).

Treatment with free DOX in four cell lines include MCF-7, MCF-10A, MDA-MB231, and A-MSC caused
47.9%, 52.5%, 18.19%, and 46.1% apoptosis (sum of late and early apoptosis), respectively. Among the cell
lines tested, the highest and lowest cell death was occurred in MCF-10A and MDA-MB231 cell lines,
respectively, indicating the toxicity of DOX on normal cells and the relative resistance of triple negative
cancer cells. Interestingly, the combination of MEL with DOX not only increased the death rate in MCF-7
cells (66.4%) but also enhanced toxicity in normal cells (MCF-10A: 38.2% and A-MS: 39.5%). In contrast, its
impact on MDA-MB231 cells was relatively modest (23.05%).

In our study, Exo, primarily utilized as a drug carrier, exhibited a notable self-healing effect. It demonstrated
signi�cant apoptotic effects of Exos in MCF-7, MCF-10A, MDA-MB231, and A-MSC cells, resulting in
respective cell death rates of 37.68%, 8.05%, 13.58%, and 6.59%. These �ndings suggest a higher
susceptibility of cancer cells to Exo-induced cell death compared to normal cells. Exo in combination with
DOX or MEL could slightly enhance the effects of these drugs alone. But the highest rate of cancer cell
death was 80.82% and 56.1% apoptosis in MCF-7 and MDA-MB231, respectively, in treatment with Exo-
DOX-MEL. Also, treatment with Exo-DOX-MEL in normal cells resulted in 18.13% and 7.14% apoptosis in
MCF-10A and A-MSC, respectively. Subsequently, co-delivery of DOX and MEL in Exo could increase the
toxicity in cancer cells, especially MDA-MB231 cells, which were resistant to free DOX. It also greatly
protected normal cells from damage caused by DOX. This function can be partially attributed to melatonin,
which plays a role as an antioxidant in destroying cancer cells and protecting normal cells [58].



Page 17/30

Figure 11 shows the images of apoptosis evaluation and apoptotic cells using AO/EB staining. Live cells
are uniformly green in color. Early apoptotic cells have a yellow color, chromatin density and membrane
bubbles, while late apoptotic cells have orange to red pieces, fragmentation of chromatin and nucleus, and
the presence of apoptotic bodies. Our results showed the toxicity of free DOX on MCF-7, MCF-10A, and A-
MSC cells without signi�cant effect on MDA-MB231 cells. Treatment with DOX/MEL, Exo-DOX and Exo-
DOX-MEL enhances the effect of DOX in cancer cells and protects normal cells from DOX toxicity, among
them, the most effective combination is Exo-DOX-MEL, which has shown a signi�cant effect even on MDA-
MB231 cells.

Conclusion
This study focuses on the encapsulation of two therapeutic agents, DOX (a chemotherapy drug) and MEL
(an antioxidant), within EXOs derived from human adipose tissue mesenchymal stem cells. The
combination of DOX and MEL exhibits several advantages. Firstly, it demonstrates pH-responsive release
behavior, allowing for precise drug delivery. Additionally, it showcases a high loading capacity, enabling
e�cient incorporation of both agents. Notably, this combination demonstrates enhanced toxicity towards
breast cancer cells, particularly those resistant to treatment, while minimizing adverse effects on normal
cells. Furthermore, the presence of MEL not only enhances the toxic effect of DOX, but also mitigates its
side effects on normal cells. Consequently, Exo-DOX-MEL formulation effectively reduces the required
dosage of DOX as indicated by a reduction in IC50 values. Overall, our �ndings highlight the potential of
Exo-DOX-MEL as a probable promising therapeutic strategy that maximizes the e�cacy of DOX while
minimizing its toxicity towards normal cells.
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Figures

Figure 1

A-MSCs morphology after the separation from adipose tissue in the second day (A), �fth day (B), eighth
day (C), �rst passage (D), second passage (E) and third passage (F).
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Figure 2

The surface cell markers from A-MSCs.  CD45 and CD34 as negative markers, CD44 and CD 90 as positive
markers.
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Figure 3

EXOs characterization identi�ed by TEM (A) for morphology, DLS (B) for size and western blot analysis (C)
for surface markers.

Figure 4

Labeling of EXOs by PKH26 dye and investigation of cellular uptake. Red colors is PKH26 and blue colors
is DAPI.
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Figure 5

The morphology (A) and size (B) of EXOs after loading drugs by TEM and DLS, respectively.

Figure 6

Drug release pro�le of Exo-Dox (A) and Exo-Mel (B) in PBS with pH 5 and pH 7.4, respectively.
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Figure 7

The cellular internalization of the free DOX and Exo-DOX by �ow cytometry analysis (A) and �uorescence
microscopy (B) in MCF-7, MCF-10A, MDA-MB231, and A-MSC cells after 4 h.
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Figure 8

Cytotoxicity effect of free-DOX, free-MEL, DOX/MEL, free-Exo, Exo-DOX, Exo-MEL, and Exo-DOX-MEL on the
MCF-7, MDA-MB231, MCF-10A and AMSC cells at 24, 48, and 72 h.
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Figure 9

The quantitative real-time RT-PCR analysis. The effects of free-DOX, free-MEL, DOX/MEL, free-Exo, Exo-
DOX, Exo-MEL, and Exo-DOX-MEL on expression levels of p53, NANOG, and miR-34a in MCF-7, MDA-
MB231, MCF-10A and AMS cell lines. * Comparison with control (no treatment), # Comparison with free-
DOX
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Figure 10

The apoptotic activity of free-DOX, free-MEL, DOX/MEL, free-Exo, Exo-DOX, Exo-MEL, and Exo-DOX-MEL by
�ow cytometry in MCF-7, MDA-MB231, MCF-10A and AMSC cell lines.
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Figure 11

Acridine orange/ethidium bromide staining of morphological analysis of cells exposed to different drugs.
Green �uorescent cells indicate healthy endothelial cells and red �uorescent cells indicate apoptotic
endothelial cells.
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