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Abstract  

Purpose: Exosomes (Exos) are introduced as novel cell-free therapeutics with multiple benefits alongside and/or 

over-cell therapy. Here, we aimed to study the distribution pattern of normal and cancer xenogeneic Exos and 

possible interspecies reactions in a rat model. 

Methods: Exos were isolated from normal HUVECs and MDA-MB-231 breast cancer cells. Values like mean 

diameter size and zeta potential distribution were studied using DLS. The morphology of isolated Exos was 

monitored by SEM images. Using western blotting, protein levels of exosomal tetraspanins were detected. For the 

in vivo study, Dil-labeled normal and cancer Exos were injected into the tail vein (100 µg exosomal protein/rat) 

three times at 1-hour intervals. After 24 hours, rats were euthanized and the cellular uptake of Exos was monitored 

in different organs using immunofluorescence staining (IF).  

Results: The size distribution and mean zeta potential of HUVEC and MDA-MB-231 cells Exos were 80 ± 29.94 

and 64.77 ± 25.49 nm, and −7.58 and −11.8 mV, respectively. Western blotting revealed CD9, CD81, and CD63 

in normal and cancer Exos. The SEM images exhibited typical nano-sized round-shape Exo particles. IF staining 

indicated sequestration of administrated Exos in splenic tissue and lungs. The distribution of Exo in kidneys, aorta, 

and hepatic tissue was less. These features were more evident in the group that received cancer Exos. We found 

no obvious adverse effects in rats that received normal or cancer Exos.  

Conclusion: Data indicated that both normal and cancerous xenogeneic human Exos can be sequestrated 

prominently in splenic tissue and lungs. Novel delivery approaches and engineering tools are helpful in the target 

delivery of administrated Exos to the injured sites.  
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Introduction  

In higher creatures, intercellular communication is orchestrated via juxtacrine interaction or shuttling of soluble 

bioactive chemicals between varied cell types.1,2 In this regard, almost all cell types can release heterogeneous 
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extracellular vesicles (EVs) with the origin of endosomes [exosomes: Exos], and plasma membrane 

[microvesicles] into the extracellular space.1,3 Currently, Exos, nano-sized vesicles with an average range diameter 

of 30-150 nm are considered putative therapeutic candidates.4 Molecular investigations have revealed that EVs, 

especially Exos, harbor diverse signaling molecules with the potential to regulate horizontally the activity of target 

cells.5 Different ways are contributing to the uptake of Exos by the host cells. The first inward transport system is 

endocytic mechanisms such as lipid raft-mediated endocytosis, caveolin- and clathrin-based endocytosis, and 

micropinocytosis, which greatly promote the entry of Exos into the target cell cytosol. In addition to the direct 

membrane fusion, the direct interaction of Exo surface ligands with cell surface receptors can also help the uptake 

procedure.6-8  

In recent years, whole-cell- and EV (Exos)-based therapies have been used along with conventional modalities 

for the treatment of various complications and abnormalities.9 Compared to the whole cell therapy, Exos can in 

part, but not completely, circumvent the problems associated with crossing biological interfaces and allo-

recognition rejection.4 The field of Exo-based drug delivery is at the center of attention for increasing targeting 

efficiency.10 For this purpose, researchers have purified Exos from diverse biofluids with healthy and cancerous 

origins, and culture media using different protocols. However, the cellular uptake and intracellular trafficking of 

autologous/allogeneic/xenogeneic Exos have not been described yet. The injection of allogeneic and xenogeneic 

Exos can stimulate antigen-presenting cells and allo-/xeno-reactive responses.11 The physicochemical properties 

and high-rate in vivo biodistribution can increase the likelihood of elimination by hepatic and splenic 

macrophages.12 It should not be forgotten that the low levels of recognition elements on circulating Exo surface 

and rapid cell entry can reduce the direct interaction of Exos with immune cells compared to 

allogeneic/xenogeneic cells.12 In modalities associated with Exo therapy, the delivery of active compounds to the 

injured site is the subject of debate. Upon intravenous injection, the uptake of circulating Exo via macrophages 

leads to the accumulation in non-specific sites and reduction of the engraftment success in the target tissues.13 

Thus, conducting relevant studies using allogeneic and xenogeneic Exos is essential to monitor the absorption rate 

and delivery efficiency after intravenous transplantation.  

Here, we aimed to monitor the biodistribution pattern of xenogeneic Exos purified from human normal endothelial 

cells (ECs) and cancer breast cells in a rat model. It is hoped that the results of the current study can help us to 

understand the dynamic activity, biodistribution pattern of normal and cancer xenogeneic Exos, and possible 

reactions of immune organs after being administrated via the intravenous route (Figure 1A-C).  

 

 
Figure 1. Experimental procedure flow chart (A-C). Normal Exos were isolated from human endothelial cell lines 

(HUVECs). For the isolation of cancer Exos, the human breast cancer MDA-MB-231 cell line was used (A). 

Isolation of Exos was done using the differential ultracentrifugation method (B). Characterization, and 

transplantation of normal and cancer Exos to a rat model (C). 

Acc
ep

ted
 M

an
us

cri
pt



Accepted Manuscript (unedited) 

The manuscript will undergo copyediting, typesetting, and review of the resulting proof before it is published in its final form. 

 

 
3 | P a g e  
 

Materials and Methods 

Animal ethics  
For experimental procedures, permission was obtained from the Local Committee of the Ethics at Tabriz 

University of Medical Sciences (IR.TBZMED.VCR.REC.1400.350).14 In this study, 15 male Wistar rats, ranging 

from 6 to 8 weeks old and weighing about 120 g, were used. Before starting the experiments, rats were acclimated 

for two weeks under standard conditions with free access to water and chewing food.  

 

In vitro cell culture  

To assess the Exo biodistribution pattern in rat xeno-transplant model, human normal and cancer Exos were 

isolated in vitro after the culture of umbilical vein endothelial cells (HUVECs) and breast cancer MDA-MB-231 

cells, respectively. Cells were purchased from Pasteur Institute (Iran) and expanded according to the previously 

described protocols.15,16 In short, cells were cultured using high-glucose content DMEM (DMEM/HG; Gibco) 

with 10% FBS (Gibco) and 1% Pen-Strep antibiotic solution (BioIdea Co.; Iran). Culture flasks were kept inside 

a CO2 incubator at 37°C with a relative humidity of 95%. Upon reaching 70–90% confluency (Figure 1A), normal 

and cancer cells were passaged using Trypsin-EDTA solution (BioIdea Co.; Iran). In the current experiment, 

HUVECs and MDA-MB-231 cells at passages 3 to 6 were applied for several analyses.  

 

Exosome purification  

To isolate normal and cancer Exos, MDA-MB-231 cells, and HUVECs were cultured in the presence of Exo-free 

FBS for 48 hours. After that, supernatants were collected and Exos were enriched using the serial centrifugation 

method as previously described (Figure 1B).16 To exclude live and dead cells, samples were centrifuged at 300g 

for 10 min and 2000g for 15 min, respectively. Cell debris was also eliminated using centrifugation at 10,000g 

for 30 min. After the completion of the centrifugation step, samples were micro-filtered. To obtain the Exo pellet, 

supernatants were centrifuged at 100,000g for 60 min (Beckman Coulter Inc. Optima™ TLX-120 ultracentrifuge). 

The procedure was continued by washing samples with phosphate-buffered saline (PBS) to remove any protein 

contamination and re-centrifugation at 100,000g for 60 minutes. All centrifuges runs were performed at a 

controlled temperature of 4°C. Exo pellets were suspended in 200 μl PBS and stored at −80°C for several analyses. 

 

Measuring exosomal protein content 

To calculate the optimal Exo doses for transplantation, exosomal protein contents were measured (BCA Protein 

assay; Cat no: A101251; Protein Quantification Kit, Parstous Inc., Iran). Values were compared to the standard 

curve with R2> 0.98 for each assay. 

 

Exosome characterization  

Dynamic light scattering (DLS) 

In this study, the average size distribution and zeta (ζ)-potential values of isolated Exos were determined (Malvern 

Zetasizer Instruments, Herrenberg, Germany).  

 

Morphological assessment  

The morphology of normal and cancer Exos was investigated using scanning electron microscopy (SEM) 

microscopes as previously described.16, 17 For TEM imaging, one drop (approximately 20 µl) of both purified Exos 

suspended in PBS was separately placed on carbon-coated 300-mesh copper grids and subjected to uranyl acetate 

staining (2% wt./v). Then, samples were covered with a carbon film. Electron micrographs were taken using a 

TEM at 100 kV (LEO 906, Zeiss, Germany). For SEM imaging, purified Exos were fixed in 2.5% PFA solution 

(Sigma–Aldrich), lyophilized, and gold-sputtered. Images were taken under an SEM instrument (Mira-3 FEG 

SEM microscope, Tescan Co., Czech).  

 

Exosome immunophenotyping  

Western blotting was performed to detect the Exo-related tetraspanins (CD9, CD63, and CD81). To this end, 

exosomal proteins were extracted using RIPA buffer and measured by BCA assay. Samples were electrophoresed 

on the 10% SDS-PAGE gel and transferred to PVDF membranes (Millipore). After blocking with 2% skim milk 

for 1 h, membranes were incubated with primary anti-human CD9 (Cat no: sc-13118; Santa Cruz Biotechnology), 

anti-CD63 (Cat no: sc-5275; Santa Cruz Biotechnology), and anti-CD81 (Cat no: sc-166029; Santa Cruz 

Biotechnology) antibodies at 4°C overnight. The procedure was continued by several TBST washes (3 × 15 

minutes) and incubation with HRP-conjugated secondary antibody for 1 hour. Immunoreactive bands appeared 

after incubation of membranes with a Chemoluminescence kit (Cat no: ab65623; Abcam). 

 

Exosomes labeling 
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To track the Exo biodistribution in in vivo conditions, we used vital fluorescent dye. For this purpose, Exos were 

incubated with 20 µM Cell Tracker™ CM-Dil dye (C5000; Invitrogen) for 20 min at 37°C and washed with PBS 

before the transplantation. 

 

Transplantation protocol 

Fifteen rats were categorized into 3 groups (n=5) including Vehicle (rats that received only 10 μl sterile PBS); 

HUVEC derived-Exos (rats that received 100 µg exosomal protein in 10 μL PBS); and MDA-MB-231 cell 

derived-Exos (rats that received 100 µg exosomal protein in 10 μL (PBS). The systemic injection was done via 

the tail vein three times with an interval of 1 hour. After 24 hours, rats were euthanized using an overdose of 

Ketamine and Xylazine. Tissues such as liver, lungs, kidneys, aorta, and spleen were sampled for subsequent 

analyses.  

 

Immunofluorescence (IF) staining  

The possible accumulation and uptake rate of transplanted Exos were studied using IF staining. The selected 

tissues were embedded in an OCT compound and sectioned into 5 µm slides using cryo-sectioning apparatus 

(Leica). After several PBS washes, samples were counterstained with DAPI (Dilution: 1 µg/ml; Sigma-Aldrich) 

and examined using an Olympus BX50 microscope.  

 
Statistical Analysis 

In this study, GraphPad Prism 8.0.1 software was used for data analysis. Statistical differences were measured 

using the One-Way ANOVA test and Tukey post hoc method. p<0.05 was considered statistically significant. 

 

Results  

Exosome characterization and immunophenotyping 

In this study, the mean size distribution of the extracted Exos was determined using DLS. Data indicated the mean 

diameter size of 80 ± 29.94 and 64.77± 25.49 nm for Exos isolated from HUVECs and MDA-MB-231 cells, 

respectively (Figure 2A). According to our data, a mean zeta potential of −7.58 and −11.8 mV was obtained for 

purified Exos from HUVECs and MDA-MB-231 cells (Figure 2B-C). Exos were also visualized using SEM and 

TEM techniques (Figure 3A-B). Ultrastructural analysis SEM indicated spherical shape Exos with multiple 

dimensions in SEM images (Figure 3A). Agglomeration was evident in analyzed samples due to the drying 

process before imaging. According to the data, variation can be achieved in Exo size obtained from both cell 

types. Similarly, TEM images indicated negative shrunken particles with cup-shaped morphology that are 

identical to the Exos (Figure 3B). We noted the existence of surface tetraspanins CD9, CD81, and CD63 on 

isolated Exos from both cell lines (Figure 3C-D). Based on the data, Exos exhibited a relatively round shape 

appearance with no difference in the two groups. The morphological analysis confirmed that the size of cancer 

Exos was significantly smaller compared to normal counterparts.18-20  

 

 
Figure 2. Particle size distribution of purified HUVECs-Exos and MDA-MB-231 cell-Exos, (A). Zeta potential 

distribution of isolated Exos analyzed by DLS (B).  
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Figure 3. Ultrastructural analysis of normal and cancer Exos using SEM (A) and TEM (B) images. Data indicated 

spherical (A) and cub-shaped Exos (B) with multiple sizes. Western blot analysis was used to confirm the 

existence of tetraspanins (CD9, CD63, and CD81) in HUVEC-Exos (C) and MDA-MB-231 cell-Exos (D).  

Figure 3. Monitoring distribution pattern of human Exos in a xenogeneic rat model. Both normal and cancer Exos 

were administrated systemically via the tail vein (equal to 100 µg exosomal protein per rat in 10 μL PBS). Cellular 

uptake of Exos was studied in the lungs, liver, kidneys, spleen, and aorta (n=6).  

 

Uptake xenogeneic Exos in rat organs 

Regardless of being isolated from cancer or a normal source, IF imaging revealed the internalization of both Exo 

types into cells in different tissue compared to the control vehicle group (Figure 4). In vehicle rats, no CM-Dil+ 

particles were detected in tissues such as the lungs, liver, kidneys, spleen, and aorta. We noted the existence of 

CM-Dil+ Exos in the spleen and lungs of rats that received normal HUVEC Exos. It seems that the intensity of 

recruited Exos into the splenic tissue was more compared to the pulmonary tissue. Partial fluorescence intensity 

was also detected in hepatic tissue without the sign of CM-Dil+ Exos in the aorta and kidneys (Figure 4). Data 

indicated the accumulation of cancer CM-Dil+ Exos in the pulmonary niche and with more intensity in splenic 

tissue. It seems that the number of cancer CM-Dil+ Exos was more in the lungs relative to the group that received 

normal CM-Dil+ Exos. Similarly, the intensity and number of cancer CM-Dil+ Exos were more in splenic tissue 

when compared to the rats that received normal CM-Dil+ Exos. We found no difference in the intensity and 

number of normal and cancer CM-Dil+ Exos in other tissue such as the liver, and kidneys (Figure 4). In contrast 

to normal Exos, the presence of cancer CM-Dil+ Exos was indicated in the aorta. These features showed that 

lymphoid tissues, especially splenic tissue, are the main target sites for transplanted xenogeneic Exos irrespective 

of purified from normal or cancer tissues. Due to the massive vascular network, Exos can be also directed toward 

the pulmonary tissue with less intensity than the spleen. It seems that the biodistribution of cancer Exos is high 

compared to the normal Exos, leading to insidious metastasis to varied tissue types.  
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Figure 4. Immunofluorescence images of lungs, kidneys, liver, spleen, and aorta after intravenous administration 

of normal and cancer xenogeneic CM-Dil+ Exos in a model of rat after 24 hours. Data indicated that the lungs and 

spleen are the main tissue for intravenously administrated Exos and these values were more evident in rats that 

received cancer Exos (yellow arrows). 
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Discussion  

During recent decades, the application of allogeneic and xenogeneic Exos with cytoprotective properties has been 

rapidly increasing in various clinical trials.4 Xenogeneic Exos along with allogeneic Exos are touted as a valid 

therapeutic source for the alleviation of several pathologies.21 For example, Shi and colleagues indicated that the 

systemic administration of human Exos isolated can improve the healing of steatohepatitis in a mouse model.21 

Notably, target delivery of Exos to the injured sites can contribute to the reduction of off-target therapeutic 

effects.22 Due to unique physicochemical properties, it has been shown that in vivo administered Exos easily 

distribute in biofluids and are cleared from circulation in a short time via the activity of phagocyte cells.23 

Therefore, targeting Exos from different sources toward injured sites is considered to be the most favorable 

therapeutic approach.24,25 Although intravenous injection of Exos is a less invasive therapeutic approach it is not 

specified what fraction of total administrated Exos can reach the target sites. For all we know, there are few reports 

investigating the biodistribution of in vivo administrated xenogeneic Exos in animal models. This study was 

conducted to monitor the biodistribution of xenogeneic Exos from normal and cancer sources in a rat model. We 

also proposed that normal and cancer xenogeneic Exos may exhibit different biodistribution patterns.  

Here, we indicated that most fractions of injected Exos via intravenous approach were sequestrated in splenic 

tissues and pulmonary parenchyma. According to our data, the amount of recruited Exos to the splenic tissue and 

pulmonary parenchyma was more in rats that received cancer Exos compared to that of the normal Exos. It is 

thought that the existence of a bulk vascular network within the pulmonary niche is associated with the retention 

and quick trap of circulating Exos following intravenous injection.4 These microanatomical structures increase 

the possibility of reciprocal interaction of Exos with the luminal surface of ECs, leading to off-target therapeutic 

outcomes.12, 26 In an experiment, it was shown that the Exo adherence property is associated with the degree of 

anaplastic change.27 Conigliaro and co-workers indicated that CD90+ hepatoma cells produce Exos with the 

capacity to alter the interaction of ECs with other cells by the regulation of ICAM-1.27 To be specific, these Exos 

can affect EC-to-EC juxtaposed interaction and permeabilize vascular interface. It seems that the type of cancer 

can lead to the production of Exos with specified surface markers like integrins.28 The increase of αvβ5 integrin 

on the exosomal surface can contribute to hepatic tissue accumulation via the direct interaction with Kupffer cells 

while other integrin types such as α6β4 and α6β1 increase the possibility of Exo direction toward pulmonary niche 

by lung fibroblasts and epithelial cells.28 Some authorities named the Exos as mini-cell units with the potential to 

carry specified parent cell contents to the target cells.29 It is believed that the existence of xeno-reactive peptide–

MHC complexes on administrated Exos can result in the detection and retention by resident immune cells such as 

splenic dendritic cells, resulting in the activity of CD4+ and CD8+ lymphocytes.30 Besides, cancer cell Exos can 

transfer tumor-associated antigens with the potential to alter the surrounding microenvironment, leading to the 

activation of dendritic cells, NK cells, T lymphocytes, and macrophages.31 The direct exposure of dendritic cells 

to cancer cell Exos increases the expression of certain molecules such as CD80, CD86, and MHC-II, and 

stimulation of T lymphocytes.32 So it will not be surprising to say that the local accumulation of cancer cell Exos 

is higher compared to normal cell Exos in the reticuloendothelial system. Thus, the off-target effects of cancer 

cell Exos are more prominent as indicated in this study by IF staining. Despite these features, it is suggested that 

the promotion of allo- and xeno-reactive response is less after the injection of allogeneic and xenogeneic Exos in 

light of low levels of exosomal recognition elements like MHC-1 when compared to cellular counterparts.12 

Likewise, the existence of anti-inflammatory factors like IL-10 and TGF-β can also diminish the activity of 

phagocyte cells.11 In this study, we did not observe adverse clinical outcomes in the rats that received normal or 

cancer xenogeneic Exos. It should not be forgotten that repeated doses of xenogeneic Exos can reduce cross-

species tolerance and activate privileged immune cells.12 In an experiment conducted by Munagala et al., they 

indicated cross-species tolerance for milk Exos without the promotion of a pro-inflammatory response.33 The 

intravenous injection or oral ingestion of Dil+ Exos in mice led to maximum fluorescence intensity at early 24 

hours. Based on the data, Exos are sequestrated in lungs, hepatic, pancreatic, and splenic tissues, kidneys, ovaries, 

colon, and brain in both administration routes.33 They indicated that Exos distribution is predominated in hepatic 

tissue while in our study lungs and splenic tissue are the main accumulation sites of administrated Exos. Like 

autologous Exos, several similar mechanisms such as endocytosis, surface protein-ligand interactions, direct cell 

membrane fusion, and micropinocytosis are involved in the entry of allogeneic and/or xenogeneic Exos to the 

cells.3, 34 Among them, it is believed that cell surface membrane fusion is the main entry mechanism for Exo.35-37 

Dong and colleagues found a lack of significant difference in the entry of allogeneic rat EVs and xenogeneic 

porcine EVs by rat adipose mesenchymal stem cells.35  

 

Conclusion  

The current study indicated that intravenously administrated xenogeneic human Exos are capable of entering into 

rat cells in several tissues. Both normal and cancer xenogeneic Exos are sequestrated in varied organs 24 hours 

after systemic injection. According to our findings, lungs and splenic tissue are the main sites for the accumulation 
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of xenogeneic Exos. In modalities associated with systemic injection of xenogeneic Exos, lymphoid organs and 

activity of phagocyte cells should be prioritized for evaluation of therapeutic outcome and calculation of precise 

injection doses. Due to the low immunogenicity rate and lack of obvious clinical outcomes, it is suggested that 

xenogeneic Exos can be used in several animal models and possibly in clinical trials.38 Regarding the fact that 

undesirable side effects are less in normal xenogeneic Exos compared to the normal counterparts, thus the 

application of xenogeneic Exos from normal parent cells seems logical with the less unwanted outcome. To 

achieve more therapeutic outcomes, the development, and production of engineered Exos should be at the center 

of attention.  

 

Acknowledgments 

The authors would like to thank the personnel of the Faculty of Advanced Medical Sciences, Stem Cell Research 

Center, and Drug Applied Research Center, Tabriz University of Medical Sciences, Tabriz, Iran for guidance and 

help. This study was supported by a grant (68246) from Tabriz University of Medical Sciences with an ethical 

code of IR.TBZMED.VCR.REC.1400.350.  

 

Ethical issues 

All experimental procedures and protocols were approved by the Local Committee of the Ethics at Tabriz 

University of Medical Sciences and conducted according to the Guidelines for the Care and Use of Laboratory 

Animals (NIH, 1986). 

 

Conflict of interest 

The authors declare that they have no competing interests. 

 

Authors’ Contribution 
Conceptualization: 
Data curation: 
Formal analysis: 
Funding acquisition: 
Investigation: 
Methodology: 
Project administration: 
Resources: 
Software: 
Supervision: 
Validation: 
Visualization: 
Writing–original draft: 
Writing–review & editing: 
 

References  

1. Mobarak H, Heidarpour M, Lolicato F, Nouri M, Rahbarghazi R, Mahdipour M. Physiological impact of 

extracellular vesicles on female reproductive system; highlights to possible restorative effects on female age-

related fertility. BioFactors 2019;45(3):293-303. doi:10.1002/biof.1497 

2. Keener J, Sneyd J. Intercellular Communication. In: Keener J, J Sneyd, editors. Mathematical Physiology: I: 

Cellular Physiology. New York, NY: Springer New York; 2009. p. 347-84. 

3. van Niel G, Carter DRF, Clayton A, Lambert DW, Raposo G, Vader P. Challenges and directions in studying 

cell–cell communication by extracellular vesicles. Nat Rev Mol Cell Biol 2022; 23(5): 369-82. 

doi:10.1038/s41580-022-00460-3  

4. Rezabakhsh A, Sokullu E, Rahbarghazi R. Applications, challenges and prospects of mesenchymal stem cell 

exosomes in regenerative medicine. Stem Cell Res Ther 2021; 12(1): 1-8. doi: 10.1186/s13287-021-02596-z. 

5. Bagi HM, Ahmadi S, Tarighat F, Rahbarghazi R, Soleimanpour H. Interplay between exosomes and autophagy 

machinery in pain management: state of the art. Neurobiolf Pain 2022;9: 100095. doi: 

10.1016/j.ynpai.2022.100095. 

6. Yáñez-Mó M, Siljander PR-M, Andreu Z, Bedina Zavec A, Borràs FE, Buzas EI, et al. Biological properties 

of extracellular vesicles and their physiological functions. J Extracell Vesicles 2015; 4(1): 27066. doi: 

10.3402/jev.v4.27066. 

7. Bahmani L, Ullah M. Different Sourced Extracellular Vesicles and Their Potential Applications in Clinical 

Treatments. Cells 2022; 11(13): 1989. doi: 10.3390/cells11131989. 

Acc
ep

ted
 M

an
us

cri
pt



Accepted Manuscript (unedited) 

The manuscript will undergo copyediting, typesetting, and review of the resulting proof before it is published in its final form. 

 

 
9 | P a g e  
 

8. Das CK, Jena BC, Banerjee I, Das S, Parekh A, Bhutia SK, et al. Exosome as a Novel Shuttle for Delivery of 

Therapeutics across Biological Barriers. Mol Pharm 2019; 16(1): 24-40. 

doi:10.1021/acs.molpharmaceut.8b00901 

9. Chen YS, Ng HY, Chen YW, Cho DY, Ho CC, Chen CY, et al. Additive manufacturing of Schwann cell-laden 

collagen/alginate nerve guidance conduits by freeform reversible embedding regulate neurogenesis via 

exosomes secretion towards peripheral nerve regeneration. Biomater Adv. 2023; 146: 213276. 

doi:10.1016/j.bioadv.2022.213276 

10. Wang J, Zheng Y, Zhao M. Exosome-based cancer therapy: implication for targeting cancer stem cells. Front 

Pharmacol 2017; 7: 533. doi: 10.3389/fphar.2016.00533. 

11. Dabrowska S, Andrzejewska A, Janowski M, Lukomska B. Immunomodulatory and regenerative effects of 

mesenchymal stem cells and extracellular vesicles: therapeutic outlook for inflammatory and degenerative 

diseases. Fron Immunol 2021; 11: 591065. doi: 10.3389/fimmu.2020.591065. 

12. Imai T, Takahashi Y, Nishikawa M, Kato K, Morishita M, Yamashita T, et al. Macrophage-dependent 

clearance of systemically administered B16BL6-derived exosomes from the blood circulation in mice. J 

Extracell Vesicles. 2015; 4(1): 26238. doi: 10.3402/jev.v4.26238. 

13. Ranjan P, Colin K, Dutta RK, Verma SK. Challenges and future scope of exosomes in the treatment of 

cardiovascular diseases. J Physiol 2022 doi:https://doi.org/10.1113/JP282053 

14. . NRCUCftUotGftCaUoLA. Guide for the Care and Use of Laboratory Animals. 8th ed: Washington (DC): 

National Academies Press (US); 2011. p. doi:doi: 10.17226/12910 

15. Zhu Q, Li J, Wu Q, Cheng Y, Zheng H, Zhan T, et al. Linc-OIP5 in the breast cancer cells regulates 

angiogenesis of human umbilical vein endothelial cells through YAP1/Notch/NRP1 signaling circuit at a tumor 

microenvironment. Biol Res 2020; 53. doi:10.1186/s40659-020-0273-0 

16. Théry C, Amigorena S, Raposo G, Clayton A. Isolation and characterization of exosomes from cell culture 

supernatants and biological fluids. Curr Protoc Cell Biol. 2006; Chapter 3: Unit 3.22. 

doi:10.1002/0471143030.cb0322s30 

17. Rikkert LG, Nieuwland R, Terstappen LWMM, Coumans FAW. Quality of extracellular vesicle images by 

transmission electron microscopy is operator and protocol dependent. J Extracell Vesicles. 2019; 8(1): 

1555419. doi:10.1080/20013078.2018.1555419 

18. Brennan K, Martin K, FitzGerald SP, O’Sullivan J, Wu Y, Blanco A, et al. A comparison of methods for the 

isolation and separation of extracellular vesicles from protein and lipid particles in human serum. Sci Rep 

2020; 10(1): 1039. doi:10.1038/s41598-020-57497-7 

19. Wu M, Wang G, Hu W, Yao Y, Yu XF. Emerging roles and therapeutic value of exosomes in cancer metastasis. 

Mol Cancer. 2019; 18(1): 53. doi:10.1186/s12943-019-0964-8 

20. Lu Y, Zheng Z, Yuan Y, Pathak J, Yang X, Wang L, et al. The Emerging Role of Exosomes in Oral Squamous 

Cell Carcinoma. Front Cell Dev Biol. 2021; 2021. doi:10.3389/fcell.2021.628103 

21. Shi Y, Yang X, Wang S, Wu Y, Zheng L, Tang Y, et al. Human umbilical cord mesenchymal stromal cell-

derived exosomes protect against MCD-induced NASH in a mouse model. Stem Cell Res Ther 2022; 13(1): 

517. doi:10.1186/s13287-022-03201-7 

22. Chen P, Wang L, Fan X, Ning X, Yu B, Ou C, et al. Targeted delivery of extracellular vesicles in heart injury. 

Theranostics 2021; 11(5): 2263. doi: 10.7150/thno.51571. 

23. Choi H, Choi Y, Yim HY, Mirzaaghasi A, Yoo JK, Choi C. Biodistribution of Exosomes and Engineering 

Strategies for Targeted Delivery of Therapeutic Exosomes. Tissue Eng Regen Med 2021; 18(4): 499-511. 

doi:10.1007/s13770-021-00361-0 

24. Xie F, Zhou X, Fang M, Li H, Su P, Tu Y, et al. Extracellular vesicles in cancer immune microenvironment 

and cancer immunotherapy. Adv Sci 2019; 6(24): 1901779. doi: 10.1002/advs.201901779. 

25. Rahbarghazi R, Jabbari N, Sani NA, Asghari R, Salimi L, Kalashani SA, et al. Tumor-derived extracellular 

vesicles: reliable tools for Cancer diagnosis and clinical applications. Cell Commun Signal 2019; 17(1): 1-17. 

doi: 10.1186/s12964-019-0390-y. 

26. Heidarzadeh M, Gürsoy-Özdemir Y, Kaya M, Eslami Abriz A, Zarebkohan A, Rahbarghazi R, et al. Exosomal 

delivery of therapeutic modulators through the blood–brain barrier; promise and pitfalls. Cell Biosci 2021; 

11(1): 1-28. doi: 10.1186/s13578-021-00650-0. 

27. Conigliaro A, Costa V, Lo Dico A, Saieva L, Buccheri S, Dieli F, et al. CD90+ liver cancer cells modulate 

endothelial cell phenotype through the release of exosomes containing H19 lncRNA. Mol Cancer. 2015; 14(1): 

1-11. doi: 10.1186/s12943-015-0426-x. 

28. Hoshino A, Costa-Silva B, Shen T-L, Rodrigues G, Hashimoto A, Tesic Mark M, et al. Tumour exosome 

integrins determine organotropic metastasis. Nature. 2015; 527(7578): 329-35. doi: 10.1038/nature15756. 

Acc
ep

ted
 M

an
us

cri
pt



Accepted Manuscript (unedited) 

The manuscript will undergo copyediting, typesetting, and review of the resulting proof before it is published in its final form. 

 

 
10 | P a g e  
 

29. Mirershadi F, Ahmadi M, Rezabakhsh A, Rajabi H, Rahbarghazi R, Keyhanmanesh R. Unraveling the 

therapeutic effects of mesenchymal stem cells in asthma. Stem Cell Res Ther. 2020; 11(1): 400. 

doi:10.1186/s13287-020-01921-2 

30. Ho L-P. Exosomes in lungs of patients with sarcoidosis: a contributor to immune pathogenesis or just another 

by-product of heightened immune activity? Thorax 2010; 65(11): 947-8. doi: 10.1136/thx.2010.138438. 

31. Zhang L, Yu D. Exosomes in cancer development, metastasis, and immunity. Biochim Biophys Acta Rev 

Cancer 2019;1871(2):455-68. doi: 10.1016/j.bbcan.2019.04.004. 

32. Li W, Mu D, Tian F, Hu Y, Jiang T, Han Y, et al. Exosomes derived from Rab27a‑overexpressing tumor cells 

elicit efficient induction of antitumor immunity. Mol Med Rep 2013 Dec;8(6):1876-82. doi: 

10.3892/mmr.2013.1738. 

33. Munagala R, Aqil F, Jeyabalan J, Gupta RC. Bovine milk-derived exosomes for drug delivery. Cancer Lett 

2016; 371(1): 48-61. doi:10.1016/j.canlet.2015.10.020 

34. Tian T, Wang Y, Wang H, Zhu Z, Xiao Z. Visualizing of the cellular uptake and intracellular trafficking of 

exosomes by live‐cell microscopy. J Cell Biochem 2010; 111(2): 488-96. doi: 10.1002/jcb.22733.  

35. Dong J, Wu Y, Zhang Y, Yu M, Tian W. Comparison of the Therapeutic Effect of Allogeneic and Xenogeneic 

Small Extracellular Vesicles in Soft Tissue Repair. Int J Nanomedicine. 2020; 15: 6975-91. 

doi:10.2147/ijn.s269069 

36. Morelli AE, Larregina AT, Shufesky WJ, Sullivan MLG, Stolz DB, Papworth GD, et al. Endocytosis, 

intracellular sorting, and processing of exosomes by dendritic cells. Blood 2004; 104(10): 3257-66. 

doi:10.1182/blood-2004-03-0824 

37. Christianson HC, Svensson KJ, Van Kuppevelt TH, Li J-P, Belting M. Cancer cell exosomes depend on cell-

surface heparan sulfate proteoglycans for their internalization and functional activity. Proc Natl Acad Sci USA 

2013;110(43):17380-5. doi: 10.1073/pnas.1304266110. 

38. Lu M, Peng L, Ming X, Wang X, Cui A, Li Y, et al. Enhanced wound healing promotion by immune response-

free monkey autologous iPSCs and exosomes vs. their allogeneic counterparts. EBioMedicine 2019; 42: 443-

57. doi:https://doi.org/10.1016/j.ebiom.2019.03.011 

Acc
ep

ted
 M

an
us

cri
pt




