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Abstract
Introduction: Triple-
negative breast 
cancer demonstrated 
high metastasis and 
mortality rates in 
female populations. 
Emerging data on 
effective targeting and 
specific internalization of 
chemotherapeutic agents, 
using modified exosomes, 
decreased the therapeutic 
dosage of anti-cancer 
drugs in cancer cells. 
Methods: Herein, we developed modified exosomes by surface decoration using the Fusion protein 
of Respiratory Syncytial Virus (F-protein of RSV) through Click-chemistry techniques, and Dox-
loaded via sonication strategy. Then, the viability and metastatic behaviors of MDA-MB-231 cells 
were monitored in the presence of different groups, including Dox, Exosomes (Exo), Exosomes 
loaded with Dox (Exo@Dox), and F-protein coupled Exosome groups (Exo-F) and (Exo-F@Dox). 
Results: In vitro and in vivo results verified that the F-protein coupled exosome, as a modified 
natural nanoplatform, possessed a biocompatible nature in blood circulation and crossing 
of blood barriers. After exposure to tumoral temperature (40 °C) and lysosomal PH (5.5) 
demonstrate amplified Dox release (around 60% at 8 h). Also, in vitro uptake results confirmed 
a significant increase in Exo-F internalization compared to the Exo group in MDA-MB-231 cells 
(P < 0.0001). Correspondingly, the IC50 value of Exo-F@Dox versus free Dox showed a significant 
reduction (24-fold more potent) (P ˂  0.0001). Interestingly, Dox-free modified Exo (Exo-F) 
showed appreciable cytotoxicity (IC50 of about 0.1 µg /mL for exosomal protein concentration) 
(P ˂  0.0001). Also, migration assay results confirmed a considerable decrease in the migrated 
population of MDA-MB-231 cells (10%) compared to the control group, following exposure to 
modified exosomes. Interestingly, an in vivo study in tumor-bearing Balb/c mice demonstrated a 
significantly decreased tumor size in the Exo-F groups compared to other formulations. 
Conclusion: In summary, F-protein modified exosomes exhibited superior anticancer efficacy 
by improving tumor-specific targeting, ensuring precise delivery of chemotherapeutic agents, 
facilitating efficient drug release, and allowing for lower therapeutic dosages. 
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Introduction
Respiratory syncytial virus (RSV), which belongs to the 
human Pneumoviridae family, is a pathogenic agent 
responsible for acute lower respiratory tract infections in 
infants, the elderly, and immunocompromised patients.1,2 
RSV infection activates the innate immune response, 
causing the release of chemokines and cytokines that lead 
entrapment of neutrophils in the respiratory tract and 
finally induce the neutrophil extracellular trap process 
(known as NETosis).3,4 It has been reported that both 
RSV particles and the RSV fusion protein (F-protein) 
promote NETosis by attracting neutrophils.3,5 Based on 
evidence, the interaction of RSV F-protein with TLR-
4 on the surface of target cells stimulates the release of 
neutrophil extracellular traps (NETs).5 NETs, which 
consist of protein-coated nucleic acids released from 
neutrophils have been shown to trap cancer cells and 
stimulate cancer growth.6 The RSV fusion (F) protein, a 
viral transmembrane binding protein, accelerates fusion 
of the RSV particle with host cells. In addition, F-protein–
mediated activation of the RhoA signaling pathway causes 
fusion of infected cells with adjacent cells and formation 
of multinucleated syncytia.7,8 

Schlender et al. demonstrated that RSV F-protein 
inhibits mitogen-promoted proliferation of T-cells.9 
Furthermore, Eckardt-Michael et al. showed that 
expression of RSV F-protein induces programmed 
cell death through activation of p53 and promotion of 
caspase-dependent apoptosis, leading to loss of epithelial 
integrity and separation of apoptotic cells from the 
polarized epithelial cells.7 On the other hand, the strong 
potential of RSV F-protein to physically interact with 
several cellular receptors -including MD-2, TLR-4, 
insulin-like growth factor 1 receptor (IGF1R), Nucleolin- 
and to activate proinflammatory cytokines signaling upon 
recognition by cellular receptors,10,11 supports the concept 
that conjugation of RSV F-protein onto the surface of a 
carrier may provide a ligand for efficient internalization 
into specialized tissues, and promote the therapeutic 
effects of the medicine.. exosomes were first described 
as carriers of cellular waste in the early 1980s by Penn 
and Johnston.12 Over the last two decades, research on 
exosomes -small extracellular vesicles with diameters 

ranging from 30 to 200 nm which act as biological tools 
in the dissemination of paracrine activity from cell to 
cell- has attracted increasing attention.13 Meanwhile, 
the ability of exosomes to transport a wide variety of 
biomolecules, such as growth factors, lipids, proteins, and 
nucleic acids (e.g. DNA, mitochondrial DNA, miRNAs, 
and circRNA), underscores their potential as therapeutic 
carriers.14 These properties promoted extensive 
investigations into biomedical applications of exosomes, 
including tissue regeneration,15 drug delivery, gene 
therapy,16 cancer treatment and diagnosis,17 and vaccine 
development.18 Despite our knowledge of the contents 
and physicochemical properties of exosomes, the use of 
exosomes as a suitable therapeutic or diagnostic platform 
still faces significant challenges and limitations.19 At the 
same time, the use of exosomes as natural carriers lacks 
some properties required for the development of effective 
therapeutic targeting. In particular, in cancer therapy, 
specific targeting of cancer cells by therapeutic exosomes 
is considered essential. Furthermore, in some cases, it is 
necessary to load exogenous molecules -such as a protein, 
RNAs, or small-molecule drugs- into exosomes to 
achieve a therapeutic effect. Fortunately, biotechnological 
advances have led to the emergence of a new therapeutic 
field known as “exosome engineering”.12 Nevertheless, the 
application of natural exosomes as therapeutic agents in 
cancer treatment remains challenging. Generally, natural 
exosomes exhibit limited cell- or tissue-specific targeting 
capability.12 Therefore, to enable the therapeutic use 
of exosomes as efficient delivery systems, the design of 
targeted exosomes is essential. Furthermore, to broaden 
the clinical applicability of exosomes, there is a need 
to load specific therapeutic molecules into exosomes 
through the development of effective loading techniques. 
In this regard, exosome engineering techniques, such 
as exploiting the functional ligand-receptor system, 
increasing the density of a specific molecule in exosomes, 
facilitate the development of engineered exosomes with 
enhanced targeting specificity or with defined therapeutic 
abilities. These strategies have the potential to overcome 
the limitations of natural exosomes in cancer therapy. 
Chemotherapeutic drugs, as the cornerstone of cancer 
treatment, are often associated with significant side 
effects, including hematologic toxicity,20 gastrointestinal 
toxicity,21 alopecia,22 cardiotoxicity,23 neuro-, renal-, 
and hepatic-toxicity.24,25 These toxicities emanate from 
the off-target nature of conventional chemotherapy.26 
Doxorubicin (Dox), a widely used chemotherapeutic agent 
and DNA topoisomerase II inhibitor, leads to cellular 
death by arresting DNA repair and by inducing oxidative 
stress within cellular membranes.27,28 Drug resistance to 
Dox in Triple-negative breast cancer (TNBC) is mostly 
attributed with multiple mechanisms, including the over-
expression of drug efflux pumps such as P-glycoprotein, 
and shifting the drug metabolism pathways.26 

Breast cancer is one of the most commonly diagnosed 
cancers among females worldwide. Among the various 
breast cancer subtypes, TNBC is characterized by 
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its invasive nature, poor prognosis, and frequent 
development of drug resistance. TNBC is known by 
negative expression of three receptors: progesterone 
receptor (PR) and estrogen receptor (ER), and the human 
epidermal growth factor receptor 2 (HER2).27,29,30 The 
studies have indicated that MDA-MB-231 cells, a model 
for aggressive breast cancer, show overexpression of 
epidermal growth factor receptor (EGFR). Moreover, 
evidence suggests that positive EGFR expression is 
associated with upregulation of Nucleolin, IGF1, CD14, 
and a subsets of Toll-like receptor 4 (TLR4)-responsive 
genes. According to a wide range of studies TNBC tumors 
shown high expression repertoire of TLR4, Nucleolin, 
and IGF1, that unfortunately related to poor prognosis of 
breast cancer patients.31-35 On the other hand, F-protein of 
RSV has been candidate for serving as an efficient ligand 
for these receptors. Interestingly, RSV F-protein could be 
served as a ligand previously.36-38 Also, the MDA-MB-231 
cell line has been demonstrated to show cancer stem cell 
(CSC)-like properties.39 Accordingly, throughout this 
manuscript, these cells are considered representative of 
CSC-like tumor cells. 

In the present study, RSV F-protein was covalently 
conjugated onto the surface of MDA-MB-231-derived 
exosomes using an EDC/NHS click chemistry strategy. 
We postulated that conjugation of RSV F-protein on 
the surface of exosomes as a targeting ligand, induces 
higher efficacy in the internalization and enables targeted 
delivery of Dox into MDA-MB231 cells. Accordingly, 
we hypothesized that conjugation of RSV F-protein 
onto the exosome surface would promote specialized 
internalization, increase cancer cell death, and inhibit the 
migration and invasion of cancer cells.

Materials and Methods
Cells and culture environment 
MDAMB-231 cell line, as a cancer stem cell line, HUVEC 
(human umbilical vein endothelial cell line), HFF2 
(human fibroblast cell line) as normal non-cancerous 
cell lines, and 4T1 (mouse breast cancer cell line) were 
provided from the Pasteur Institute Culture Collection 
(Tehran, Iran), and were then cultured in Gibco’s (USA) 
Roswell Park Memorial Institute (RPMI) 1640 medium 
supplemented with 10% (v/v) FBS and 1% penicillin/
streptomycin at 37 °C in a humidified atmosphere 
containing 5% CO2 up to passage 6.

Animal model
All animals were treated in accordance with the Ethics 
Committee at Tabriz University of Medical Sciences, 
Iran, under ethical approval number IR.TBZMED.
VCR.REC.1400.158. Female BALB/c mice, six weeks old 
and weighing approximately 20 g, were obtained from 
the Iranian company Pishro Mehravaran Azma Pars. 
The mice were maintained under standard conditions 
and allowed to acclimate to their environment before 
establishing of the tumor model. To generate the model, 
1.5 × 106 4T1 cells were injected intraperitoneally into the 

right flank of each mouse. After the tumor reached a size 
of 50 mm³ within 21 days, different exosome formulations 
were administrated at a dose of 30 μg exosomal protein 
per mouse every three days for a total of three doses, with 
a final injection volume of 100 µL. 

Isolation of exosomes
The MDA-MB-231 cell culture at approximately 70%–80% 
confluence was incubated in Dulbecco's Modified Eagle 
Medium (DMEM) supplemented with 10% exosome-
free FBS for exosome secretion. The culture supernatant 
was then collected and subjected to clarification by serial 
centrifugation (10 min in 300 x g to remove cell debris, 20 
min in 1500 x g to remove cell fragments, and 30 min in 
13000 x g at 4 °C to remove cellular organelles, apoptotic 
bodies and large microvesicles ). The resulting supernatant 
was filtered through a 0.22 µm filter and ultracentrifuged 
at 120,000 x g, at 4 °C for 16 min to harvest the exosomal 
pellet. Subsequently, the supernatant was discarded, and 
the exosomes were resuspended in 500 µL of cold PBS 
(pH:7,4) and stored at -70 °C for further investigations.

Western blot analysis
Exosomal membrane markers, including CD9, CD63, 
and CD81, were analyzed by Western blot analysis. In 
this regard, the exosome suspension was lysed using 
radioimmunoprecipitation Assay (RIPA) lysis buffer 
and then centrifuged at 13,000 × g for 10 min at 4 °C. 
The lysate samples were used for separation protein 
separation by 10% sodium dodecyl sulfate polyacrylamide 
gel electrophoresis (SDS-PAGE), and the separated 
proteins were subsequently transferred onto 0.2 µm 
PVDF membranes. The membranes were blocked with 
1% bovine serum albumin (BSA; Sigma-Aldrich) for 1 h 
at room temperature. After three washes with PBST, the 
PVDF membranes were incubated overnight at 4 ˚C with 
primary antibodies, including anti-human CD63 (Cat. 
No. sc-5275; Santa Cruz Biotechnology), anti-human 
CD81 (Cat. No. sc-166029; Santa Cruz Biotechnology), 
and anti-human CD9 (Cat. No. sc-13118; Santa Cruz 
Biotechnology). Following washing with PBST, the 
membranes were incubated with horseradish peroxidase 
(HRP) -conjugated secondary antibodies (Cat. No. sc-
516102; Santa Cruz Biotechnology) for 1 h at room 
temperature. Subsequently, the membranes were washed 
and incubated with enhanced chemiluminescence 
solution (Bio-Rad). Finally, immunoreactive protein 
bands were visualized using X-ray film.

Exosomal protein concentration measurement 
To estimate the EV content obtained from the isolation 
process, the protein concentration of purified EV 
suspensions was quantified using a bicinchoninic acid 
(BCA) protein assay kit (Thermo Fisher Scientific, Cat. No. 
23227) according to the manufacturer’s instructions. Briefly, 
quantification was performed by preparing a serial dilution 
to generate a standard curve. Subsequently, exosome 
concentration was determined based on the standard curve.
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Surface modification of exosomes
The covalent conjugation of F-protein (RSV fusion 
protein) onto the surface of exosomes was performed 
using standard carbodiimide chemistry (click chemistry). 
In this procedure, a 1:1:1 molar ratio of EDC: NHS: 
F-Protein and a 20% (w/w) protein-to-exosome ratio 
were used. For this purpose, the exosome solution (250 
μL, 1.5 mg/mL) was added to EDC (82 μL, 1 mg/mL) 
and incubated for 30 min to activate carboxyl groups. 
Subsequently, NHS (110 μL,1 mg/mL) was added, and 
the mixture was shaken at 37 °C for 1 h generate activated 
amino-reactive intermediates on the exosomes surface. 
Then, 100μL of F-protein (0.5 mg/mL) was added to 
the reaction mixture. Finally, 500 μL of PBS buffer (100 
mM, pH 7.4) was added. The solution was subjected to 
dialysis (MWCO 14 kDa, Sigma Aldrich) and shaken at 
250 rpm overnight to remove unbonded Proteins. The 
F-protein-conjugated exosomes were then collected from 
the dialysis bag.

Calculation of modification efficiency 
For the evaluation of the efficiency of the EDC-NHS 
system and quantification of the F-protein bound to the 
surface of exosomes, the BCA Protein Quantitation Kit 
was used. Specifically, quantification of surface-bound 
F-protein was performed indirectly by measuring the 
amount of unbound F-protein and comparing it with a 
standard curve generated using serial protein dilutions. 
The efficiency of the EDC-NHS system and the bounding 
efficiency were calculated using the following formula:

( ) Total amount of peptide Unbounded peptideBinding Capicity %  100
Weight of nanoparticle

−
= ×  Eq. 1

( ) Total amount of peptide Unbounded peptideBinding Efficiency %  100
Total protein

−
= ×

 
                                                                                            Eq. 2

Characterization of exosomal modifications
All exosome extraction, modification, and loading steps 
were confirmed by dynamic light scattering (DLS) using 
a Malvern Particle Sizer (Zetasizer Nano ZS90, United 
Kingdom) to determine the average hydrodynamic 
diameter and zeta potential of different exosome 
formulations (Exo, Exo-F, Exo@Dox, Exo-F@Dox). 
The morphology and surface alterations of the exosome 
formulations were assessed using scanning electron 
microscopy (SEM; MIRA3 FEG-SEM, Tescan, Czech 
Republic) and transmission electron microscopy (TEM; 
LEO 906, Zeiss, Germany), respectively. In addition, 
analysis of the three-dimensional surface topography of 
modified exosomes at the atomic level was performed 
using atomic force microscopy (AFM; Bruker - 
NanoWizard II, Germany). Each exosomal modification 
step was further confirmed by proton nuclear magnetic 
resonance (1H-NMR) spectroscopy (Bruker SpectroSpin 
Avance spectrometer, Germany), and Fourier transform 
infrared (FT-IR) Spectroscopy (Bruker-Tensor 27, 
Germany).

Drug loading study
In this regard, IC50 concentration of Dox (Doxorubicin 
Hydrochloride; EBEWE Pharma AUSTRIA, Lot. No. 
LP5345; was purchased from Tabriz university of 
medical sciences pharmacy (Iran).) was mixed with 
exosome groups (Exo, Exo-F) at 30 µg /mL exosomal 
protein and sonicated using a probe sonicator with a 
25” tip at 20% amplitude for 6 cycles of 30 s, with a 2 
min cooling period between each cycle in an ice bath. 
The sonicated mixture (Exo-Dox solution) was then 
incubated for 60 min at 37 ˚C to allow recover of the 
exosome membrane. Subsequently, to separate unloaded 
free Dox from Dox-loaded exosomes, the mixture was 
sedimented by ultracentrifugation at 90,0000 × g for 60 
min at 4 °C. Finally, the exosomal pellets were collected 
and resuspended in PBS. Thereafter, loading of Dox into 
the exosomes was confirmed by DLS, SEM, and TEM 
analyses through an increase in particle size and a shift 
in zeta potential. In addition, the amount of drug loading 
and release was evaluated at a wavelength of 490 nm 
using a UV-vis spectrophotometer. The quantity of drug 
loading was measured using a UV-vis spectrophotometer 
(Scinco 4100 spectrophotometer, Shimadzu, Japan) at a 
wavelength of 490 nm. The drug encapsulation efficiency 
and loading capacity of the exosomes were calculated 
using the following formula:

( ) Total DOX  Supernatant DOXELoading Capicity %  100
Total weight of exosomes

−
= ×  Eq. 3

( ) Total DOX  Supernatant DOXEncapsulation Efficiency %   100
Total DOX
−

= ×  Eq. 4

Surface interaction of exosomes with the cells
For examination of surface physical interactions of 
exosomes, 4 × 105 MDA-MB-231 cells were cultured 
under standard conditions on the surface of Au SPR chip 
and allowed to form a monolayer on the Au chip. After 
washing, the chips were placed in an SPR instrument 
(MP-SPR Navi 210A, BioNavis Ltd., Tampere, Finland). 
exosomes (Exo and Exo-F) were injected at a controlled 
flow rate, and their interactions with the cell surface were 
monitored through response unit (RU) values by changes 
in the SPR angle. 

Cellular uptake assay
Uptake qualitative assays of FITC-loaded exosome 
samples were examined in concentration-dependent 
and time-dependent manners. In this regard, 1 × 105 
cells were cultured on glass coverslips in each well of 
6-well plates under standard conditions. After 24 h, 
the cells were treated with increasing concentrations of 
exosomes (15, 30, 60 and 120 µg) for 3 h, as well as for 
increasing incubation times (30, 60, 120 and 180 min) 
using 120 µg exosomes under light-protected conditions. 
After washing with PBS and staining with DAPI (2 μg/
mL, Sigma) for 30 min, the treated cells on the glass 
coverslips were examined by confocal microscopy (BX51, 
Olympus, Japan). For quantitative evaluation of cellular 
internalization, cultured and treated cells under the same 
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conditions as the qualitative assays were trypsinized, 
collected, and resuspended in a final volume of 500 µL 
PBS. The fluorescence intensity of the cells was then 
analyzed using a flow cytometer (BD FACSCalibur, 
USA) and plotted using FlowJo software (version 10). 
Furthermore, cellular uptake in non-cancerous cell lines 
(HUVEC and HFF2) was evaluated both quantitatively 
and qualitatively at the highest concentration and the 
longest incubation time.

Drug release study
To simulate and compare the pH- and temperature-
dependent release behavior of Dox-loaded exosomes 
(Exo@Dox and Exo-F@Dox), the Dox release profile was 
evaluated using a dialysis method in PBS buffers at two 
pH values (5.5 and 7.4) and two temperatures (37 ◦C and 
40 ◦C). To this end, 1000 μL of Dox-loaded exosomes 
(30 μg/mL exosomal protein), suspended in PBS 
supplemented with 10% FBS, was placed into a cellulose 
dialysis bag (MWCO 14 kDa) and immersed in 50 mL of 
PBS (pH 5.4 or 7.4) under continuous shaking at 37 ◦C 
or 40 ◦C. At predetermined time intervals (1, 4, 8, 24, 48, 
and 72 h), 1 mL of the surrounding release medium was 
collected and analyzed using a UV-vis spectrophotometer 
at a wavelength of 490 nm to determine the amount of 
released Dox. An equal volume of fresh PBS was then 
added to the release medium. The following equation was 
used to calculate the percentage of Dox-released:

( ) ( )èt Amount of drug in release medium at time t
Drug release %  100

Total amount of drug loaded in nanocarrier
∑

= ×  

Eq. 5

In vitro cytotoxicity study
In summary, to estimate the viability of cells exposed 
to different exosome formulations, MDA-MB-231 
(cancerous), HUVECs, and HFF2 (non-cancerous) cell 
lines were used. In this regard, 2 × 104 cells were seeded 
in each well of 96-well culture plates and incubated under 
standard conditions for 48 h. Subsequently, the cells 
were treated with decreasing concentrations of different 
exosome formulations (30 µg /mL exosomal protein) and 
Dox (4.6 µg/mL), including control, Dox, Exo, Exo@Dox, 
Exo-F, Exo-F@Dox, for 48 h. After the treatment period, 
200 µl MTT solution (2 mg/mL in culture medium) 
was added to each well and incubated under standard 
conditions in the dark for 4 h. Thereafter, the MTT-
containing medium was removed, and 100 μL DMSO was 
added to each well. After incubation in the dark for 15 min 
to dissolve the formazan crystals, the optical absorbance 
was measured at 570 nm using a multimode microplate 
reader (Biobase, Immuno Scan ELISA Reader). Each 
experimental group was tested in triplicate.

Migration assay
MDA-MB-231 cells were cultured for 48 h and treated with 
different groups of exosomes and Dox, including control, 
Dox, Exo, Exo@Dox, Exo-F, Exo-F@Dox, and Dox-loaded 

formulations, for 24 h. After trypsinization,1 × 104 cells 
suspended in 500 µL of DMEM supplemented with 2% 
FBS were seeded into the insert of a Transwell chamber 
plate equipped with an 8 µm polycarbonate membrane 
and incubated for 24 h. Cells that migrated into the lower 
chamber were stained with methylene blue. Finally, the 
number of stained cells in each well was counted in ten 
random fields. This assay was performed in triplicate for 
each group.

Mitochondria exclusion capacity
Continually, MDA-MB-231 cancer cells treated with 
various groups of exosomes and Dox were trypsinized 
and centrifuged. The cellular pellets were incubated with 
100 µL of Rhodamine 123 dye (10 µg/mL) for 2 h. The cell 
suspension was then centrifuged at 2000 × g for 5 min, and 
the resulting cell pellet was washed three times with 1 mL 
PBS (pH 7.4), with centrifugation between each washing 
step, to remove unabsorbed rhodamine dye. Finally, the 
cells were resuspended in 500 µL of PBS, and 50 µL 4% 
paraformaldehyde was added to fix the cells. The samples 
were then analyzed by flow cytometry to evaluate the 
dye exclusion capacity of different treatment groups at a 
wavelength of 550 nm.

PCR array analysis
PCR array analysis was employed to study the expression 
of genes involved in epithelial-mesenchymal transition 
(EMT) signaling pathways. MDA-MB-231 cells were 
treated for 24 h with different exosome groups, including 
control, Dox, Exo, Exo@Dox, Exo-F, Exo-F@Dox, and 
Dox-loaded formulations (30 μg /mL exosomal protein 
and 4.6 μg/mL Dox). The treated cells were lysed, and 
total RNA was extracted using a Trizol Reagent RNA 
extraction kit (Cat. No. 302-001; RiboExLs). The purity 
of RNA samples was evaluated using a NanoDrop system 
(Thermo Fisher, USA). The extracted RNA was then 
reverse-transcribed into cDNA using Parstous reverse 
transcription kit (Cat. No. A101162). Subsequently, the 
expression profiles of EMT-related genes were analyzed 
using the Human EMT RT2 Profiler PCR Array (Cat. No. 
PAHS-084Z; Qiagen GeneGlobe) and a LightCycler 480 
Instrument II (Roche). The obtained data were analyzed 
using the 2−ΔΔCT method to calculate relative changes in 
gene expression associated with the EMT pathway. In 
this study, a transcriptional change greater than two-fold 
was considered as the cutoff value, and each experimental 
group was analyzed in triplicate.

In vivo biodistribution study
The biodistribution of the formulated exosomes was 
evaluated when the average tumor volume reached 
approximately 50 mm3. Since, IC50 of Dox is around 5-10 
mg/kg, so we chose 5mg/kg for our study.40 Subsequently, 
100 µg (5 mg/kg) of Exo@Dox, Exo-F@Dox, and free Dox 
(at two concentrations: therapeutic dose (TD) and the 
dose loaded in exosomes were injected intraperitoneally 
into 4T1 tumor-bearing mice, taking advantage of the 
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inherent fluorescence of Dox. In addition, rhodamine-
loaded pristine Exo and Exo-F were used to evaluate the 
biodistribution profile (n = 3). It is noteworthy that the 
rhodamine loading procedure for exosomes was the same 
as that used for Dox loading. After 72 h post-injection, the 
mice were euthanized, and major organs, including the 
heart, liver, spleen, lung, and kidney, as well as tumors, 
were excised and imaged using Kodak In-Vivo Imaging 
System FX Pro (Kodak, US). 

Statistical analysis
All experiments were performed in triplicate. Statistical 
analyses were conducted using one-way ANOVA 
(GraphPad Prism 8.4.0) or Microsoft Excel 2019. A P 
value < 0.05 was considered statistically significant.

Results
Extraction and characterization of exosomes
Recognition of the common exosomal protein markers 
CD63, CD9, and CD81 by western blot analysis confirmed 
the successful extraction of exosomes from MDA-
MB-231 cell culture (Fig. 1A). Systematic characterization 
of the exosomes was performed in terms of size, zeta 
potential, morphology, and structural changes. The 
hydrodynamic diameter and zeta potential of extracted 
bulk exosomes were 85.5 nm and −10.3 mV, respectively. 
After F-protein conjugation, the size and zeta potential of 
the modified exosomes (Exo-F) changed to 320 nm and 
-4.5 mV, respectively. Meanwhile, loading of Dox into the 
extracted exosomes (Exo@Dox) resulted in shifts in size 
and zeta potential to 175 nm and -6.7 mV, respectively. 
In addition, loading of Dox into the F-protein-conjugated 
exosomes (Exo-F@Dox) demonstrated an increase in size 
and zeta potential to 340 nm and 0.2 mV, respectively 
(Fig. 1B, 1C). Furthermore, morphological analysis using 
SEM and TEM confirmed spherical and elliptical shapes 
for all exosomal groups. Consistent with the DLS results, 
SEM images exhibited average size of 60.4 nm for Exo, 
92.3 nm for Exo@Dox, 112.2 nm for Exo-F, and 151.0 
nm for Exo-F@Dox. In addition, TEM images revealed 
a loss of the cup-shaped structure of exosomes following 
F-protein conjugation (Figs. 1D, 1E, 1F).

Generally, the FTIR spectra of Exo-F and Exo groups 
were similar, as recorded in the range of 4000-500 cm–1 
(Fig. 1G). Regarding protein-associated peaks in the range 
of 1700-1472 cm–1, more prominent peaks at 1646 cm–1 
(corresponding to amide I) and 1545 cm–1 (corresponding 
to amide II) were observed in the Exo-F group compared 
to the Exo group, confirming a higher protein content in 
the modified exosomes. In addition, FTIR spectra in the 
ranges of 2922-2853 cm–1 and 1491-1448 cm–1 confirmed 
the presence of lipids in both groups. Based on result, by 
adding F-protein to the surface of exosomes, the surface 
lipid bonds diminish due to presence of complicated 
F-protein structure (different kinds of chemical bonds 
in the protein structure). Furthermore, the Exo group 
showed higher absorbance peaks than the modified 
group, reflecting the predominant lipidic structure of 

the Exo group. Furthermore, signals in the range of 
1200 - 900 cm–1 were associated with nucleic acids and 
carbohydrates in both groups. Based on the results, peaks 
at 1072 cm–1and 1156 cm–1 in the Exo group were more 
prominent than those in the Exo-F group, probably due to 
surface coverage by F-protein in the modified exosomes 
(Fig. 1G).41,42 Ultimately, in confirmation of the NMR 
results, the peak at 1243 cm−1, related to stretching of the 
aromatic ester carbonyl group, decreased after attachment 
of the F-protein (Figure 1 H). Next, to validate F-protein 
conjugation on the exosomes (Exo-F), the samples were 
investigated by nuclear magnetic resonance (NMR) 
analysis. As depicted in (Fig. 1E), shifts in the particles' 
average size distribution led to variation in the peaks of 
the NMR spectra. The obtained results indicated a slight 
shift from 62.59 to 69.74 ppm following conjugation 
of the F-protein with the exosomes. In addition, the 
reduction of some peaks in the range of 0.75–3.75 ppm 
indicated changes related to amide and methyl groups. 
Furthermore, as a result of F-protein conjugation onto 
the exosomes, a decrease in the peak at 8.4 ppm and the 
appearance of a new peak at 7.06 ppm were observed, 
which were attributed to a reduction in aromatic groups 
and an increased in tyrosine residues, respectively 
(Fig. 1G). Overall, FTIR and NMR analyses confirmed 
the successful conjugation of F-protein onto exosomes 
(Exo-F) (Fig. 1G, 1H). In agreement with the SEM and 
DLS results, AFM analysis also showed increased size and 
condensation of Exo-F compared with the Exo group. 
Topographic imaging of Exo and Exo-F by AFM further 
confirmed the alterations in the three-dimensional 
(3D) surface structure between Exo-F and Exo groups 
(Supplementary file 1).

F-protein coupling and drug loading efficiency 
Evaluation of UV-visible analysis illustrated that the 
encapsulation efficiency of Dox into Exos and Exo-F via 
the sonication method was 33,2% and 27.3%, respectively. 
Meanwhile, the loading capacity percentage (LC%) of 
Exos was determined to be 5.1% for Exo and 4.2% for 
Exo-F at room temperature. It was calculated that the 
content of Dox in the exosomes (4.6 µg/mL in sink media) 
was about 1.53 μg/mL and 1.26 μg/mL for Exo and Exo-F, 
respectively. Summarily, Table 1 indicates a comparison 
of EE% and LC% of Dox before and after efficient 
bioconjugation of F-protein. Also, the quantification 
reports of relative BE% and BC% of F-protein on the 
surface of exosomes via covalent binding induced by the 
EDC-NHS method were determined to be about 81.14% 
and 31.5%, respectively (Table 1).
 
In vitro profile of dox release
In this work, the Dox-release behavior of Exo-F and 
Exos groups was quantified in a pH- (pH 7.4, pH 5.5) 
and temperature- (37 °C, 40 °C) dependent manner (Eq. 
5). Results showed that 60% of Dox was released from 
Exos-F@Dox at pH 5.5 and 40 °C after 4 h, which was 
significantly higher than the release rate of Exos-F@
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Fig. 1. Physicochemical characterization of different nano-formulated exosome groups: exosome (Exo), Dox-loaded exosome (Exo@Dox), F-protein-
conjugated exosome (Exo-F). Dox-loaded F-protein-conjugated exosome (Exo-F@Dox). Western blot analysis confirming the presence of exosomal 
biomarkers (CD9, CD63, and CD81). (B) Comparison of the zeta potential of Exo, Exo@Dox, Exo-F, and Exo-F@Dox. (C) Shifts in the hydrodynamic 
diameter of Exo, Exo@Dox, Exo-F, and Exo-F@Dox determined by DLS analysis (D) Morphological imaging of the Exo, Exo@Dox, Exo-F, and Exo_F@
Dox by scanning electron microscope (SEM). (E) Size analysis of Exo, Exo@Dox, Exo-F, and Exo-F@Dox based on SEM microscope (n = 100; mean ± SD). 
(F) Transmission electron microscopy (TEM) images of Exo, Exo@Dox, Exo-F, and Exo-F@Dox. (G) Characterization of the surface morphology of Exo 
and Exo-F groups by FTIR spectra, (H) the complete NMR spectra of Exo and Exo-F groups.
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Dox at pH 7.4 and 37 °C (17%), and Exo@Dox at pH 
5.5 and 40 °C (22%) and at pH 7.4 and 37 °C (18.2%). 
Also, a controlled release behavior was observed in the 
Exo-F group at pH 5.5 and 40 °C over the following 48 
h, compared to the other groups. This phenomenon 
confirmed the positive synergistic effect of acidic pH and 
elevated temperature on the release of Dox from Exos-F@
Dox, compared to each group condition alone (Fig. 2A). 

Surface plasmon resonance (SPR) confirmed increased 
interactions by Exo-F
Comparison of the sensograms of the Exo-F and Exo 
interactions with the MDA-MB-231 cells membrane 
exhibited an increase in RU (resonance units) signal 
up to four times higher for Exo-F than Exo at the same 
concentration (30 µg/mL exosomal protein), indicating 
enhanced interaction of EXO-F with MDA-MB-231 
cancer cells (Fig. 2B).

Modified exosomes (Exo-F) showed increased uptake in 
MDA-MB-231 cells 
The efficiency of cellular uptake of FITC-loaded exosomes 

by MDA-MB-231 cells was assessed both qualitatively 
and quantitatively, using fluorescent microscopy and flow 
cytometry, respectively. Results showed that fluorescently 
labeled exosomes were internalized by the cells in a time- 
and concentration-dependent manner, highlighting 
significantly higher internalization of modified exosomes 
(Exo-F) compared to non-modified exosomes (Exo) in 
MDA-MB-231 cells (Fig. 3). In contrast, non-cancerous 
cell lines, HUVEC and HFF2, demonstrated significantly 
lower cellular internalization than cancer cells, both for 
the modified and non-modified formulations (Fig. 4). 

Cytotoxicity of different groups of exosomes in MDA-
MB-231, HUVEC, and HFF2 cells
In-vitro cytotoxicity studies of different groups, including 
free Dox, Exo, Exo@Dox, Exo-F, Exo-F@Dox, F-protein, 
and control, indicated that loading of Dox into Exo-F 
significantly decreased the IC50 concentration after 48 h 
of incubation. The IC50 value for Dox loaded in Exo-f@
Dox formulation was 0.19 μg/mL of Dox concentration, 
whereas the Exo@Dox formulation did not reach an 

Table 1. The properties of binding and loading of exosomes

Efficiency
Samples

Unmodified exosomes (Exo) Modified exosomes (conjugated 
F-protein exosomes) (Exo-F) Formula

Loading capacity (LC%) 5.1% 4.2% Eq. 1

Encapsulation efficiency (EE%) 33,2% 27.3% Eq. 2

Binding capacity (BC%) - 31.5% Eq. 3

Binding efficiency (EE%) - 81.14% Eq. 4

Fig. 2. (A) In vitro drug release profile of Dox from Exo and Exo-F groups over 72 h under different conditions: pH 7.4 and pH 5.5, at 37 °C and 40 °C. Data 
are presented as mean ± SD, n = 3, ****P < 0.0001. (B) SPR analysis of surface interaction of Exo and Exo-F groups with MDA-MB-231 cells.
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Fig. 3. In vitro concentration-dependent cellular uptake in MDA_MB-231 cells. (A) Qualitative concentration-dependent uptake of different formulations of 
FITC-loaded exosomes: Exo@FITC (m-o) and Exo-F@FITC (a-j) at concentrations of 15, 30, 60, and 120 µg/mL of exosomal protein with an exposure time 
of 3 h in MDA_MB-231 cells, assessed by fluorescence microscopy. (B) Quantitative concentration-dependent uptake of Exo@FITC and Exo-F@FITC at 
the same concentrations and exposure time in MDA_MB-231 cells, measured by flow cytometry. (C) Calculation of the mean fluorescence intensity (MFI) 
of Exo-F@FITC at 15, 30, 60, and 120 µg/mL in MDA_MB-231 cells. In vitro time-dependent uptake of different formulations of FITC-loaded exosomes in 
MDA_MB-231 cells. (D) Qualitative time-dependent uptake of Exo@FITC (J–L) and Exo-F@FITC (a–j) at 30, 60, and 120 min with 120 µg/mL of exosomal 
protein, assessed by fluorescence microscopy. (E) Quantitative-time-dependent uptake of Exo@FITC and Exo-F@FITC at 30 min, 60 min, 120 min with 
120 µg/mL of exosomal protein, measured by flow cytometry. (F) Calculation of the mean fluorescence intensity (MFI) of Exo-F@FITC at 30 mi, 60 min, 
120 min with 120 µg/mL of exosomal protein in MDA_MB-231 cells. Data are presented as mean ± SD, n = 3, * P < 0.1, *** P < 0.007, and ****P < 0.0001.



Mardi et al

BioImpacts. 2026;16:3318010

IC50 at the loaded Dox concentration (1.53 μg/mL). 
The IC50 value for free Dox was 4.6 μg/mL. According 
to our findings, F-protein-functionalized exosomes 
exhibited 24.2-fold stronger cytotoxicity than free Dox 
and even Exo@Dox (Figure 5 A). Interestingly, Dox-free 
Exo-F showed higher cytotoxicity in MDA-MB-231 cells 
compared to HUVEC and HFF2 cells (Figure 5 B,). which 
strongly suggests investigating the underlying mechanism 
in future studies. A comparison of IC50 values for the 
different exosome groups on MDA-MB-231, HUVEC, and 
HFF2 cells, as determined by MTT assay, is summarized 
in Table 2.

Exosomes conjugated to f-protein decrease migration of 
MDA-MB-231
Results of migration assay illustrated that cells treated 
with Exo-F@Dox, Exo-F and free Dox (at its IC50 
concentration) exhibited a marked lost their migratory 
capability compared to other formulations. As expected, 
treatment with free Exo significantly enhanced the 
migratory properties of cancer cells compared to the 
control group, indicating the natural role of cancer-
derived exosomes in promoting metastasis. More 
interestingly, Exo@Dox showed at least a threefold 
greater inhibition of migration compared to Exo (30% 
vs. 10%), highlighting the potency of released Dox in 
counteracting the stimulatory effects of free exosomes on 
cellular migration (Fig. 6A).

PCR array analysis
The effect of surface modification of exosomes with 
F-protein on the EMT machinery was assessed using PCR 
array analysis. Our results indicated that conjugation of 
RSV F-protein to the exosome surface induced shifts in 
the expression patterns of genes involved in the classical 
EMT process compared to other exosomal groups. The 
data confirmed that MDA-MB-231 cells treated with 
Dox, Exo, and Exo@Dox exhibited a Dox-resistant, EMT-
activated phenotype, with upregulation of EGFR, Akt, 
WNT, MMP2, TGFβ2, ESR1, SERPINE1, and Notch-1 
adaptors by more than 2-fold (Fig. 6B).43,44

Considering the role of MMP9 in promoting EMT,45,46 no 
significant differences were observed in MMP9 expression 
among all treated groups. Additionally, given the role 
of CDH1 in maintaining epithelial characteristics.47,48 
Results showed that CDH 1 expression in cells treated 
with modified exosomes (Exo-F, Exo-F@Dox groups) was 
slightly decreased compared with other treated groups, 
but not significantly. In contrast, cells treated with Exo, 
Exo-Dox, and free Dox showed a significant increase in 
CDH 1 expression. Meanwhile, CDH 2, a mesenchymal 
marker, showed a significant increase in the group 
treated with free Dox and a very pronounced decrease 
in Exo-F group. Examination of COL4A1 expression 
revealed a significant increase in all groups except Exo-F. 
Interestingly, contrary to expectations, vimentin (Vim) 
expression was significantly increased in the Exo-F group 
compared to the other groups (Fig. 6B).

Fig. 4. In vitro cellular uptake in HUVEC and HFF2 cells. (A) Qualitative uptake of different formulations of FITC-loaded exosomes: Exo@FITC (a–c) 
and Exo-F@FITC (d–f) at 120 min and 120 µg/mL of exosomal protein, assessed by fluorescence microscopy. (B) Quantitative uptake of Exo@FITC 
and Exo-F@FITC at 120 min and 120 µg/mL of exosomal protein in HUVEC and HFF2 cells, measured by flow cytometry. (C) Calculation of the mean 
fluorescence intensity of Exo@FITC and Exo-F@FITC at 120 min and 120 µg/mL of exosomal protein in HUVEC and HFF2 cells. Data are presented as 
mean ± SD, n = 3, **** P < 0.0001.
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Table 2. Comparison of IC50 values of different exosome groups in MDA-MB-231, HUVEC, and HFF2 cells determined by MTT assay

Cells
Sample Doxorubicin Free 

F-protein Exosomes Dox loaded exosomes
F-protein modified 
exosomes loaded 
Dox

F-protein modified 
exosomes 

Abbreviation Dox F-protein Exo Exo@Dox Exo-F@Dox Exo-F

MDA-
MB-231

IC50 based of Dox 
concentration 4.6µg/mL - Increase the 

viability

Not seen for Dox loaded 
(need to the high 
concentration of Dox

0.19 µg/mL of Dox 
concentration -

IC50 based 
of exosomes 
concentration

- Not change Increase the 
viability - -

0.1 µg/mL of 
exosomal protein 
concentration

HUVEC 

IC50 based of Dox 
concentration 4.6µg/mL - Not change 0.38 µg/mL of Dox 

concentration
1.53 µg/mL of Dox 
concentration -

IC50 based 
of exosomes 
concentration

- - Not change - -
30 µg/mL of 
exosomal protein 
concentration 

HFF2 

IC50 based of Dox 
concentration 4.6µg/mL - Not change 0.70 µg/mL of Dox 

concentration
0.38 µg/mL of Dox 
concentration -

IC50 based 
of exosomes 
concentration

- - Not change - -
30 µg/mL of 
exosomal protein 
concentration

Fig. 5. Comparison of in vitro cytotoxicity in MDA-MB-231, HUVEC-, and HFF2 cells using the MTT assay after 48 h treatment with different groups, including: 
control, free Dox (Dox), Exo alone (Exo), F-protein (F), Dox-loaded exosome (Exo@Dox), F-protein-conjugated exosomes (Exo-F), Dox-loaded F-protein-
conjugated exosomes (Exo-F@Dox). (A). Cell viability of MDA-MB-231, HUVEC-, and HFF2 cells treated with different doses of Dox (1.53, 0.76, 0.38, 0.19, 
0.095, 0.048, 0.023, and 0.011 µg/mL). (B) Cell viability of MDA-MB-231, HUVEC-, and HFF2 cells treated with different doses of exosomal protein (30, 
15, 7.5, 3.75, 1.87, 0.94, 0.47, and 0.23 µg/mL). Data are presented as mean ± SD, n = 3, analyzed by 2-way ANOVA. ns < 0.05; * P < 0.01, ** P < 0.006, *** 
P < 0.0008; ****P < 0.0001.
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Modified Exos (Exo-F, Exo-F@Dox) induce mitochondria 
extrusion
To evaluate mitochondrial membrane integrity and 
negative membrane potential (ΔΨm), rhodamine-123 
was used.49 Flow cytometry analysis was then employed 
to quantify mitochondrial membrane integrity in cells 
treated with different exosome groups, including Control, 
Exo, Dox, Exo@Dox, Exo-F, and Exo-F@Dox. The results 
showed that cells treated with Exo-F and Exo-F@Dox 
demonstrated mitochondrial dysfunction and increased 
extrusion of rhodamine-123 (Fig. 6C).

In vivo biodistribution study 
An in vivo biodistribution study was conducted in female 
4T1 tumor-bearing Balb/c mice to evaluate exosomes 
accumulation in various organs (Fig. 7A). Our results 
confirmed that around 17 µg (5.8 folds lower than TD) 
and 15.7 µg (6.4 folds lower TD) for pristine and modified 
Exo, respectively. Worth mentioning, these amounts of 
Dox was loaded into 30 µg exosomal protein content, 
which injected to each mouse. Ex vivo imaging results 
showed that, 72 h post-injection, rhodamine-labeled 
Exo-F successfully accumulated at the tumor site and 
in the brain. In contrast, Exo-F@Dox was primarily 
entrapped in the liver in addition to the brain and tumor. 
Interestingly, rhodamine-loaded Exo was distributed 
across all organs except the spleen and lung (n = 3) (Fig. 
7A) Moreover, tumor volume measurements confirmed 
inhibition of tumor growth and a significant decrease in 

tumor size in the groups treated with Exo-F and Exo-F@
Dox; over 10 days (n = 3) (Fig. 7B). 

Discussion
Considering the drawbacks of chemotherapeutic agents 
such as Dox, and their insufficient bioavailability due 
to elimination via P-glycoproteins, the effectiveness 
of chemotherapy has been far from satisfactory.50 
Recently, many efforts have focused on expanding the 
application of exosomes as biocompatible carriers for 
the delivery of chemotherapeutic agents such as Dox.51 
Despite the advantages of pristine exosomes, the use of 
natural exosomes as carriers and as targeted therapeutic 
or diagnostic platform has demonstrated considerable 
limitations, particularly in targeting ability.27,52 Moreover, 
specific targeting of cancer cells seems to be crucial for the 
development of effective therapeutic agents.53 Herein, we 
confirmed that RSV F-protein -modified MDA-MB-231 
cell-derived exosomes could potentially be used for 
targeting TNBC breast cancer. 

Physicochemical characterization of exosomes isolated 
from MDA-MB-231 cells demonstrated their authenticity, 
morphology, and structural properties using different 
techniques. These properties proved that the isolated 
exosomes possess suitable features for drug delivery 
applications.54 However, as noted earlier, due to the 
presence of different functional proteins on their surface, 
pristine exosomes lack targeting specificity.12 Consistent 
with other experimental studies, alterations in the 

Fig. 6. (A) Migration assay using Transwell inserts. Monitoring MDA-MB-231 cell migration after 48 h of treatment with Control, Exos, Dox, Exo@Dox, Exo-F, 
and Dox-loaded Exo-F@Dox, n = 10; ** P < 0.005, and ****P < 0.0001. (B) Clustergram illustrating genes involved in the EMT pathway in MDA-MB-231 cells 
treated with Dox, Exos, Exo@Dox, Exo-F, and Exo-F@Dox for 48 h (n = 3). Red areas indicate upregulation, and blue areas indicate downregulation. (C) 
Monitoring mitochondrial membrane potential (ΔΨm) in the MDA-MB-231 cells treated by Control, Dox, Exo, Exo@Dox, Exo-F, and Exo-F@Dox, assessed 
by flow cytometry.
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physicochemical properties of the isolated exosomes 
confirmed the successful attachment of F-protein onto 
the exosomes surface.55 Also, FTIR results confirmed the 
successfully attachment of RSV F-protein to the surface of 
harvested exosomes, via covalent bond. As drug molecules 
could be found in the exosome's cavity or on the surface of 
them, obviously hydrodynamic and real size of exosomes 
would be altered after the loading procedure. Therefore, 
changes in the zeta potential and size of exosomes are 
referred to drug loading in nano-pharmaceutical 
experiments. Since, DLS results are equal to 106 times of 
reflected laser beam from nano sized entities size. In fact, 
any aggregation would be shown as a big curve in 
harvested peaks. Also, we should keep in mind that the 
reported size by DLS is hydrodynamic diameter of 
particles not their real size that can be seen in SEM or 
TEM, especially unexpected increase in the size of 
exosomes after modification by F-protein. Therefore, 
modification of particles by any agent which attracts 
higher solution around the particle, resulted in larger size 
than its real size depends on concentration of that agent 
on the particle surface. In contrast to the drug loading 
procedure in other types of nanoparticles (encapsulation 
or attachment of drug to the structure of nanoparticles), 

loading into highly compacted structure of exosomes 
need to relatively and transient instability of exosomes 
membrane using sonication or other physicochemical 
routs. Obviously, increasing the stability of exosomes 
membrane by addition of F-protein, decrease the efficacy 
of sonication method for drug loading procedure. On the 
other hand, enhance the power of sonication for 
compensation the mentioned problem was not working, 
because it causes to disruption of exosomes integrity. 
Therefore, LC% and EE% in this study maintained in a 
narrow range between pristine and modified exosomes. 
Also, drug releasing kinetic in the cells and their following 
endosomal escape efficacy is the most important level in 
any drug delivery discipline. In the case of cancerous cells, 
the pH of lysosomes is around 4.5-5 and intratumorally 
temperature is around 40-45 °C, while these parameters 
are 5.5-6 and 37 °C in normal tissues, respectively.56 
Therefore, the drug release profile of any nano systems 
should be controlled in these circumstances for checking 
treatment regimen and possible undesired side effects in 
normal cells. Importantly, due to the indisputable effect of 
proteins on the stability of lipid-derived nanoparticles 
(exosomes are like to immunoliposomes structurally) we 
added 10% albumin to release media for more exact 

Fig. 7. In vivo biodistribution study of different exosome formulations and tumor size. (A) Ex vivo imaging of major organs, including heart, kidney, lung, liver, 
spleen, brain, and tumor, after administration of Dox-loaded groups (Dox at TD, Dox-loaded Exo@Dox, and Exo-F@Dox) and rhodamine-stained groups 
(Control, Exo, and Exo-F). Mice received three injections over 10 days, and imaging was performed 72 h after the last injection. (B) Tumor volumes in mice 
treated with PBS, Dox (at TD), Dox-loaded, Exo, Exo@Dox, Exo-F@Dox, and Exo-F over 10 days (P < 0.0001; n = 3).
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simulation of biological media.57 In addition to changes in 
the physicochemical properties of exosomes, our cellular 
internalization studies verified more efficient 
functionalization of exosomes in a time- and 
concentration-dependent manner.58,59 As higher 
interaction and internalization of carriers are directly 
related to improved therapeutical outcomes, 
functionalizing of exosomes by F-protein caused to 
achieving this goal. Also, specific targeting resulted in 
lower drug-related side effects and reduced undesired 
nano-bio interactions.12 Importantly, the internalization 
of the Exo-F formulation was lower in non-cancerous 
HUVEC and HFF2 cells. Obviously, the lower 
internalization of Exo-F in non-cancerous cells occurred 
due to lower expression of F-protein -specific receptors 
on these cells and their higher expression on the MDA-
MB-231 cells.60 Additionally, despite the relatively low 
LC% and EE% compared with some synthetic 
nanoparticles, the specific internalization of developed 
F-protein-modified exosomes compensates for the 
required amounts of exosomes for drug delivery purposes. 
From a nano-bio interface points of view, the improved 
performance of nano-based formulations resulted in 
fewer unwanted effects.61 In fact, according to the scientific 
findings over the past three decades, decreasing the 
number of injected nanocarriers into the body influences 
off-target effects, side effects, accumulation at the diseased 
site, and finally the therapeutic index.26 According to 
evidence, the attached F-protein targets Nucleolin, IGF1, 
CD14, and TLR4, which are overexpressed in cancer cells, 
especially breast cancer cells.37,62,63 In addition to the 
targeting behavior of the developed exosomes, the 
intracellular burst release of Dox from EXoF@Dox 
formulation occurred in a pH- and temperature-
dependent manner, consistent with lysosomal conditions 
in cancer cells.27,64 This intracellular burst release, together 
with the cytotoxic effects of Dox in MDA-MB-231 cells, 
occurred due to saturation of multidrug resistance (MDR) 
proteins involved in drug efflux.64-66 Therefore, sufficient 
amounts of Dox remain available for DNA adduct 
formation and induction of single- and double-strand 
breaks.67 It is also worth mentioning that the slow release 
rate of encapsulated Dox from exosomes may present a 
reasonable explanation for the higher cellular toxicity of 
free Dox compared with Exo@Dox, as confirmed by other 
studies.27 However, contradictory results have been 
reported by Schindler et al, who confirmed higher in vitro 
cytotoxicity of the Exo@Dox formulation compared with 
free Dox.28 Surprisingly, the modified formulation showed 
stronger inhibitory effects on the migration ability of 
MDA-MB-231 cells than the unmodified formulation, 
consistent with its cytotoxicity effects. Developing a 
targeted nanoformulation using two natural compound 
(breast cancer derived exosomes and RSV F-protein) 
which increase the potency of Dox in eradication of breast 
cancer tumors not by altering the Dox inherent anti-
cancer properties (EMT inhibition is one of Dox usage 
outcomes),68 but by lowering needed amounts of drug due 

to showing enhanced targeting delivery. On the other 
hand, a great and strange finding of this study was potent 
anti-tumor effects of F-protein modified exosomes (even 
EMT signaling inhibition), while none of the portions of 
developed nanoparticles showed even slightly similar 
results alone. Unfortunately, due to lack of time and 
budget we couldn’t find exact mechanism of this odd 
phenomenon, but It seems F-protein modified exosomes 
follow the same trajectory of Dox in invasive breast 
cancer. Indeed, results of this study introduced a 
therapeutic compound that didn’t report previously in the 
literature that need to be unraveled as we proposed in the 
manuscript already. Possibly, the anti-migratory effects of 
the modified exosomes can be attributed to the improved 
anti-oncogenic activity of the F-protein on the surface of 
the modified exosomes,69 which should be further 
investigated through EMT pathway gene expression 
profiling. Furthermore, emerging evidence suggests an 
insufficient role of Dox in breast cancer treatment due to 
the maintenance of stemness of MDA-MB-231 cells70 and 
the induction of EMT associated with the development of 
Dox resistance. It should also be mentioned that the 
morphological changes observed in Dox-treated 
MDA-M-231 cells, from spindle-shaped to round-shaped, 
suggest the promotion of stemness properties in the 
surviving cells.64 Moreover, MDA-MB231 cells-derived 
exosomes primarily act as facilitators of EMT via 
reprogramming of the EMT pathway.71 Overall, 
assessment of the molecular profile of CSCs by PCR array 
supports the expectation that the proliferation, invasion, 
and migration properties of CSCs are up- or down-
regulated through shifts in cellular adhesion 
characteristics.72 Therefore, it can be imagined that Dox-
resistant MDA-MB-231 cells are closely associated with 
promotion of the EMT process and, simultaneously, 
expansion of stemness properties.73-75 According to PCR 
array results, maintenance of stemness properties in CSCs 
originates from upregulation of the TGF-β, Wnt, Notch, 
ERK, and Akt signaling pathways.73 Classical EMT is 
characterized by downregulation of E-cadherin (an 
epithelial marker) and upregulation of vimentin (Vim, a 
mesenchymal marker).46,47 However, the effects of our 
formulations on cell migration showed that alterations in 
several intermediate molecules involved in the EMT 
pathway led to a shift from the classical EMT pathway 
toward a mixed or altered EMT state in this study.45,46 
According to the literature, upregulation of Vim and 
downregulation of E-cadherin following binding of RSV 
F-protein to the exosome surface (Exo-F and Exo-F@Dox 
groups) probably occurred through activation of the p38 
MAPK pathway-dependent TGF-β/Smad cascade.76 
Overall, TGF-β1, as an EMT-inducing factor, leads to 
downregulation of E-cadherin (CDH1) in cancer cells.77 
However, in line with our findings, Talukdar et al 
suggested a robust distribution of E-cadherin in RSV-
infected cells, although they were treated with TGF-β1; 
these results contradict the conventional role of TGF-β1 
in the EMT process.78 This observation suggests that RSV 
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infection may induce a shift in the classical EMT pathway 
in infected cells. In conclusion, this phenomenon suggests 
that the presence of RSV F-protein in the structure of our 
developed exosomes may change stemness, migration, 
invasion, and the classical EMT pathway.77 Interestingly, a 
significant increase in COL4A1 expression was observed 
in all groups except the Exo-F group; however, this change 
did not affect cell migration. Nevertheless, a clear 
explanation for this behavior could not be identified.79

Dysfunction of the mitochondrial membrane potential 
observed after incubation of MDA-MB-231 cells with 
Exo-F and Exo-F@Dox is consistent with reports 
by Funchal et al, which showed that binding of RSV 
F-protein to TLR4 leads to activation of the Raf/MEK/
ERK and P38 MAPK signaling pathways, followed by 
activation of NADPH oxidase complexes, increased 
ROS production, and ultimately stimulation of NET 
release.5 Changes in ΔΨm provide a reliable indicator for 
measuring ROS production and analyzing mitochondrial 
function.80 Byrd et al also reported that an increase 
in FN1 (fibronectin) levels confirms the NET release 
phenomenon through involvement of the ERK/MAPK 
signaling pathway.81 Therefore, the groups examined in 
our study may stimulate cancer cell growth through this 
mechanism. Furthermore, Fibronectin-TLR4 interaction 
– one of the main targets of RSV F-protein can induce 
platelet aggregation and arterial thrombosis, thereby 
triggering NETosis in cancer.81 Another key factor in the 
activation of NETosis is Vim, which was increased in 
the Exo-F group. Thiam et al confirmed the central role 
of Vim intermediate filaments in rupturing the nuclear 
membrane and decondensation of chromatin during 
NETosis process.82,83 Moreover, activation of the TAK1/
MAPKP38/p53 signaling cascade, following a relative 
increase of TGFβ1 after exposure to the Exo-F group, is 
probably mediated by conjugation of F-protein to the 
TLR4. However, further research is needed to determine 
the precise signaling pathways activated by RSV 
F-protein-attached entities. More importantly, the results 
proved that free F-protein could not exert any toxic effects 
on tumor in vivo.

Conclusion
In recent decades, considerable attention has been devoted 
to designing systems for the targeted delivery of cytotoxic 
drugs to tumor cells without harming surrounding 
tissues. In this study, we developed a new class of modified 
exosomes (Exo-F) and Dox-loaded exosomes (Exo-F@
Dox), with size and zeta potential in the appropriate 
range for in vivo distribution, which demonstrated 
increased cytotoxicity against MDA-MB-231 and TME 
breast cancer cells. The IC50 value of Exo-F@Dox and free 
Dox after 48 h of exposure were about 0.19 µg/mL and 
4.6 µg/mL, respectively, indicating a 24-fold increase in 
potency (P ˂ 0.0001). Besides, the cellular migration assay 
confirmed reduced migration by the modified exosomes. 
Surprisingly, Exo-F group showed higher cytotoxicity 
and greater inhibition of migration than even the Exo-F@

Dox group. These effects likely stem from the role of the 
F-protein in inducing apoptosis and inhibiting the EMT 
pathway. Additionally, the high surface interaction and 
enhanced internalization into cancer cells, along with 
the burst release Dox from the F-modified exosomes, 
highlight the effective targeting capability of our designed 
exosomes for breast cancer cells. In vivo imaging studies 
confirmed that, due to F-protein coupling, the fluorescent 
distribution to vital organs, including the lung, heart, 
spleen, and kidney, was dramatically decreased. In this 
case, the Exo-F@Dox group showed accumulation in 
the liver due to the enhanced size and hepatic trapping, 
whereas the Exo-F group showed a dramatic decrease 
in liver distribution. Overall, the ability to improve 
targeting efficiency, facilitate drug delivery, and enhance 
therapeutic efficacy makes F-protein-modified exosomes 
highly promising for future clinical applications in cancer 
chemotherapy.

Perspective
Encouraged by our results, F-protein-modified exosomes 
(Exo-F) represent a promising platform as a superior 
alternative for cancer treatment, especially for brain 
cancer, compared to existing approaches. Their precise 
targeting and efficient accumulation suggest a bright 
prospect for future cancer chemotherapy. However, to 
gain deeper insights into the effects and mechanisms of 
these particles, more detailed studies are warranted.
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