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Extracellular Vesicles 
 Roles in mRNA-Based Therapies 

Benyapa Tangruksa 

Department of Rheumatology and Inflammation, Institute of Medicine 
Sahlgrenska Academy, University of Gothenburg 

Gothenburg, Sweden 

ABSTRACT 

Efficient and targeted delivery of therapeutic mRNA remains a major 
challenge in RNA-based medicine. This thesis explores how lipid 
nanoparticles (LNPs) and extracellular vesicles (EVs) cooperate in the delivery 
and redistribution of vascular endothelial growth factor A (VEGFA) mRNA, 
therapeutic mRNA that induces blood vessel formation and holds strong 
potential for treating cardiovascular diseases through regenerative 
angiogenesis. 

Paper I demonstrates that LNPs efficiently deliver VEGFA mRNA to human 
cells, leading to rapid uptake and translation. A portion of the internalized 
mRNA is subsequently secreted within EVs, which also acquire enriched 
proangiogenic transcripts. Among tested EVs, those derived from cardiac 
progenitor cells (CPC-EVs) showed superior angiogenic potential and minimal 
inflammatory response. 

In Paper II, biodistribution studies in mice revealed that CPC-EVs 
outperformed LNPs and non-cardiac EVs in delivering VEGFA mRNA to 
heart tissue, with reduced liver accumulation. CPC-EVs induced local protein 
expression and minimal transcriptomic disruption, highlighting their tissue-
targeting advantage and safety. 

Paper III investigates how LNP treatment alters EV transcriptomes and how 
these modified EVs affect recipient tissues. VEGFA mRNA was the most 
enriched transcript across all EV types. CPC-EVs upregulated VEGFR-1 and 
VEGFR-2 specifically in cardiac tissue. Further analysis revealed that human 
mRNA transcripts were detectable in recipient mouse hearts. 
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In summary, this thesis explores the interplay between LNPs and EVs in 
transporting VEGFA mRNA for therapeutic angiogenesis. LNPs enable 
efficient cellular uptake and subsequently trigger re-packaging of mRNA into 
EVs. CPC-EVs showed superior heart targeting and angiogenic potential with 
low inflammation. The findings highlight a promising strategy for regenerative 
treatment of cardiovascular diseases. 

Keywords: mRNA therapeutics, extracellular vesicles, lipid nanoparticles, 
exosomes, VEGFA, VEGF receptors, targeted delivery, angiogenesis, cardiac 
progenitor cells, transcriptomics, RNA sequencing, regenerative medicine 
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SAMMANFATTNING PÅ SVENSKA 
Extracellulära vesiklar (EV) är mikroskopiska membranblåsor som frigörs 
naturligt från celler och fungerar som kroppens egna budbärare. De kan 
transportera många olika molekyler (proteiner, lipider och nukleinsyror) 
mellan celler. Särskilt betydelsefullt är EV:s förmåga att transportera RNA, 
däribland budbärar-RNA (mRNA), vilket innebär att en cell kan skicka 
genetisk information till en annan. 

Att leverera mRNA till ett specifikt organ är en lovande ansats inom 
regenerativ medicin, exempelvis för att återställa hjärtvävnad som skadats efter 
en infarkt. En stor utmaning med denna ansats är att leverera mRNA:t till den 
specifika vävnad som behöver behandlas utan att det tas upp av andra organ. 
De vanligaste mRNA-transportörerna är s.k. lipidnanopartiklar (LNP). LNP:er 
har förmåga att med hög effektivitet leverera mRNA till celler (en teknik som 
bland annat möjliggjort mRNA-vacciner), men då LNP:er injiceras i blodet 
hamnar en stor andel av dessa i levern. Det begränsar hur mycket av mRNA:t 
som faktiskt når hjärtat. I denna avhandling studeras om EV från 
hjärtprogenitorceller (hjärtspecifika EV:s) kan fungera som alternativa eller 
kompletterande mRNA-bärare med mål att öka andelen mRNA som verkligen 
transporteras till hjärtat. 

Först studerades hur upptaget av LNP-levererat mRNA sker i cellerna. 
Cellerna integrerade snabbt mRNA:t och började producera det avsedda 
proteinet. Intressant nog skickade cellerna vidare en del av mRNA:t de tagit 
upp genom att packa in det i nybildade EV, som sedan utsöndrades till 
omgivande celler. EV:sen fungerade alltså som en andra våg av budbärare och 
förlängde effekten av LNP. Det EV-burna mRNA:t visade sig vara fullt 
funktionellt – och i laboratorieförsök stimulerade det bildningen av nya 
blodkärl i odlade celler. 

Dessa hjärtspecifika EV jämfördes med LNP med avseende på att leverera 
mRNA till hjärtat i djurmodeller. Resultaten visade att EV från hjärtceller gav 
ökat upptag av mRNA i hjärtvävnad än när LNP användes. Över hälften av 
mRNA:t hamnade i hjärtat då EV användes (jämfört med knappt 20 procent 
med LNP), och betydligt mindre togs upp av levern. Detta tyder på att 
hjärtspecifika EV kan ”smita förbi” levern för att nå hjärtat – något som inte 
kan åstadkommas med enbart LNP. 
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In summary, this thesis explores the interplay between LNPs and EVs in 
transporting VEGFA mRNA for therapeutic angiogenesis. LNPs enable 
efficient cellular uptake and subsequently trigger re-packaging of mRNA into 
EVs. CPC-EVs showed superior heart targeting and angiogenic potential with 
low inflammation. The findings highlight a promising strategy for regenerative 
treatment of cardiovascular diseases. 
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Väl framme i hjärtat gav det EV-levererade mRNA tydliga och positiva 
effekter. Hjärtcellerna tog upp EV:arna och översatte mRNA:t till VEGF-A-
protein, vilket stimulerade blodkärlsbildning. Hjärtvävnaden reagerade också 
med förhöjda nivåer av VEGF-receptorer (ett tecken på förberedelse för 
angiogenes). Samtidigt orsakade EV-behandlingen minimalt med andra 
transkriptionella eller inflammatoriska förändringar i hjärtat, jämfört med LNP 
som påverkade hundratals gener. EV framstår alltså som en skonsammare och 
mer specifik budbärare. 

EV:ar isolerades med ultracentrifugering eller storleksbaserad kromatografi 
(SEC), vilket påverkade renheten (SEC gav renare EV än ultracentrifugering). 
EV-koncentration och egenskaper bekräftades med elektronmikroskopi och 
analys av typiska ytmarkörer. 

Sammanfattningsvis visar avhandlingen att EV kan spela en viktig roll i 
framtidens mRNA-terapier. Genom att utnyttja EV:s naturliga förmåga att 
skydda och leverera biomolekyler specifikt till organ som hjärtat kan man öka 
både precision och effektivitet i behandlingar. Hjärtspecifika EV visade på 
mycket god förmåga att leverera mRNA till skadad vävnad och ge önskad 
effekt utan att orsaka bieffekter i andra organ. Dessa fynd banar väg för vidare 
utveckling av EV-baserade metoder, eventuellt i kombination med LNP, för 
att uppnå säkrare och mer riktade mRNA-behandlingar vid hjärtsjukdom.

i 

 



viii 

Väl framme i hjärtat gav det EV-levererade mRNA tydliga och positiva 
effekter. Hjärtcellerna tog upp EV:arna och översatte mRNA:t till VEGF-A-
protein, vilket stimulerade blodkärlsbildning. Hjärtvävnaden reagerade också 
med förhöjda nivåer av VEGF-receptorer (ett tecken på förberedelse för 
angiogenes). Samtidigt orsakade EV-behandlingen minimalt med andra 
transkriptionella eller inflammatoriska förändringar i hjärtat, jämfört med LNP 
som påverkade hundratals gener. EV framstår alltså som en skonsammare och 
mer specifik budbärare. 

EV:ar isolerades med ultracentrifugering eller storleksbaserad kromatografi 
(SEC), vilket påverkade renheten (SEC gav renare EV än ultracentrifugering). 
EV-koncentration och egenskaper bekräftades med elektronmikroskopi och 
analys av typiska ytmarkörer. 

Sammanfattningsvis visar avhandlingen att EV kan spela en viktig roll i 
framtidens mRNA-terapier. Genom att utnyttja EV:s naturliga förmåga att 
skydda och leverera biomolekyler specifikt till organ som hjärtat kan man öka 
både precision och effektivitet i behandlingar. Hjärtspecifika EV visade på 
mycket god förmåga att leverera mRNA till skadad vävnad och ge önskad 
effekt utan att orsaka bieffekter i andra organ. Dessa fynd banar väg för vidare 
utveckling av EV-baserade metoder, eventuellt i kombination med LNP, för 
att uppnå säkrare och mer riktade mRNA-behandlingar vid hjärtsjukdom.

i 

 



ii 

LIST OF PAPERS 
This thesis is based on the following studies, referred to in the text by their 
Roman numerals. 

I. Lipid nanoparticles deliver the therapeutic VEGFA 
mRNA in vitro and in vivo and transform extracellular 
vesicles for their functional extensions.  
Nawaz, M., Heydarkhan‐Hagvall, S., Tangruksa, B., 
González‐King Garibotti, H., Jing, Y., Maugeri, M., Kohl, 
F., Hultin, L., Reyahi, A., Camponeschi, A., Kull, B., 
Christoffersson, J., Grimsholm, O., Jennbacken, K., 
Sundqvist, M., Wiseman, J., Bidar, A. W., Lindfors, L., 
Synnergren, J., & Valadi, H.  
Advanced Science. 2023 Apr;10(12):2206187. 

II.  Targeted delivery of mRNA to the heart via extracellular 
vesicles or lipid nanoparticles.  
Nawaz, M., Tangruksa, B., Heydarkhan‐Hagvall, S., Kohl, 
F., González‐King Garibotti, H., Jing, Y., Payandeh, Z., 
Reyahi, A., Jennbacken, K., Wiseman, J., Hultin, L., 
Lindfors, L., Synnergren, J., & Valadi, H.  
BioRxiv. 2025:2025-01. 

III. Transcriptomic characterization of extracellular vesicles 
(EVs) and the tissue response following VEGFA mRNA 
delivery via EVs.  
Tangruksa, B., Nawaz, M., Heydarkhan‐Hagvall, S., Jin, T., 
Wiseman, J., Lindfors, L., Synnergren, J., & Valadi, H.  
Manuscript  

 

 

  

iii 

LIST OF PAPERS NOT INCLUDED IN THE THESIS  

The works below were published during my PhD studies. Although they are 
not the focus of the thesis, they will be referred to in the text by their 
alphabetical letters. 

A. Extracellular vesicles transport RNA between cells: 
Unraveling their dual role in diagnostics and 
Therapeutics. 
Payandeh, Z.*, Tangruksa, B.*, Synnergren, J., Heydarkhan-
Hagvall, S., Nordin, J. Z., Andaloussi, S. EL., Borén, J., 
Wiseman, J., Bohlooly-Y, M., Lindfors, L., & Valadi, H.  
Molecular Aspects of Medicine. 2024 Oct 1;99:101302. 
*The authors contributed equally 

B. Head‐to‐head comparison of relevant cell sources of 
small extracellular vesicles for cardiac repair: 
Superiority of embryonic stem cells.  
González‐King, H., Rodrigues, P. G., Albery, T., Tangruksa, 
B., Gurrapu, R., Silva, A. M., Musa, G., Kardasz, D., Liu, 
K., Kull, B., Åvall, K., Rydén‐Markinhuhta, K., Incitti, T., 
Sharma, N., Graneli, C., Valadi, H., Petkevicius, K., 
Carracedo, M., Tejedor, S., Ivanova, A., Heydarkhan‐
Hagvall, S., Menasché, P., Synnergren, J., Dekker, N., 
Wang, Q.‐D., Jennbacken, K. 
Journal of Extracellular Vesicles. 2024 May;13(5):e12445. 

C. Data mining identifies CCN2 and THBS1 as biomarker 
candidates for cardiac hypertrophy. 
Johansson, M.*, Tangruksa, B.*, Heydarkhan-Hagvall, S., 
Jeppsson, A., Sartipy, P., & Synnergren, J.  
Life. 2022 May 12;12(5):726. 
*The authors contributed equally 

  



ii 

LIST OF PAPERS 
This thesis is based on the following studies, referred to in the text by their 
Roman numerals. 

I. Lipid nanoparticles deliver the therapeutic VEGFA 
mRNA in vitro and in vivo and transform extracellular 
vesicles for their functional extensions.  
Nawaz, M., Heydarkhan‐Hagvall, S., Tangruksa, B., 
González‐King Garibotti, H., Jing, Y., Maugeri, M., Kohl, 
F., Hultin, L., Reyahi, A., Camponeschi, A., Kull, B., 
Christoffersson, J., Grimsholm, O., Jennbacken, K., 
Sundqvist, M., Wiseman, J., Bidar, A. W., Lindfors, L., 
Synnergren, J., & Valadi, H.  
Advanced Science. 2023 Apr;10(12):2206187. 

II.  Targeted delivery of mRNA to the heart via extracellular 
vesicles or lipid nanoparticles.  
Nawaz, M., Tangruksa, B., Heydarkhan‐Hagvall, S., Kohl, 
F., González‐King Garibotti, H., Jing, Y., Payandeh, Z., 
Reyahi, A., Jennbacken, K., Wiseman, J., Hultin, L., 
Lindfors, L., Synnergren, J., & Valadi, H.  
BioRxiv. 2025:2025-01. 

III. Transcriptomic characterization of extracellular vesicles 
(EVs) and the tissue response following VEGFA mRNA 
delivery via EVs.  
Tangruksa, B., Nawaz, M., Heydarkhan‐Hagvall, S., Jin, T., 
Wiseman, J., Lindfors, L., Synnergren, J., & Valadi, H.  
Manuscript  

 

 

  

iii 

LIST OF PAPERS NOT INCLUDED IN THE THESIS  

The works below were published during my PhD studies. Although they are 
not the focus of the thesis, they will be referred to in the text by their 
alphabetical letters. 

A. Extracellular vesicles transport RNA between cells: 
Unraveling their dual role in diagnostics and 
Therapeutics. 
Payandeh, Z.*, Tangruksa, B.*, Synnergren, J., Heydarkhan-
Hagvall, S., Nordin, J. Z., Andaloussi, S. EL., Borén, J., 
Wiseman, J., Bohlooly-Y, M., Lindfors, L., & Valadi, H.  
Molecular Aspects of Medicine. 2024 Oct 1;99:101302. 
*The authors contributed equally 

B. Head‐to‐head comparison of relevant cell sources of 
small extracellular vesicles for cardiac repair: 
Superiority of embryonic stem cells.  
González‐King, H., Rodrigues, P. G., Albery, T., Tangruksa, 
B., Gurrapu, R., Silva, A. M., Musa, G., Kardasz, D., Liu, 
K., Kull, B., Åvall, K., Rydén‐Markinhuhta, K., Incitti, T., 
Sharma, N., Graneli, C., Valadi, H., Petkevicius, K., 
Carracedo, M., Tejedor, S., Ivanova, A., Heydarkhan‐
Hagvall, S., Menasché, P., Synnergren, J., Dekker, N., 
Wang, Q.‐D., Jennbacken, K. 
Journal of Extracellular Vesicles. 2024 May;13(5):e12445. 

C. Data mining identifies CCN2 and THBS1 as biomarker 
candidates for cardiac hypertrophy. 
Johansson, M.*, Tangruksa, B.*, Heydarkhan-Hagvall, S., 
Jeppsson, A., Sartipy, P., & Synnergren, J.  
Life. 2022 May 12;12(5):726. 
*The authors contributed equally 

  



iv 

CONTENTS 
Abbreviations ............................................................................................... vii 
1 Introduction ............................................................................................ 10 
2 RNA-Based Therapeutics ...................................................................... 12 

2.1 Types of RNA-Based Therapeutics .................................................... 13 
 Antisense Oligonucleotides (ASOs) ............................................ 13 
 RNA Interference (RNAi) ........................................................... 13 
 Aptamers ..................................................................................... 14 
 CRISPR-Based RNA Systems .................................................... 15 
 Messenger RNA (mRNA) ........................................................... 15 

2.2 Delivery Systems ................................................................................ 16 
3 Extracellular Vesicles (EVs) .................................................................. 18 

3.1 Biogenesis and Classification ............................................................. 18 
3.2 Composition of EVs and Their RNA Cargo ....................................... 21 
3.3 RNA Cargo Sorting ............................................................................. 23 
3.4 Exogenous RNA Loading ................................................................... 24 
3.5 Dual Roles of EVs............................................................................... 26 
 EVs in Pathology ......................................................................... 26 
 EVs in Homeostasis and Regeneration ....................................... 26 

3.6 Targeted RNA Delivery via EVs and Challenges ............................... 27 
3.7 Isolation of EVs .................................................................................. 28 
 Ultracentrifugation-Based Techniques ........................................ 28 
 Size Exclusion Chromatography ................................................. 29 
 Affinity Capture .......................................................................... 30 
 Filtration ...................................................................................... 30 
 Precipitation-Based Isolation Techniques ................................... 30 
 Microfluidic-Based Isolation Technique ..................................... 31 
 Note on EV Isolation Methods .................................................... 31 

3.8 Methods for Characterizations of EVs ................................................ 33 

v 

 Particle Detection and Quantification ......................................... 33 
 Cargo ........................................................................................... 34 
 Transcriptomic Profiling of EV Cargo ........................................ 35 
 Challenges in EV Analysis .......................................................... 36 

4 Lipid Nanoparticles (LNPs) ................................................................... 38 
4.1 Structure and Formulation ................................................................... 38 
4.2 Application and Challenges ................................................................ 39 
4.3 Functional Extension by EVs .............................................................. 40 

5 Thesis Aim ............................................................................................... 41 
6 Methodology Considerations ................................................................. 42 

6.1 EV Source Selection ........................................................................... 42 
6.2 Selection of Exogenous mRNA Molecules ......................................... 42 
6.3 LNP Formulation ................................................................................ 43 
6.4 Strategies for EV Isolation .................................................................. 44 
6.5 EV Detection and Quantification ........................................................ 45 
6.6 RNA Sequencing ................................................................................. 46 
6.7 Bioinformatic Analysis ....................................................................... 49 
6.8 Animal Model ..................................................................................... 50 
6.9 Statistical Aspects ............................................................................... 51 

7 Results and Discussion ........................................................................... 53 
7.1 LNP Uptake Kinetic and mRNA Delivery (Paper I) ........................... 53 
7.2 Internalized LNP-mRNA Is Encapsulated into EVs (Paper I and II) .. 54 
7.3 LNP Treatment Altered EV Transcriptomes (Paper I and III) ............ 56 
7.4 Functional Extension of LNPs by EVs (Paper I and II) ...................... 58 
7.5 Targeted Delivery of mRNA (Paper II) .............................................. 59 
7.6 EV Delivery Upregulated VEGF Receptors (Paper III) ...................... 61 
7.7 Tissue Response to EV-RNA Delivery (Paper II and III) ................... 61 

8 Conclusion ............................................................................................... 64 
9 Future Perspectives ................................................................................ 66 
Acknowledgements ...................................................................................... 68 



iv 

CONTENTS 
Abbreviations ............................................................................................... vii 
1 Introduction ............................................................................................ 10 
2 RNA-Based Therapeutics ...................................................................... 12 

2.1 Types of RNA-Based Therapeutics .................................................... 13 
 Antisense Oligonucleotides (ASOs) ............................................ 13 
 RNA Interference (RNAi) ........................................................... 13 
 Aptamers ..................................................................................... 14 
 CRISPR-Based RNA Systems .................................................... 15 
 Messenger RNA (mRNA) ........................................................... 15 

2.2 Delivery Systems ................................................................................ 16 
3 Extracellular Vesicles (EVs) .................................................................. 18 

3.1 Biogenesis and Classification ............................................................. 18 
3.2 Composition of EVs and Their RNA Cargo ....................................... 21 
3.3 RNA Cargo Sorting ............................................................................. 23 
3.4 Exogenous RNA Loading ................................................................... 24 
3.5 Dual Roles of EVs............................................................................... 26 
 EVs in Pathology ......................................................................... 26 
 EVs in Homeostasis and Regeneration ....................................... 26 

3.6 Targeted RNA Delivery via EVs and Challenges ............................... 27 
3.7 Isolation of EVs .................................................................................. 28 
 Ultracentrifugation-Based Techniques ........................................ 28 
 Size Exclusion Chromatography ................................................. 29 
 Affinity Capture .......................................................................... 30 
 Filtration ...................................................................................... 30 
 Precipitation-Based Isolation Techniques ................................... 30 
 Microfluidic-Based Isolation Technique ..................................... 31 
 Note on EV Isolation Methods .................................................... 31 

3.8 Methods for Characterizations of EVs ................................................ 33 

v 

 Particle Detection and Quantification ......................................... 33 
 Cargo ........................................................................................... 34 
 Transcriptomic Profiling of EV Cargo ........................................ 35 
 Challenges in EV Analysis .......................................................... 36 

4 Lipid Nanoparticles (LNPs) ................................................................... 38 
4.1 Structure and Formulation ................................................................... 38 
4.2 Application and Challenges ................................................................ 39 
4.3 Functional Extension by EVs .............................................................. 40 

5 Thesis Aim ............................................................................................... 41 
6 Methodology Considerations ................................................................. 42 

6.1 EV Source Selection ........................................................................... 42 
6.2 Selection of Exogenous mRNA Molecules ......................................... 42 
6.3 LNP Formulation ................................................................................ 43 
6.4 Strategies for EV Isolation .................................................................. 44 
6.5 EV Detection and Quantification ........................................................ 45 
6.6 RNA Sequencing ................................................................................. 46 
6.7 Bioinformatic Analysis ....................................................................... 49 
6.8 Animal Model ..................................................................................... 50 
6.9 Statistical Aspects ............................................................................... 51 

7 Results and Discussion ........................................................................... 53 
7.1 LNP Uptake Kinetic and mRNA Delivery (Paper I) ........................... 53 
7.2 Internalized LNP-mRNA Is Encapsulated into EVs (Paper I and II) .. 54 
7.3 LNP Treatment Altered EV Transcriptomes (Paper I and III) ............ 56 
7.4 Functional Extension of LNPs by EVs (Paper I and II) ...................... 58 
7.5 Targeted Delivery of mRNA (Paper II) .............................................. 59 
7.6 EV Delivery Upregulated VEGF Receptors (Paper III) ...................... 61 
7.7 Tissue Response to EV-RNA Delivery (Paper II and III) ................... 61 

8 Conclusion ............................................................................................... 64 
9 Future Perspectives ................................................................................ 66 
Acknowledgements ...................................................................................... 68 



vi 

References .................................................................................................... 70 
 

  

vii 

ABBREVIATIONS 
AAVs  Adeno-associated viruses 
AGO2  Argonaute 2  
ALIX  Apoptosis-linked gene-2 interacting 

protein X  
ANOVA  Analysis of variance 
APCs  Antigen-presenting cells 
ApoE  Apolipoprotein E 
ATCC  American Type Culture Collection 
CAR-T  Chimeric Antigen Receptor T cell 
Cas13  CRISPR-associated protein 13  
Cas9  CRISPR-associated protein  
CD63  Cluster of Differentiation 63 
CD81  Cluster of Differentiation 81  
CD9  Cluster of Differentiation 9  
CPC  Cardiac progenitor cell  
CPC-EVs  Cardiac progenitor cell-derived 

extracellular vesicles 
CRISPR  Clustered Regularly Interspaced Short 

Palindromic Repeats 
Cryo-EM  Cryogenic electron microscopy  
DLS  Dynamic light scattering 
DMPE-
PEG2000  

Dimyristoyl phosphatidylethanolamine-
polyethylene glycol 2000  

DNA  Deoxyribonucleic acid 
DSPC  1,2-Distearoyl-sn-glycero-3-

phosphocholine  
dsRNA  Double-stranded RNA 
eGFP  enhanced Green Fluorescent Protein 
ELISA  Enzyme-Linked Immunosorbent Assay 
ESCRT  Endosomal Sorting Complex Required for 

Transport 
EVs  Extracellular vesicles 
FDA  Food and Drug Administration (U.S.) 
Fluc  Firefly luciferase 

 



vi 

References .................................................................................................... 70 
 

  

vii 

ABBREVIATIONS 
AAVs  Adeno-associated viruses 
AGO2  Argonaute 2  
ALIX  Apoptosis-linked gene-2 interacting 

protein X  
ANOVA  Analysis of variance 
APCs  Antigen-presenting cells 
ApoE  Apolipoprotein E 
ATCC  American Type Culture Collection 
CAR-T  Chimeric Antigen Receptor T cell 
Cas13  CRISPR-associated protein 13  
Cas9  CRISPR-associated protein  
CD63  Cluster of Differentiation 63 
CD81  Cluster of Differentiation 81  
CD9  Cluster of Differentiation 9  
CPC  Cardiac progenitor cell  
CPC-EVs  Cardiac progenitor cell-derived 

extracellular vesicles 
CRISPR  Clustered Regularly Interspaced Short 

Palindromic Repeats 
Cryo-EM  Cryogenic electron microscopy  
DLS  Dynamic light scattering 
DMPE-
PEG2000  

Dimyristoyl phosphatidylethanolamine-
polyethylene glycol 2000  

DNA  Deoxyribonucleic acid 
DSPC  1,2-Distearoyl-sn-glycero-3-

phosphocholine  
dsRNA  Double-stranded RNA 
eGFP  enhanced Green Fluorescent Protein 
ELISA  Enzyme-Linked Immunosorbent Assay 
ESCRT  Endosomal Sorting Complex Required for 

Transport 
EVs  Extracellular vesicles 
FDA  Food and Drug Administration (U.S.) 
Fluc  Firefly luciferase 

 



viii 

GM130  Golgi matrix protein 130  
gRNA  guide RNA 
hEPO  human Erythropoietin  
HIV-1  Human Immunodeficiency Virus type 1 
hnRNPA2B1  Heterogeneous nuclear ribonucleoprotein 

A2/B1 
HTB-177  A human lung carcinoma cell line (ATCC 

designation for NCI-H460 cells) 
HUVEC  Human umbilical vein endothelial cell 
ILVs  Intraluminal vesicles 
ISEV  International Society for Extracellular 

Vesicles 
IVIS  In Vivo Imaging System  
LDL  Low-density lipoprotein 
lEVs  large extracellular vesicles  
lncRNA  long non-coding RNA 
LNPs  Lipid nanoparticles 
MHC  Major Histocompatibility Complex 
miRNA  microRNA 
MISEV  Minimal Information for Studies of 

Extracellular Vesicles (guidelines) 
mRNA  messenger RNA 
mtRNA  mitochondrial RNA 
MVBs  Multivesicular bodies 
MVs  Microvesicles 
NTA  Nanoparticle Tracking Analysis 
PAM  Protospacer Adjacent Motif 
PBS  Phosphate-buffered saline 
PCR  Polymerase Chain Reaction 
PEG  Polyethylene glycol 
PEI  Polyethylenimine 
pre-miRNA  precursor microRNA 
pri-miRNA  primary microRNA 
qPCR  quantitative Polymerase Chain Reaction 

(real-time PCR) 
RBP  RNA-binding protein 

ix 

RISC  RNA-induced silencing complex 
RNA  Ribonucleic acid 
RNAa  RNA activation 
RNAi  RNA interference 
RNA-seq  RNA sequencing 
RNP  Ribonucleoprotein 
rRNA  ribosomal RNA 
SARS-CoV-2  Severe Acute Respiratory Syndrome 

Coronavirus 2 
SD  Standard deviation 
SEA  single EV analysis (single-particle 

extracellular vesicle analysis) 
SEM  Standard error of the mean 
sEVs  small extracellular vesicles  
siRNA  small interfering RNA 
snoRNA  small nucleolar RNA 
snRNA  small nuclear RNA 
TEM  Transmission electron microscopy 
tRNA  transfer RNA 
TRPS  Tunable resistive pulse sensing 
TSG101  Tumor Susceptibility Gene 101 (an EV 

marker protein) 
UTR  Untranslated region (segment of mRNA 

not translated into protein) 
VEGF  Vascular Endothelial Growth Factor 
VEGFA  Vascular Endothelial Growth Factor A 
VEGFR1  Vascular Endothelial Growth Factor 

Receptor 1 
VEGFR2  Vascular Endothelial Growth Factor 

Receptor 2 
YBX1  Y-box binding protein 1 

 



viii 

GM130  Golgi matrix protein 130  
gRNA  guide RNA 
hEPO  human Erythropoietin  
HIV-1  Human Immunodeficiency Virus type 1 
hnRNPA2B1  Heterogeneous nuclear ribonucleoprotein 

A2/B1 
HTB-177  A human lung carcinoma cell line (ATCC 

designation for NCI-H460 cells) 
HUVEC  Human umbilical vein endothelial cell 
ILVs  Intraluminal vesicles 
ISEV  International Society for Extracellular 

Vesicles 
IVIS  In Vivo Imaging System  
LDL  Low-density lipoprotein 
lEVs  large extracellular vesicles  
lncRNA  long non-coding RNA 
LNPs  Lipid nanoparticles 
MHC  Major Histocompatibility Complex 
miRNA  microRNA 
MISEV  Minimal Information for Studies of 

Extracellular Vesicles (guidelines) 
mRNA  messenger RNA 
mtRNA  mitochondrial RNA 
MVBs  Multivesicular bodies 
MVs  Microvesicles 
NTA  Nanoparticle Tracking Analysis 
PAM  Protospacer Adjacent Motif 
PBS  Phosphate-buffered saline 
PCR  Polymerase Chain Reaction 
PEG  Polyethylene glycol 
PEI  Polyethylenimine 
pre-miRNA  precursor microRNA 
pri-miRNA  primary microRNA 
qPCR  quantitative Polymerase Chain Reaction 

(real-time PCR) 
RBP  RNA-binding protein 

ix 

RISC  RNA-induced silencing complex 
RNA  Ribonucleic acid 
RNAa  RNA activation 
RNAi  RNA interference 
RNA-seq  RNA sequencing 
RNP  Ribonucleoprotein 
rRNA  ribosomal RNA 
SARS-CoV-2  Severe Acute Respiratory Syndrome 

Coronavirus 2 
SD  Standard deviation 
SEA  single EV analysis (single-particle 

extracellular vesicle analysis) 
SEM  Standard error of the mean 
sEVs  small extracellular vesicles  
siRNA  small interfering RNA 
snoRNA  small nucleolar RNA 
snRNA  small nuclear RNA 
TEM  Transmission electron microscopy 
tRNA  transfer RNA 
TRPS  Tunable resistive pulse sensing 
TSG101  Tumor Susceptibility Gene 101 (an EV 

marker protein) 
UTR  Untranslated region (segment of mRNA 

not translated into protein) 
VEGF  Vascular Endothelial Growth Factor 
VEGFA  Vascular Endothelial Growth Factor A 
VEGFR1  Vascular Endothelial Growth Factor 

Receptor 1 
VEGFR2  Vascular Endothelial Growth Factor 

Receptor 2 
YBX1  Y-box binding protein 1 

 



Extracellular Vesicles 

10 

1 INTRODUCTION  
RNA plays a fundamental role in gene expression, cellular signaling, and post-
transcriptional regulation. Because of its central involvement in disease-related 
pathways, RNA-based therapeutics have emerged as a promising frontier in 
modern medicine. These therapies offer precise and versatile approaches for 
treating a wide range of conditions, including through mRNA vaccines, RNA 
interference (RNAi), antisense oligonucleotides (ASOs), and mRNA-based 
protein expression therapies (1). The success of mRNA vaccines against 
COVID-19 has demonstrated the potential of RNA-based platforms by 
highlighting their efficiency, scalability, and rapid development timelines (2). 
However, even the most effective RNA therapeutics can lose their impact or 
cause adverse effects if they are not delivered accurately to the intended cells 
or tissues. As a result, the development of targeted delivery systems is critical. 
These systems improve therapeutic efficacy and reduce off-target effects by 
ensuring that RNA molecules reach specific cellular targets in a controlled and 
timely manner. 

In the context of RNA-based therapies, various delivery systems have been 
developed to enhance stability, targeting, and cellular uptake. These include 
methods that encapsulate RNA and protect the biologics, such as lipid-based 
nanoparticles, polymer-based nanoparticles, viral vectors, inorganic 
nanoparticles, dendrimers, and naturally derived vesicles like exosomes or 
other extracellular vesicles (EVs) (3, 4). Other types of delivery systems are 
based on different principles, such as chemical conjugation (e.g., RNA 
conjugated to ligands, antibodies, or peptides for targeted delivery) (5) or 
localized delivery approaches, including hydrogels and microneedles, which 
allow site-specific administration and sustained release(6, 7). 

Lipid nanoparticles (LNPs) are among the most widely used systems for 
delivering RNA molecules due to their ability to protect RNA from 
degradation and facilitate intracellular delivery(8). While LNPs demonstrate 
high efficiency in delivering mRNA to cells, their distribution in vivo is often 
broad, leading to non-specific uptake in multiple organs(9). Additionally, 
recent studies have shown that after cells take up LNPs, a fraction of the 
internalized mRNA can be repackaged into EVs and subsequently transferred 
to other cells (10, 11). This process extends the functional presence of the 
delivered RNA beyond the initially transfected cells, potentially altering 
biological outcomes in a way that differs from direct LNP delivery alone. 
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A particularly promising application of RNA therapy is the delivery of vascular 
endothelial growth factor A (VEGFA) mRNA to stimulate angiogenesis, the 
formation of new blood vessels. This strategy holds significant potential for 
cardiovascular regeneration, where restoring blood supply to damaged tissues 
could improve outcomes for patients with ischemic heart disease or other 
vascular disorders(12-14). However, achieving a controlled and tissue-specific 
delivery of VEGFA mRNA remains a challenge. Early studies using direct 
injection of unprotected mRNA have shown limited therapeutic success due to 
rapid degradation and poor cellular uptake(15). 

This thesis investigates the mechanisms by which EVs extend the functional 
reach of mRNA delivered via synthetic nanoparticles. It examines the impact 
of this process on EV transcriptomes and explores how these mechanisms can 
be exploited to improve the delivery of LNP mRNA via EVs. Specifically, this 
study aims to identify strategies that maintain RNA functions, control its 
biodistribution, and mitigate off-target effects. The findings contribute to the 
broader field of RNA therapeutics and regenerative medicine, with potential 
implications for the development of more efficient and targeted RNA delivery 
systems. 
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2 RNA-BASED THERAPEUTICS 
Most disease mechanisms are complex and cannot be modulated using 
conventional small-molecule drugs, but can be addressed by RNA-based 
therapeutics (16). Since every component of the cell is produced from genetic 
information, RNA-based drugs can target almost any of these elements that are 
considered undruggable by small molecules or monoclonal antibodies(17). 
RNA serves as the central intermediate among the three major biological 
macromolecules (DNA, RNA, and proteins) facilitating the flow of genetic 
information from storage to function. As a result, RNA-based drugs are 
expected to become increasingly relevant. Compared to antibody-based drugs, 
RNAs are also relatively easy to design and can be synthesized rapidly on a 
large scale (1, 18). 

The first evidence of RNA therapy dates back to 1978, when antisense 
oligonucleotides were used to inhibit replication of the Rous sarcoma virus 
(19). The first RNA drug approved by the FDA came 20 years later, for the 
treatment of cytomegalovirus retinitis (20). The rapid development of COVID-
19 vaccines was crucial for controlling the pandemic and reducing disease 
severity. BioNTech/Pfizer and Moderna swiftly designed mRNA sequences, 
conducted animal studies, and initiated clinical trials shortly after the release 
of the novel coronavirus sequence by Chinese authorities (21). Their ability to 
quickly adapt mRNA technology, supported by a consistent production 
process, highlights its suitability for pandemic preparedness. Furthermore, the 
cost of developing RNA-based drugs is lower due to the simplicity of 
production, making them an attractive alternative for research on rare diseases 
(21, 22). Compared to DNA-based therapies, RNA-based approaches offer a 
significant safety advantage, as they do not carry the risk of integrating into 
the host genome. DNA therapeutics often require nuclear entry and may 
involve viral vectors, which can potentially integrate into the genome and 
cause mutagenesis or other permanent genetic alterations. In contrast, RNA 
operates in the cytoplasm and exerts its therapeutic effects transiently, thereby 
minimizing the risk of long-term genetic disruptions or genotoxicity (23, 24). 

The development of RNA-based therapeutics has transformed modern 
medicine by offering innovative strategies to treat a broad spectrum of 
diseases, including genetic disorders, cancer, and viral infections. Therapeutic 
RNAs enable direct modulation of gene expression. These approaches can 
suppress harmful gene expression, correct genetic defects, or stimulate 
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immune responses, making them particularly well-suited for precision 
medicine. The next section outlines the major classes of RNA-based 
therapeutics commonly used in research and clinical applications. 

2.1 Types of RNA-Based Therapeutics  
 Antisense Oligonucleotides (ASOs) 
Antisense oligonucleotides (ASOs) are short, synthetic, single stranded nucleic 
acids that bind to target RNAs at sequence-specific binding sites via Watson-
Crick base pairing (25). ASOs mode of action is classified into two broad 
categories. The first category consists of ASOs that are modified to have a 
central DNA sequence flanked by modified RNA sequences. Upon binding to 
the target RNA, the ASO forms a DNA-RNA hybrid duplex, which is 
recognized and cleaved by RNase H or ribozymes, leading to the degradation 
of the RNA strand. This mechanism allows ASOs to target non-coding 
elements, as they can function in both the nucleus and the cytoplasm, providing 
an advantage over small interfering RNAs, which mainly act in the cytoplasm 
(26-28). The second category of ASOs targets pre-mRNAs, blocking RNA 
splicing and preventing the maturation of pre-mRNA into functional mRNA. 
By blocking the access of splicing factors, these ASOs can promote exon 
inclusion or exclusion, thereby altering the mRNA isoform or preventing the 
production of pathogenic transcripts (29).  

 RNA Interference (RNAi) 
RNA interference (RNAi) is a natural cellular mechanism that degrades 
specific RNAs in response to double-stranded RNA (dsRNA) formation, 
serving as a defense against viruses and transposons (30). Two key molecules 
in RNAi are Small interfering RNAs (siRNAs) and micro RNAs (miRNAs).  

siRNAs are short double-stranded RNAs, typically 20–24 nucleotides in 
length, that guide the RNA-induced silencing complex (RISC) to 
complementary target transcripts, leading to their cleavage and gene silencing. 
The enzyme Dicer processes long double-stranded RNA (dsRNA) into 
siRNAs, which are subsequently loaded into RISC. Within this complex, 
Argonaute2 (AGO2) removes the passenger strand, while the guide strand 
directs RISC to the complementary mRNA, leading to AGO2-mediated 
cleavage and degradation of the target RNA (31). Although siRNAs primarily 
function in the cytoplasm, some studies suggest they can also regulate gene 
expression in the nucleus by inducing chromatin remodeling and 
transcriptional silencing (32). 
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miRNAs are single-stranded non-coding RNAs that regulate gene expression 
through the RNAi pathway. They are initially transcribed as long primary 
transcripts (pri-miRNAs), which are processed in the nucleus by Drosha into 
precursor miRNAs (pre-miRNAs), and then further cleaved in the cytoplasm 
by Dicer into mature miRNA duplexes. One strand of the duplex is 
incorporated into the RISC, where it guides the complex to complementary 
sequences, typically within the 3′ untranslated region (UTR) of target mRNAs, 
leading to translational repression or mRNA degradation (33, 34). In certain 
biological contexts, some miRNAs can also enhance gene expression by 
increasing mRNA stability or translation efficiency (35). 

In contrast to RNAi, RNA activation (RNAa) is a process where small 
activating RNAs bind to promoter sequences to enhance gene expression, 
utilizing AGO2 and other factors (1, 36). This mechanism has potential 
applications in gene therapy, particularly for restoring silenced tumor 
suppressor genes (37). 

 Aptamers 
Aptamers are small, single-stranded DNA or RNA molecules, typically 20-100 
nucleotides long, that can form various secondary structures such as stem loops 
and pseudoknots (38). These structures enable aptamers to bind selectively and 
with high affinity to a wide range of targets, including proteins, cells, and 
tissues. Their binding can modulate biological activity by blocking ligand-
receptor interactions, altering protein conformation, inhibiting enzymatic 
function, or acting as carrier of therapeutics to target cells (39, 40). Aptamers 
are most commonly identified using SELEX (Systematic Evolution of Ligands 
by Exponential Enrichment), an in vitro selection process that enriches for 
high-affinity sequences from large random libraries (41).  

Unlike antibodies, aptamers are nucleic acid-based and can be synthesized 
directly, bypassing the need for cell-based expression. Their small size also 
offers advantages in tissue penetration and distribution (42). In addition, 
aptamers exhibit low immunogenicity and can be chemically modified (e.g., 
with 2′-fluoro, PEGylation) to improve their stability and pharmacokinetics 
(43). They also hold potential for targeted drug delivery and diagnostic 
imaging when conjugated with drugs, radioisotopes, or fluorescent dyes (44-
46). Pegaptanib, an FDA-approved RNA aptamer for age-related macular 
degeneration by inhibiting 165 isoform of VEGF (47), and NOX-A12, 
currently in clinical trials for cancer, are examples of RNA aptamer-based 
therapies(48).  
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 CRISPR-Based RNA Systems 
CRISPR (Clustered Regularly Interspaced Short Palindromic Repeats) is a 
genome-editing technology that uses a guide RNA (gRNA) to form a complex 
with a Cas protein (usually Cas9) and direct it to a specific genetic sequence 
(49, 50). The gRNA hybridizes with the complementary target DNA strand, 
typically around 20 nucleotides long, while Cas9 scans the genomic DNA for 
a protospacer adjacent motif (PAM) sequence. The Cas9 nuclease then cleaves 
the DNA, creating a double-stranded break approximately 3 base pairs 
upstream of the PAM site. This break triggers the cell’s endogenous DNA 
repair machinery, either by simply joining the DNA ends, a process that is 
often error-prone and results in small insertions or deletions (indels) that 
disrupt gene function, leading to gene knockout, or by using homologous 
recombination with a donor DNA template, which allows the insertion of 
specific DNA sequences and results in precise gene correction (50). While 
Cas9 can target both double-stranded DNA and single-stranded RNA, other 
Cas proteins such as Cas13 specifically target RNA, using gRNA to guide 
RNA silencing without altering the genome(51). 

 Messenger RNA (mRNA) 
Exogenous mRNA can be taken up by cells and translated into therapeutic 
proteins (52), making it possible to develop mRNA-based therapies. Later, it 
became possible to synthesize mRNA via in vitro transcription. Extensive 
studies have since focused on optimizing RNA translation into functional 
proteins and minimizing the activation of innate immune responses. This can 
be achieved by, for example, replacing natural RNA bases with modified 
analogs, attaching a cap analog to the 5′ end of the mRNA, or extending the 
length of the poly(A) tail (53-56). mRNA therapeutics generally operate 
through two distinct modes of action: serving as templates for antigen 
expression in vaccines, or as templates for protein replacement therapy.  

mRNA vaccines work by delivering mRNA into the cytoplasm of antigen-
presenting cells (APCs), where it is translated into the desired antigen. This 
antigen is then presented on the surface of APCs through major 
histocompatibility complexes (MHCs), activating humoral immunity via B 
cells and cytotoxic T-cell-mediated immunity (57). Additionally, mRNA 
encoding immune modulators, such as cytokines and chemokines, can enhance 
APC maturation and activation, promoting a stronger T-cell-mediated response 
and boost anti-tumor responses. The effectiveness of mRNA-based vaccines 
has been clearly demonstrated in the fight against COVID-19, and they hold 
promise for personalized medicine, including tumor-targeting therapies (58). 
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 CRISPR-Based RNA Systems 
CRISPR (Clustered Regularly Interspaced Short Palindromic Repeats) is a 
genome-editing technology that uses a guide RNA (gRNA) to form a complex 
with a Cas protein (usually Cas9) and direct it to a specific genetic sequence 
(49, 50). The gRNA hybridizes with the complementary target DNA strand, 
typically around 20 nucleotides long, while Cas9 scans the genomic DNA for 
a protospacer adjacent motif (PAM) sequence. The Cas9 nuclease then cleaves 
the DNA, creating a double-stranded break approximately 3 base pairs 
upstream of the PAM site. This break triggers the cell’s endogenous DNA 
repair machinery, either by simply joining the DNA ends, a process that is 
often error-prone and results in small insertions or deletions (indels) that 
disrupt gene function, leading to gene knockout, or by using homologous 
recombination with a donor DNA template, which allows the insertion of 
specific DNA sequences and results in precise gene correction (50). While 
Cas9 can target both double-stranded DNA and single-stranded RNA, other 
Cas proteins such as Cas13 specifically target RNA, using gRNA to guide 
RNA silencing without altering the genome(51). 

 Messenger RNA (mRNA) 
Exogenous mRNA can be taken up by cells and translated into therapeutic 
proteins (52), making it possible to develop mRNA-based therapies. Later, it 
became possible to synthesize mRNA via in vitro transcription. Extensive 
studies have since focused on optimizing RNA translation into functional 
proteins and minimizing the activation of innate immune responses. This can 
be achieved by, for example, replacing natural RNA bases with modified 
analogs, attaching a cap analog to the 5′ end of the mRNA, or extending the 
length of the poly(A) tail (53-56). mRNA therapeutics generally operate 
through two distinct modes of action: serving as templates for antigen 
expression in vaccines, or as templates for protein replacement therapy.  

mRNA vaccines work by delivering mRNA into the cytoplasm of antigen-
presenting cells (APCs), where it is translated into the desired antigen. This 
antigen is then presented on the surface of APCs through major 
histocompatibility complexes (MHCs), activating humoral immunity via B 
cells and cytotoxic T-cell-mediated immunity (57). Additionally, mRNA 
encoding immune modulators, such as cytokines and chemokines, can enhance 
APC maturation and activation, promoting a stronger T-cell-mediated response 
and boost anti-tumor responses. The effectiveness of mRNA-based vaccines 
has been clearly demonstrated in the fight against COVID-19, and they hold 
promise for personalized medicine, including tumor-targeting therapies (58). 
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mRNA therapeutics can also encode proteins that directly target disease 
processes. They serve as templates to restore or supplement missing or 
dysfunctional proteins, for example, by delivering mRNAs that encode 
functional hormones (e.g., insulin-like growth factor for diabetes (59)), 
enzymes (e.g., methylmalonyl-CoA mutase for methylmalonic acidemia (60)), 
or antibodies (e.g., broadly neutralizing antibody VRC01 against HIV-1 (61)). 
These strategies are particularly useful in treating genetic diseases or 
conditions involving protein deficiency. Additionally, mRNA can be used to 
produce exogenous proteins or gene-editing tools such as nucleases. For 
instance, mRNA encoding Cas9 has been used in CRISPR-based systems to 
correct genetic mutations in vivo or to engineer immune cells ex vivo, such as 
CAR-T cells for cancer immunotherapy (62). 

2.2 Delivery Systems 
Effective delivery systems are essential to ensure that RNA molecules reach 
their intended targets within the body. Naked single-stranded RNA is 
inherently unstable, prone to degradation by extracellular RNases, and unable 
to efficiently cross cellular membranes due to its large size and negative 
charge. Therefore, robust delivery platforms are required to protect the RNA, 
facilitate cellular uptake, and enable its therapeutic activity (63). To address 
these challenges, several delivery systems have been developed, each with 
unique mechanisms and applications. 

Engineered viruses, including lentiviruses and adeno-associated viruses 
(AAVs), have been utilized to deliver RNA or RNA-expressing constructs. 
These vectors are derived from naturally occurring viruses that have been 
genetically modified to eliminate their pathogenicity and replication capability 
while retaining their capacity for cellular entry and transgene delivery (63, 64). 
Upon administration, viral vectors bind to specific receptors on the target cell 
surface and are internalized via endocytosis. Following cellular uptake, the 
viral capsid is disassembled, releasing the genetic payload into the cytoplasm 
or nucleus. They offer high delivery efficiency and long-term expression but 
pose risks like insertional mutagenesis and immunogenicity. Consequently, 
their use is more common in gene therapy applications involving DNA rather 
than direct RNA delivery (65). 

Polymers like polyethyleneimine (PEI) and poly(lactic-co-glycolic acid) have 
been explored for RNA delivery. These carriers form complexes with RNA 
through electrostatic interactions, offering protection and facilitating cellular 
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uptake. However, challenges such as cytotoxicity and lower transfection 
efficiency compared to LNPs have limited their clinical application (66-69). 
Physical methods such as electroporation are commonly employed to introduce 
RNA directly into cells, particularly in applications like CAR-T cell 
manufacturing (69, 70). Electroporation involves applying an electric field to 
cells, temporarily increasing membrane permeability to facilitate the uptake of 
RNA molecules. However, electroporation can lead to significant cell death 
and may alter gene expression profiles, potentially impacting the efficacy of 
the engineered cells (71).  

LNPs have emerged as a leading non-viral delivery platform for RNA 
therapeutics. They encapsulate RNA molecules, protecting them from 
enzymatic degradation and facilitating cellular uptake and endosomal escape 
(72). The success of LNPs was notably demonstrated in the development of 
mRNA vaccines for COVID-19, such as those by Pfizer-BioNTech and 
Moderna, which utilized LNPs to deliver mRNA encoding the SARS-CoV-2 
spike protein (73, 74). 

In recent years, EVs have gained attention as natural, biocompatible carriers 
for RNA-based therapeutics. They are small membrane-bound particles 
released by cells and are involved in intercellular communication. Their natural 
ability to encapsulate and transport RNA, proteins, and lipids has made them 
an attractive candidate for RNA delivery (75). EVs can protect RNA molecules 
from degradation, facilitate cellular uptake, and even target specific tissues, 
making them a promising platform for non-viral delivery of RNA-based 
therapies.  

The potential for EVs as RNA delivery vehicles is further enhanced by their 
ability to cross biological barriers, such as the blood-brain barrier (76), which 
is often a challenge for conventional delivery systems. Additionally, the use of 
engineered EVs, where their surface properties are modified to enhance 
targeting and uptake, holds promise for more efficient and precise delivery of 
RNA therapeutics (77). Research into EV-based delivery systems is rapidly 
progressing, with studies exploring how to optimize their production, loading 
efficiency, and targeting capabilities. The ability to harness EVs for RNA-
based therapies could significantly improve their clinical efficacy, allowing for 
more widespread application in treating a variety of diseases. 
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3 EXTRACELLULAR VESICLES (EVs) 
The first glimpse of EVs dates back to the mid-1940s, when American 
biochemists Chargaff and West investigated blood coagulation. They 
developed a centrifugation protocol to separate clotting factors from cells and 
observed that the sediment obtained significantly accelerated coagulation 
when reintroduced to blood. These particles, which sedimented at 31,000 × g, 
were later suggested to include breakdown products of blood corpuscles (78). 
However, it was not until years later that these components were recognized 
as EVs. 

EVs are a diverse group of membrane-bound vesicles without nucleus secreted 
by nearly all studied cell types and are found in various body fluids, as well as 
in conditioned media from cultured cells (75). Initially, EVs were considered 
to be cellular ‘waste bags’ for cells to eliminate any excessive, unwanted 
biomolecules (79) . Later, it was discovered that EVs play important roles in 
cell-to-cell communication (80). EVs play a crucial role in intercellular 
communication by serving as carriers of key biomolecules, including RNA, 
lipids, and proteins (81, 82). They are characterized by specific surface 
markers and receptor molecules, which enable targeted interactions with 
recipient cells. Because they are naturally produced by cells, EVs can be 
isolated from an individual’s own biological sources, making them promising 
candidates for innovative applications in personalized medicine. Their unique 
properties have garnered significant interest in fields ranging from diagnostics 
to targeted therapeutics (75). 

3.1 Biogenesis and Classification  
EVs were initially categorized into distinct subtypes based on their biogenesis, 
size, and function, but it was later discovered that these heterogeneous vesicles 
are far more complex. Traditionally, EVs were grouped into three main 
subtypes based on their biogenesis: exosomes, microvesicles, and apoptotic 
bodies. 

Exosomes are small EVs with diameters ranging from approximately 30-150 
nm in diameter. Exosomes have the ability to transmit functional biomolecules 
to other cells, making them critical in cell-to-cell communication (83). The 
hallmark characteristic of exosomes is their formation via the endosomal route, 
beginning with the invagination of the cell membrane and generating the early 
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endosome. These endosomes mature into multivesicular bodies (MVBs), 
which then form intraluminal vesicles (ILVs) by inward budding. While some 
MVBs may fuse with lysosomes and undergo degradation, the remaining 
MVBs fuse with the plasma membrane, releasing ILVs into the extracellular 
space as exosomes (84). Exosomes are important in various physiological and 
pathological processes, including immune response modulation and cancer 
progression (85-87). Their small size and ability to carry specific cargo 
(molecules from both endocytotic and endogenous origin) make them 
promising candidates for diagnostic and therapeutic applications in medicine. 
 
Microvesicles (MVs), also known as ectosomes, are larger than exosomes, 
typically ranging from 100 to 1000 nm in diameter (84). They are generated 
by direct outward budding from the plasma membrane, a process involving 
cytoskeletal rearrangement and lipid redistribution. MVs encapsulate a subset 
of cytoplasmic components, including proteins and RNA, reflecting the 
content of their parent cell. They are implicated in a variety of physiological 
and pathological processes, such as immune modulation and tissue repair (88). 

Apoptotic bodies are the largest subtype of EVs, measuring between 500 and 
5000 nm in diameter. They form during programmed cell death (apoptosis). 
The process begins with the activation of caspases, leading to cytoskeletal 
disassembly and the formation of dynamic membrane protrusions known as 
blebs. These blebs, driven by actomyosin contractions and increased 
intracellular pressure, can evolve into larger structures called apoptopodia or 
beaded apoptopodia, which facilitate the segmentation of the dying cell into 
discrete vesicles (89, 90). These vesicles encapsulate cellular debris, including 
fragmented DNA, organelles, and cytoplasmic content, thereby preventing the 
release of potentially harmful materials into the extracellular environment (91). 
Apoptotic bodies play a crucial role in maintaining tissue homeostasis by 
presenting "eat-me" signals like phosphatidylserine on their surface, promoting 
their rapid clearance by phagocytes and preventing the release of potentially 
inflammatory intracellular contents (92). Figure 1 illustrates a simplified 
conceptual diagram of classical EV subtypes, categorized by their biogenesis.  
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Figure 1.  A schematic representation of classical EV subtypes, exosomes, 
microvesicles, and apoptotic bodies. 

The classification of EVs is typically based on their biogenesis, size, and 
molecular composition, but these categories remain subject to revision as 
research advances. Scientists have suggested alternative systems that 
incorporate differences in cargo, biogenesis pathways, and surface markers. 
Size-based classifications are common, with small extracellular vesicles 
(sEVs) generally measuring between 30 to 200 nm, while large extracellular 
vesicles (lEVs) range from 200 to 1000 nm (75). Oncosomes, a specialized 
class of EVs secreted by cancer cells, often exceed 1 μm and are implicated in 
tumor progression due to their unique molecular profile (93). Other 
classification approaches include distinguishing bacterial EVs, such as outer 
membrane vesicles involved in bacterial communication (94), and categorizing 
eukaryotic EVs based on their cellular origin, such as neuronal, cardiac, or 
placental EVs (75). 

According to the MISEV2023 guidelines issued by the International Society 
for Extracellular Vesicles (ISEV), "extracellular vesicles" is recommended as 
a broad term encompassing lipid bilayer-bound particles naturally secreted by 
cells, devoid of intact nuclei. A significant challenge in the field is the absence 
of definitive markers that can reliably distinguish between different EV 
subtypes, particularly exosomes and microvesicles, which share overlapping 
features despite distinct biogenesis pathways. The guidelines advise 
researchers to refrain from using terms like "exosomes" and "microvesicles" 
unless their origins are well-defined. Instead, EVs should be described based 
on physical or biochemical properties, such as sEVs or lEVs, CD63+/CD81+ 
EVs, or hypoxic EVs, to promote clarity and consistency in scientific 
communication.  
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3.2 Composition of EVs and Their RNA Cargo  
EVs comprise of a diverse array of biomolecules that reflect their parental cell's 
composition and physiological state. Their lipid membranes are enriched with 
sphingomyelin, gangliosides, and desaturated lipids, contributing to membrane 
rigidity and stability.  This composition is distinct from that of the parental cell 
membranes, which have higher levels of phosphatidylcholine and 
diacylglycerol (95). Additionally, EVs often contain a higher cholesterol 
fraction compared to cellular membranes, further enhancing their structural 
integrity (96). The outer leaflet of EV membranes is often enriched in 
phosphatidylserine (PS), a phospholipid usually confined to the inner plasma 
membrane. EV exposure of PS is analogous to apoptotic cells and is believed 
to facilitate EV internalization by recipient cells. Blocking PS or PS receptors 
on target cells can markedly reduce EV uptake, supporting the idea that 
externalized PS on EVs serves as an “eat me” signal for phagocytosis or 
micropinocytosis (96-98). 

The surface proteins of EVs varies widely depending on the cell of origin and 
the vesicle’s biogenesis pathway. EVs carry proteins reflective of their parent 
cell’s identity and state; thus, vesicles from different cell types (or produced 
under different conditions) have distinct proteomic profiles (99). Moreover, 
the route of biogenesis, such as exosomal (endosomal origin) vs. 
microvesicular (plasma membrane shedding), influences EV composition. 
Exosomes and microvesicles share many common proteins, but each subtype 
is enriched in certain proteins related to its formation. For instance, 
microvesicles (shed from the plasma membrane) tend to include more plasma-
membrane-associated proteins, whereas exosomes (formed as intraluminal 
vesicles of multivesicular bodies) incorporate more endosomal and cytosolic 
proteins (100). In one comparative analysis, microvesicles contained higher 
levels of integrins and other membrane glycoproteins, whereas exosomes 
showed enrichment in endosome-associated proteins (100, 101) Thus, EV 
protein composition is not uniform: it reflects both the unique signature of the 
producing cell type and the specific pathway through which the vesicle was 
generated.  

Exosomes, the EV subtype of endosomal origin, are characteristically rich in 
certain membrane proteins, notably tetraspanins and in many cases MHC class 
II. Early studies of B-lymphocyte and dendritic cell exosomes revealed they 
carry MHC II complexes for peptide antigen presentation (102, 103). In 
addition, exosomal membranes are highly enriched in tetraspanin family 
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proteins such as CD37, CD53, CD63, CD81 and CD82 (100, 104). Because 
exosomes form via the endosomal sorting complex required for transport 
(ESCRT) machinery, they commonly contain ESCRT-associated proteins. In 
particular, the accessory ESCRT proteins Alix and TSG101 are routinely 
identified in exosome (83). These proteins participate in the cargo sorting and 
budding of intraluminal vesicles; consequently, they are incorporated into the 
exosome lumen or membrane during biogenesis. Théry et al. (2001) first 
reported that exosomes from diverse cell types contain TSG101 and Alix, 
regardless of cell origin . This has led to Alix and TSG101 being widely used 
as general exosome markers (104, 105). Microvesicles (MVs), which bud off 
the plasma membrane, are typically enriched in membrane receptors and 
adhesion molecules from their parent cell’s surface. For example, platelet-
derived microvesicles carry platelet-specific markers like integrin complexes 
(e.g. β1 integrins), glycoprotein Ib (GPIb), and P-selectin (CD62P) from the 
platelet surface (105). In contrast, apoptotic bodies, which are released by 
dying cells undergoing apoptosis, have a very different composition. Apoptotic 
bodies often contain nuclear fragments and histones (due to chromatin 
condensation and fragmentation during apoptosis), and they are comparatively 
deficient in cell-surface glycoproteins (100). 

While there are discoveries of surface markers associated with certain 
biological pathways, there has not been a comprehensive assessment of 
specificity or sensitivity by which these markers define EV subtypes, and 
therefore these markers should be treated as general EV markers, rather than 
markers of specific EV type. MISEV2023 reaffirms that there are currently no 
single protein, lipid, or RNA markers universally accepted as unique to specific 
EV subtypes such as exosomes, microvesicles, or apoptotic bodies. In other 
words, no definitive “exosome-only” or “microvesicle-only” marker has been 
validated across all experimental systems. Commonly used EV markers 
(tetraspanins CD9, CD63, CD81; ESCRT pathway proteins TSG101 and 
ALIX; etc.) indicate the presence of EVs in a preparation, but these are not 
consistently exclusive to one subtype and not even present on every vesicle 
(75). 

The cargo within EVs comprises lipids, nucleic acids, and proteins. EVs 
contain a wide range of RNA transcripts, such as mRNA, tRNA, miRNA, 
snRNA, small snoRNA, mtRNA, etc. (81, 106-108). Cells use EVs to transmit 
biomoleculesRNAs to other cells. Typically, a specific subset of RNA 
molecules are selectively packaged into EVs. Cellular state and disease status 
affect the RNA content of EVs, which are transmitted to other cells for 
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intercellular communication or modulation of specific cellular processes such 
as cell proliferation, apoptosis, cell stress, and inflammation(inflammation 
(109, 110)17, 18). EVs transport both intact RNAs and fragmented RNAs that 
are likely non-functional byproducts, which highlighted the heterogeneity of 
EVs and their cargos and underscored the need for more research to validate 
their functions in intercellular communications. EV-RNA cargos have been 
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Several studies have revealed that the RNA cargo of EVs is shaped by specific 
sequence motifs and secondary structures that are recognized by RNA-binding 
proteins (RBPs). These RBPs form ribonucleoprotein (RNP) complexes that 
are directed to EV biogenesis sites, enabling selective packaging. Examples of 
RBPs involved in EV-mediated RNA sorting include the hnRNP family, Y-
box binding proteins (YBPs), AGO proteins, and other RNA chaperones (115). 

hnRNPA2B1, which recognizes the GGAG motif in the 3′-end of miRNAs and 
mediates their inclusion in EVs. This protein also undergoes post-translational 
modifications, including sumoylation and O-GlcNAcylation, which enhance 
its RNA-binding specificity and interaction with membrane domains (116). 
Caveolin-1 has been shown to form a complex with hnRNPA2B1 in epithelial 
cells. This interaction is regulated by O-GlcNAcylation and facilitates the 
sorting of miRNAs containing AGG and UAG motifs into EVs (117). YBX1 
(Y-box-binding protein 1) binds to the Y-box motif (5'-CTGATTGGCCAA) 
and additional motifs such as GGGG, CACC, and CATA (118). It plays a key 
role in the packaging of noncoding RNAs and has been implicated in exosome-
mediated communication in both normal and tumor cells (119, 120). AGO2 
(Argonaute 2) is another RNA-binding protein (RBP) identified in EVs, where 
it forms part of the RNA-induced silencing complex (RISC). Its role remains 
controversial, specifically, whether it is actively sorted into EVs or merely acts 
as a passive passenger. Nevertheless, some studies suggest that AGO2 may 
assist in miRNA sorting under specific conditions, such as hypoxia or 
oxidative stress (121).  

The current knowledge on RNA sorting machinery is limited; most of the 
observations were qualitative. In many cases, the detection of RBPs does not 
reveal the enrichment of them or their target in EVs. More research is needed 
to elucidate the sorting mechanism and the biological implications of 
RBPs(122). 

3.4 Exogenous RNA Loading  
EVs have emerged as versatile carriers for delivering therapeutic RNA 
molecules (siRNA, miRNA, mRNA, etc.) in various disease model (123-125). 
To load exogenous RNA cargo, two main strategies are used: cell-based 
(endogenous) loading and non-cell-based (exogenous) loading. In the cell-
based approach, donor cells are manipulated to incorporate the RNA into EVs 
during biogenesis, whereas the non-cell-based approach involves loading RNA 
directly into isolated EVs in vitro. Each strategy can further be characterized 
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by passive vs. active loading mechanisms, depending on whether the RNA is 
loaded by natural diffusion or by forcing entry into EVs (126).   
 
In cell-based loading (Endogenous) method, the RNA cargo is introduced into 
producer cells, which then passively package some of it into EVs or are 
actively induced to load cargo at higher efficiency (127). Passive loading 
typically involves incubating donor cells with the desired molecule (e.g. a 
small drug or RNA) and relying on the cell’s normal EV biogenesis to 
incorporate the cargo. Active loading involves transient transfection or viral 
vector delivery of the RNA (or an RNA-encoding plasmid) into the cell (128). 
The cell then produces EVs containing therapeutic RNA. For example, simply 
transfecting cells with an mRNA can yield EVs enriched in that mRNA (a 
“passive” pre-loading that leverages natural sorting). More “active” 
engineering can further enhance RNA encapsulation, for instance, by fusing an 
RNA-binding protein to an EV membrane protein to actively recruit specific 
RNAs into budding EVs (129). Cell-based loading is advantageous because 
the cell’s own sorting machinery can sometimes efficiently package the RNA 
cargo, but it may require extensive cell engineering and is limited by the cell’s 
capacity and selectivity in RNA loading. 
 
Non-Cell-Based Loading (Exogenous) method, also called direct loading, 
skips the cellular packaging step by inserting RNA into EVs after they have 
been isolated (130). Isolated EVs are mixed with the RNA cargo, and loading 
occurs either passively (simple incubation, relying on diffusion or spontaneous 
membrane permeation) or actively (application of physical or chemical 
methods to drive RNA across the EV membrane) (126, 129). Passive 
incubation is a very straightforward method (e.g. simply incubating EVs with 
a high concentration of RNA at room temperature), but it often suffers from 
low encapsulation efficiency (131). In contrast, active loading uses techniques 
like electroporation, sonication, freeze–thaw cycles, or membrane-
permeabilizing reagents (e.g. saponin) to transiently disrupt the EV membrane, 
allowing RNA molecules to enter, after which the membrane reseals (132, 
133). For instance, electroporation is widely used to load siRNAs or mRNAs 
into EVs and can substantially increase the cargo uptake compared to passive 
diffusion. Active loading tends to improve RNA encapsulation at the cost of 
extra processing steps and potential EV membrane damage. In practice, 
researchers often optimize and combine these methods to maximize loading 
efficiency without compromising EV integrity (134). 
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3.5 Dual Roles of EVs  
EVs play a multifaceted role in biomedical science, functioning both as 
mediators of disease pathology and as promising tools for diagnostics and 
therapy. Their ability to transfer bioactive molecules between cells makes them 
key players in disease progression while also providing opportunities for 
clinical applications (99, 134). 

 EVs in Pathology  
EVs contribute to pathological processes by facilitating intercellular 
communication, often promoting disease progression in conditions such as 
cancer, neurodegenerative disorders, and cardiovascular diseases (135-137). 
Cancer cells often secrete more EVs than healthy cells, loading them with 
oncogenic factors (134, 138). These tumor-derived EVs help create a 
supportive tumor microenvironment and pre-metastatic niches, promoting 
cancer hallmarks such as metastasis, immune evasion, and therapy resistance 
(139). In infectious and inflammatory diseases, EVs may spread pathogenic 
proteins or RNAs that exacerbate tissue injury (139, 140).They can transfer 
oncogenic proteins, mutated RNAs, and inflammatory molecules, influencing 
recipient cell behavior in ways that sustain or worsen disease states. In cancer, 
for example, tumor-derived EVs can enhance metastasis by preparing distant 
sites for colonization and modulating immune responses. Despite their role in 
pathology, EVs are valuable as non-invasive biomarkers sources offering 
valuable insights for diagnostics (1, 141). Their RNA cargo, which reflects the 
state of their originating cells, holds significant potential for disease 
monitoring, prognosis, and early detection. Various RNA species, including 
miRNAs, tRNAs, lncRNAs, and mRNAs, have been identified in EVs, with 
specific miRNA signatures linked to pathological conditions such as cancer 
and other diseases (142). Because EVs can be isolated from biofluids like 
blood, saliva, urine, and cerebrospinal fluid, they provide a promising avenue 
for non-invasive diagnostics (143). 

 EVs in Homeostasis and Regeneration  
EVs are not only involved in pathological processes but also play essential 
roles in maintaining physiological balance and supporting tissue regeneration. 
They naturally mediate communication between cells by transferring bioactive 
molecules, including RNAs, proteins, and lipids, which can influence the 
function and behavior of recipient cells (144, 145). EVs derived from stem 
cells, for instance, have been shown to promote wound healing, enhance 
angiogenesis, and modulate immune responses(144, 146). They achieve this 
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by delivering regulatory RNAs and proteins that stimulate cellular 
proliferation, reduce inflammation, and support tissue remodeling. In the 
cardiovascular system, EVs have been implicated in vascular homeostasis, 
with endothelial cell-derived EVs contributing to blood vessel formation and 
maintenance (147). 

Beyond their natural regenerative functions, EVs are being explored for 
therapeutic applications. Their ability to transport functional RNAs and 
proteins has raised interest in using them as carriers for targeted drug delivery 
and regenerative medicine (144, 148, 149). While their therapeutic use is still 
under investigation, their inherent capacity to transfer beneficial cargo between 
cells highlights their potential as a tool for enhancing tissue repair and 
modulating biological processes in a controlled manner. 

3.6 Targeted RNA Delivery via EVs and 
Challenges  

EVs function as natural delivery vehicles, decorated with molecules like 
tetraspanins, integrins, and cell-specific proteins, which may guide them to 
target tissues and facilitate cargo transfer. Studies indicate that the cellular 
origin of EVs influences their biodistribution. Their organotrophic behavior 
enables both local and long-range intercellular communication, making them 
highly desirable for drug delivery applications (150). Cancer EVs exhibit 
strong tropism toward their parent cells and specific organ sites. Studies have 
shown that tumor-derived EVs preferentially fuse with their originating cell 
types, likely due to their lipid and protein composition (151). For example, 
prostate cancer EVs efficiently deliver therapeutic agents to prostate tumor 
cells (152), while brain-derived EVs can cross the blood-brain barrier to 
deliver cargo to brain tumors (153). Additionally, integrins and tetraspanins on 
the EV surface play a key role in determining target cell specificity. Some 
cancer EVs also migrate to distant healthy organs, such as the liver and lungs, 
influencing the metastatic process (139). EVs from immune cells tend to 
interact with other immune cells. For instance, T cell-derived EVs transfer 
microRNA to antigen-presenting cells, influencing immune responses (154). 
Non-cancerous EVs, like those from human embryonic kidney cells, can also 
accumulate in tumors due to the enhanced permeability and retention effect of 
leaky tumor vasculature(155).  
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Despite their natural targeting capabilities, several challenges limit the 
efficiency and precision of RNA delivery via EVs. EVs introduced into 
circulation tend to accumulate in liver, spleen, lungs, and kidneys rather than 
exclusively homing to a target (156). A related challenge is short circulation 
half-life. One study in macaques found intravenously injected EVs were 
detectable in blood for longer than in mice, but repeated dosing dramatically 
shortened their circulation time, likely due to immune clearance mechanisms 
(157). In addition, getting the RNA out of endosomes in the target cell is a 
major challenge. It is not enough for a carrier to bind a target cell; the payload 
must reach the cytosol to be functional. The efficiency of endosomal escape is 
often low, by some estimates, < 2% of internalized mRNA might escape 
endosomes to allow protein translation (158). Even a perfect targeting to the 
right cell won’t have effect if the RNA remains trapped and degraded in 
endolysosomes. Researchers are trying to address this by designing more 
fusogenic or pH-responsive materials, but it remains a bottleneck for many 
delivery Despite their intrinsic targeting potential, unmodified EVs lack 
sufficient precision for clinical applications (159). However, insights into their 
natural tropism can inform the development of engineered EVs for more 
effective and targeted RNA-based drug delivery.  

Beyond the scientific scope, there are also practical challenges. Ensuring each 
batch of EVs has consistent size, and properties is non-trivial. EVs vary from 
batch to batch biologically (160). Translating targeted delivery systems to 
clinical use requires surmounting these production and regulatory hurdles.  

3.7 Isolation of EVs 
The isolation of EVs is a critical first step for their characterization and 
functional studies. However, the small size, heterogeneity, and overlap in 
physical properties with other extracellular components make EV purification 
technically challenging. A variety of methods have been developed to isolate 
EVs based on their size, density, surface markers, or other biophysical 
properties (83). Each technique offers distinct advantages and limitations in 
terms of yield, purity, scalability, and technical complexity. In this section, we 
overview the major strategies currently used for EV isolation, highlighting 
their principles, applications, and inherent trade-offs. 

 Ultracentrifugation-Based Techniques 
Ultracentrifugation is the most widely used technique for isolating EVs, with 
two main approaches commonly employed in EV research, differential 
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ultracentrifugation and density gradient centrifugation (161). Differential 
ultracentrifugation separates particles by their sedimentation rates, with larger 
particles sedimenting more rapidly than smaller ones. This process generally 
involves multiple centrifugation steps, starting with a low-speed run to collect 
larger particles and followed by higher-speed spins to isolate smaller particles 
(161, 162). Despite its widespread use, this method often results in impure 
isolates due to the complexity and heterogeneity of EVs. To enhance purity, 
density gradient centrifugation is frequently combined with other methods 
such as differential ultracentrifugation. This technique separates particles 
based on their density using a gradient formed by layers of media with varying 
densities. EVs and proteins can be effectively separated, as their densities 
differ, with EVs typically having a density around 1.12 g/ml and proteins 
around 1.35 g/ml (162, 163). There are two types of density gradient 
centrifugation: isopycnic, where particles settle at their respective densities, 
and rate-zonal, where particles are separated according to their sedimentation 
rates before they reach their isopycnic point. These approaches can be applied 
sequentially to achieve both size- and density-based separation (164). 

A simpler alternative to the density gradient is the density cushion, which uses 
a two-layer setup with a sharp density difference between the layers. This 
method allows low-density particles, like EVs, to remain above the barrier 
while higher-density particles, such as soluble proteins, pass through. For 
density mediums, sucrose and iodixanol (Optiprep) are most commonly used, 
with Optiprep gradually replacing sucrose due to its compatibility with 
biological samples and its ability to form stable gradients (164, 165).  

 Size Exclusion Chromatography 
Size exclusion chromatography (SEC) is a gentle method where EVs are eluted 
based on size through a porous resin. (166). As the sample moves through a 
separation column, larger particles, unable to enter the pores, elute first, 
following the natural flow of the liquid around the beads. Smaller particles, 
which partially interact with the pores, elute later in a size-dependent order. 
The smallest components which have full access to the pores, elute last. SEC 
usually provides higher purity EVs with minimal protein contamination. The 
downside is that SEC may dilute the sample and recover fewer EVs in total. 
Nonetheless, SEC is recommended when purity is paramount (167). SEC is 
particularly suitable for smaller sample volumes and is often paired with other 
methods to reduce sample size before separation, enhancing the efficiency of 
EV isolation (168). 
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A simpler alternative to the density gradient is the density cushion, which uses 
a two-layer setup with a sharp density difference between the layers. This 
method allows low-density particles, like EVs, to remain above the barrier 
while higher-density particles, such as soluble proteins, pass through. For 
density mediums, sucrose and iodixanol (Optiprep) are most commonly used, 
with Optiprep gradually replacing sucrose due to its compatibility with 
biological samples and its ability to form stable gradients (164, 165).  

 Size Exclusion Chromatography 
Size exclusion chromatography (SEC) is a gentle method where EVs are eluted 
based on size through a porous resin. (166). As the sample moves through a 
separation column, larger particles, unable to enter the pores, elute first, 
following the natural flow of the liquid around the beads. Smaller particles, 
which partially interact with the pores, elute later in a size-dependent order. 
The smallest components which have full access to the pores, elute last. SEC 
usually provides higher purity EVs with minimal protein contamination. The 
downside is that SEC may dilute the sample and recover fewer EVs in total. 
Nonetheless, SEC is recommended when purity is paramount (167). SEC is 
particularly suitable for smaller sample volumes and is often paired with other 
methods to reduce sample size before separation, enhancing the efficiency of 
EV isolation (168). 
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 Affinity Capture 
Affinity capture-based methods for isolating EVs have gained considerable 
attention due to their ability to selectively target and enrich specific 
subpopulations of EVs based on their surface markers. These techniques often 
employ affinity ligands, such as antibodies, aptamers, or peptides, which are 
immobilized on solid supports like magnetic beads or columns. Commonly 
targeted surface markers include tetraspanins like CD9, CD63, and CD81, 
which are abundant on the surface of many EVs (163). However, affinity 
capture is not limited to these classic markers, tissue-specific markers such as 
Ep-CAM or HLA-DP/DQ/DR can also be targeted (169), allowing for more 
specific isolation from particular biological contexts. In addition to protein 
markers, lipid-based targets like exposed phosphatidylserine have also been 
used in affinity capture, with ligands such as annexin V or Tim4 binding to 
these lipids (170, 171). This diversity in target molecules broadens the scope 
of affinity capture, making it applicable to a wide range of EV subtypes and 
biological systems. 

A key advantage of affinity capture is its high specificity, allowing researchers 
to isolate EVs based on their molecular composition. However, this specificity 
can also be a limitation, as only EVs expressing the targeted marker are 
captured. As a result, the analysis is restricted to the captured subpopulation, 
potentially missing other EVs that do not express the same markers. This 
limitation is important to consider when interpreting the results of downstream 
analyses, which will reflect only the characteristics of the selected EV 
subpopulation (172). 

 Filtration 
Filtration-based EV isolation involves passing samples through membranes 
with specific pore sizes to separate EVs from other particles based on size. This 
method is simple, fast, and cost-effective, making it suitable for large sample 
volumes. Filters with pores typically ranging from 100 nm to 1 µm can isolate 
EVs efficiently (173). While filtration is quick and easy, it may not provide the 
same purity as other methods like ultracentrifugation or affinity capture, as it 
may co-isolate contaminants such as proteins or smaller particles (174). 
However, it remains a valuable tool for initial isolation or when high-
throughput processing is needed. 

 Precipitation-Based Isolation Techniques 
Precipitation-based methods for EV isolation are popular due to their 
simplicity, cost-effectiveness, and scalability. These methods use reagents like 
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polyethylene glycol (PEG) or ammonium sulfate to aggregate EVs, which can 
then be separated by low-speed centrifugation (175). Precipitation is quick and 
can be applied to various biological samples like blood, urine, or cell culture 
media. While easy to perform, precipitation has some limitations, including the 
potential for co-isolating contaminants such as proteins and lipoproteins (176).  

 Microfluidic-Based Isolation Technique  
Microfluidic-based EV isolation uses small-scale systems that separate EVs 
based on size, deformability, and charge. These techniques offer high 
efficiency, low sample volume requirements, and high throughput, making 
them ideal for point-of-care applications (177). Microfluidics can achieve high 
purity and specificity, particularly when combined with affinity ligands like 
antibodies (178). While the technology provides precise control and real-time 
monitoring, challenges remain in scaling for large volumes. Nevertheless, 
microfluidic isolation is an increasingly valuable tool in EV research and 
clinical applications (179). 

 Note on EV Isolation Methods 
The continuous search for improved EV isolation methods underscores the 
limitations of existing techniques. No single approach is universally optimal, 
methods that yield high quantities may sacrifice purity, while those ensuring 
better specificity often have constraints such as cost, complexity, or limited 
scalability (180). Some techniques require specialized equipment, while others 
capture only a subset of EVs, making direct comparisons between studies 
difficult.   

To address these challenges, researchers often combine multiple methods, 
using an initial step to concentrate EVs from large volumes followed by a 
refinement process to enhance purity (181, 182). However, the increasing 
number of isolation protocols tailored to different sample types raises concerns 
about standardization and reproducibility in EV research. While rigid 
standardization may not always be necessary, given the expanding knowledge 
of EV biology, ensuring methodological consistency remains crucial. Table 1 
provides an overview and comparison of the isolation methods described in 
this section. 
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 Affinity Capture 
Affinity capture-based methods for isolating EVs have gained considerable 
attention due to their ability to selectively target and enrich specific 
subpopulations of EVs based on their surface markers. These techniques often 
employ affinity ligands, such as antibodies, aptamers, or peptides, which are 
immobilized on solid supports like magnetic beads or columns. Commonly 
targeted surface markers include tetraspanins like CD9, CD63, and CD81, 
which are abundant on the surface of many EVs (163). However, affinity 
capture is not limited to these classic markers, tissue-specific markers such as 
Ep-CAM or HLA-DP/DQ/DR can also be targeted (169), allowing for more 
specific isolation from particular biological contexts. In addition to protein 
markers, lipid-based targets like exposed phosphatidylserine have also been 
used in affinity capture, with ligands such as annexin V or Tim4 binding to 
these lipids (170, 171). This diversity in target molecules broadens the scope 
of affinity capture, making it applicable to a wide range of EV subtypes and 
biological systems. 

A key advantage of affinity capture is its high specificity, allowing researchers 
to isolate EVs based on their molecular composition. However, this specificity 
can also be a limitation, as only EVs expressing the targeted marker are 
captured. As a result, the analysis is restricted to the captured subpopulation, 
potentially missing other EVs that do not express the same markers. This 
limitation is important to consider when interpreting the results of downstream 
analyses, which will reflect only the characteristics of the selected EV 
subpopulation (172). 

 Filtration 
Filtration-based EV isolation involves passing samples through membranes 
with specific pore sizes to separate EVs from other particles based on size. This 
method is simple, fast, and cost-effective, making it suitable for large sample 
volumes. Filters with pores typically ranging from 100 nm to 1 µm can isolate 
EVs efficiently (173). While filtration is quick and easy, it may not provide the 
same purity as other methods like ultracentrifugation or affinity capture, as it 
may co-isolate contaminants such as proteins or smaller particles (174). 
However, it remains a valuable tool for initial isolation or when high-
throughput processing is needed. 

 Precipitation-Based Isolation Techniques 
Precipitation-based methods for EV isolation are popular due to their 
simplicity, cost-effectiveness, and scalability. These methods use reagents like 
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polyethylene glycol (PEG) or ammonium sulfate to aggregate EVs, which can 
then be separated by low-speed centrifugation (175). Precipitation is quick and 
can be applied to various biological samples like blood, urine, or cell culture 
media. While easy to perform, precipitation has some limitations, including the 
potential for co-isolating contaminants such as proteins and lipoproteins (176).  

 Microfluidic-Based Isolation Technique  
Microfluidic-based EV isolation uses small-scale systems that separate EVs 
based on size, deformability, and charge. These techniques offer high 
efficiency, low sample volume requirements, and high throughput, making 
them ideal for point-of-care applications (177). Microfluidics can achieve high 
purity and specificity, particularly when combined with affinity ligands like 
antibodies (178). While the technology provides precise control and real-time 
monitoring, challenges remain in scaling for large volumes. Nevertheless, 
microfluidic isolation is an increasingly valuable tool in EV research and 
clinical applications (179). 

 Note on EV Isolation Methods 
The continuous search for improved EV isolation methods underscores the 
limitations of existing techniques. No single approach is universally optimal, 
methods that yield high quantities may sacrifice purity, while those ensuring 
better specificity often have constraints such as cost, complexity, or limited 
scalability (180). Some techniques require specialized equipment, while others 
capture only a subset of EVs, making direct comparisons between studies 
difficult.   

To address these challenges, researchers often combine multiple methods, 
using an initial step to concentrate EVs from large volumes followed by a 
refinement process to enhance purity (181, 182). However, the increasing 
number of isolation protocols tailored to different sample types raises concerns 
about standardization and reproducibility in EV research. While rigid 
standardization may not always be necessary, given the expanding knowledge 
of EV biology, ensuring methodological consistency remains crucial. Table 1 
provides an overview and comparison of the isolation methods described in 
this section. 
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Table 1. Overview of EV isolation methods 
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3.8 Methods for Characterizations of EVs 
EV characteristics generally quantified are particles purity, particle quantity 
and particle morphology and their cargo. Similar to the unstandardized EV 
isolation methods, the downstream analysis of EV physiology and cargo is also 
complicated (75). The purity of EVs can be determined by several parameters 
such as enrichment of EV proteins markers and absence of non-vesicles 
proteins. The quantity of EVs is usually determined by total protein or RNA 
quantification in EVs or by particle counting (183). The morphology of the 
particle is generally assessed by measuring the diameter of EVs to evaluate the 
size distribution of EV population. Conventional protein analysis and next 
generation sequencing are also commonly used to assed the EV membrane 
markers and biomolecule cargo (184). Below is the overview of analytical 
techniques commonly used for the analysis of EVs.  

 Particle Detection and Quantification 
Microscopy-based methods are widely used for directly identifying EVs and 
measuring their physical characteristics, such as vesicle size distribution, 
concentration, and morphology (185). The resolution of a conventional light 
microscope is around 200 nm, which is close to the size of EVs, making it 
difficult to produce clear images of these vesicles. Instead, high-resolution 
images are obtained using electron microscopy or atomic force microscopy 
(186). 

Scanning electron microscopy (SEM) generates a three-dimensional surface 
topography of EVs by scanning a focused electron beam and detecting the 
secondary electrons emitted from the analyzed area (187). Another commonly 
used method with superior resolution is transmission electron microscopy 
(TEM), which transmits a focused electron beam through a thin sample, 
typically around 50–500 nm thick (187). TEM has a resolution of 
approximately 0.2 nm and can be enhanced with heavy metal staining to create 
membrane contrast or immunogold labeling for molecular characterization 
(188). However, both SEM and TEM require extensive sample preparation, as 
imaging is performed in a vacuum with fixed and dehydrated samples. EV 
imaging with TEM often results in EVs appearing as distorted cup-shaped 
particles (176, 188). To overcome this issue, cryo-electron microscopy (cryo-
EM) is used, as it does not require dehydration. Instead, samples are flash-
frozen in liquid ethane or nitrogen at extremely low temperatures (-100°C), 
preserving their native round morphology (189).  
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Table 1. Overview of EV isolation methods 
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3.8 Methods for Characterizations of EVs 
EV characteristics generally quantified are particles purity, particle quantity 
and particle morphology and their cargo. Similar to the unstandardized EV 
isolation methods, the downstream analysis of EV physiology and cargo is also 
complicated (75). The purity of EVs can be determined by several parameters 
such as enrichment of EV proteins markers and absence of non-vesicles 
proteins. The quantity of EVs is usually determined by total protein or RNA 
quantification in EVs or by particle counting (183). The morphology of the 
particle is generally assessed by measuring the diameter of EVs to evaluate the 
size distribution of EV population. Conventional protein analysis and next 
generation sequencing are also commonly used to assed the EV membrane 
markers and biomolecule cargo (184). Below is the overview of analytical 
techniques commonly used for the analysis of EVs.  

 Particle Detection and Quantification 
Microscopy-based methods are widely used for directly identifying EVs and 
measuring their physical characteristics, such as vesicle size distribution, 
concentration, and morphology (185). The resolution of a conventional light 
microscope is around 200 nm, which is close to the size of EVs, making it 
difficult to produce clear images of these vesicles. Instead, high-resolution 
images are obtained using electron microscopy or atomic force microscopy 
(186). 

Scanning electron microscopy (SEM) generates a three-dimensional surface 
topography of EVs by scanning a focused electron beam and detecting the 
secondary electrons emitted from the analyzed area (187). Another commonly 
used method with superior resolution is transmission electron microscopy 
(TEM), which transmits a focused electron beam through a thin sample, 
typically around 50–500 nm thick (187). TEM has a resolution of 
approximately 0.2 nm and can be enhanced with heavy metal staining to create 
membrane contrast or immunogold labeling for molecular characterization 
(188). However, both SEM and TEM require extensive sample preparation, as 
imaging is performed in a vacuum with fixed and dehydrated samples. EV 
imaging with TEM often results in EVs appearing as distorted cup-shaped 
particles (176, 188). To overcome this issue, cryo-electron microscopy (cryo-
EM) is used, as it does not require dehydration. Instead, samples are flash-
frozen in liquid ethane or nitrogen at extremely low temperatures (-100°C), 
preserving their native round morphology (189).  
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While electron microscopy provides detailed images of individual vesicles, it 
is a low-throughput technique. Other optical and electrical methods offer 
higher throughput for measuring particle concentration and size distribution, 
better reflecting the heterogeneity of the EV population. Examples of such 
methods include dynamic light scattering (DLS), nanoparticle tracking 
analysis (NTA), tunable resistive pulse sensing (TRPS), and other single EV 
analysis (SEA) techniques (190). DLS is commonly used to determine the size 
distribution of vesicles in suspension by analyzing temporal intensity 
fluctuations of laser light scattered by freely diffusing EVs. This method 
provides information on the bulk mobility of scattering vesicles, offering an 
estimate of their overall size range (191). NTA, on the other hand, tracks the 
Brownian motion of individual particles under a microscope, enabling the 
calculation of both size distribution and concentration (192). TRPS measures 
the electrical resistance change as EVs pass through a tunable nanopore, 
providing highly accurate size and concentration data (193). 

Together, these methods complement each other, with microscopy-based 
approaches offering detailed structural insights and high-throughput optical 
and electrical techniques enabling more representative population analysis of 
EVs. 

 Cargo 
Various analytical techniques are used to examine EV cargo, providing 
insights into their molecular composition. Western blotting is one of the most 
widely used methods, detecting key EV-associated proteins such as CD9, 
CD63, CD81, Alix, and TSG101 (194, 195). These markers confirm the 
presence of EVs, while negative markers like calnexin, cytochrome C, and 
GM130 (negative markers for ER, mitochondria, and Golgi, respectively) help 
ensure that non-vesicular contaminants are not present (196). By comparing 
EV isolates with cell lysates, enrichment of vesicular proteins can be assessed, 
further validating successful isolation. 

Flow cytometry is another approach, although direct detection of EVs is 
challenging due to their small size. To overcome this, antibody-coated beads 
are commonly used to capture vesicles, followed by labeling with a 
fluorochrome-conjugated antibody for detection (197). Alternatively, recent 
advances in nano-flow cytometry enable single-vesicle analysis without the 
need for beads, improving accuracy and efficiency (198). 
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ELISA is also an important method for EV characterization, often employing 
a sandwich assay where one membrane protein is used for capture and another 
for detection. This ensures that both epitopes originate from the same vesicle, 
confirming its integrity (199). Similarly, microscopy-based techniques using 
surface-immobilized antibodies and fluorescence labeling provide additional 
evidence of vesicular structures(200). In addition to protein analysis, RNA 
profiling can be used to assess EV cargo. Bioanalyzer-generated RNA profiles 
help differentiate EV-derived RNA from cellular RNA, as EVs typically show 
a reduced or absent ribosomal RNA peak compared to whole-cell RNA 
extracts. This distinction further supports the identification of vesicle-
associated nucleic acids (201). By combining these techniques, researchers can 
obtain a detailed understanding of EV cargo, ensuring accurate 
characterization and minimizing contamination from non-vesicular 
components. 

 Transcriptomic Profiling of EV Cargo  
In this thesis, we focus mainly on the transcriptomic analysis of EVs rather 
than other types of omics profiling, as RNA cargo plays a central role in EV-
mediated intercellular communication and therapeutic potential. 
Transcriptomics allows us to investigate the functional mRNA and non-coding 
RNA species within EVs, providing insights into how these vesicles influence 
recipient cells at the molecular level. Unlike proteomics or metabolomics, 
which primarily characterize the downstream effects of EVs, transcriptomics 
directly reveals the genetic messages transported by EVs and their potential to 
modulate gene expression in target cells (202). This is particularly important 
in our study, where we aim to explore how EVs facilitate mRNA transfer for 
therapeutic applications. By identifying the specific transcripts enriched in 
EVs from different cell sources and assessing their stability, processing, and 
biological impact, we can better understand their role in tissue regeneration 
and disease modulation (203).  

High-throughput RNA sequencing (RNA-seq) has become the gold standard 
for transcriptomic analysis of EV cargo. Several RNA-seq platforms and 
methodologies exist, each with distinct advantages and challenges in analyzing 
small RNA amounts present in EVs. Traditional bulk RNA-seq provides a 
comprehensive overview of all transcripts present in a sample. This method is 
suitable for studying the overall transcriptomic landscape of EVs but may 
struggle with the low RNA content typical of EV preparations(204). Given that 
EVs often contain a significant proportion of small RNAs (such as miRNAs, 
piRNAs, and other regulatory RNAs) (205), small RNA sequencing methods 
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While electron microscopy provides detailed images of individual vesicles, it 
is a low-throughput technique. Other optical and electrical methods offer 
higher throughput for measuring particle concentration and size distribution, 
better reflecting the heterogeneity of the EV population. Examples of such 
methods include dynamic light scattering (DLS), nanoparticle tracking 
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analysis (SEA) techniques (190). DLS is commonly used to determine the size 
distribution of vesicles in suspension by analyzing temporal intensity 
fluctuations of laser light scattered by freely diffusing EVs. This method 
provides information on the bulk mobility of scattering vesicles, offering an 
estimate of their overall size range (191). NTA, on the other hand, tracks the 
Brownian motion of individual particles under a microscope, enabling the 
calculation of both size distribution and concentration (192). TRPS measures 
the electrical resistance change as EVs pass through a tunable nanopore, 
providing highly accurate size and concentration data (193). 

Together, these methods complement each other, with microscopy-based 
approaches offering detailed structural insights and high-throughput optical 
and electrical techniques enabling more representative population analysis of 
EVs. 

 Cargo 
Various analytical techniques are used to examine EV cargo, providing 
insights into their molecular composition. Western blotting is one of the most 
widely used methods, detecting key EV-associated proteins such as CD9, 
CD63, CD81, Alix, and TSG101 (194, 195). These markers confirm the 
presence of EVs, while negative markers like calnexin, cytochrome C, and 
GM130 (negative markers for ER, mitochondria, and Golgi, respectively) help 
ensure that non-vesicular contaminants are not present (196). By comparing 
EV isolates with cell lysates, enrichment of vesicular proteins can be assessed, 
further validating successful isolation. 

Flow cytometry is another approach, although direct detection of EVs is 
challenging due to their small size. To overcome this, antibody-coated beads 
are commonly used to capture vesicles, followed by labeling with a 
fluorochrome-conjugated antibody for detection (197). Alternatively, recent 
advances in nano-flow cytometry enable single-vesicle analysis without the 
need for beads, improving accuracy and efficiency (198). 
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ELISA is also an important method for EV characterization, often employing 
a sandwich assay where one membrane protein is used for capture and another 
for detection. This ensures that both epitopes originate from the same vesicle, 
confirming its integrity (199). Similarly, microscopy-based techniques using 
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have been developed to capture these species effectively. Small RNA-seq 
provides high-resolution data on the composition of these regulatory RNAs but 
may lack coverage of full-length mRNA transcripts (206). Due to the limited 
RNA yield from EVs, low-input RNA-seq techniques, such as Smart-Seq2 or 
10X Genomics, have been adapted for EV analysis. These methods improve 
transcript detection sensitivity but often require additional amplification steps, 
which may introduce biases (207). While most traditional RNA-seq 
technologies rely on short-read sequencing, long-read sequencing platforms 
such as Oxford Nanopore Technologies (ONT) and PacBio enable the direct 
sequencing of full-length transcripts. This approach is particularly useful for 
identifying novel isoforms and transcript modifications in EVs. However, 
long-read sequencing is still limited by higher error rates and lower throughput 
compared to short-read platforms(208). 

The choice of RNA-seq technology depends on the research question and the 
type of RNA cargo being investigated. In this thesis, the selected sequencing 
using low-input library approach was used for EV transcriptomic analysis (11, 
159). Standardized RNA-seq workflows and computational pipelines are 
crucial for minimizing technical biases and ensuring reliable cross-study 
comparisons in the rapidly evolving field of EV research. 

 Challenges in EV Analysis 
A standardized approach to EV analysis is critical for ensuring reproducibility 
and comparability across studies. Key factors include uniform protocols for 
EV isolation, robust characterization methods, and validated functional assays. 
However, achieving these standards is challenging due to methodological 
variations, inconsistencies in sample handling, and the lack of universally 
accepted reference materials. These challenges have led to discrepancies in 
reported findings, limiting the reliability and translational potential of EV-
based research (209). Reproducibility in EV studies is hindered by variability 
in sample collection, processing, and storage conditions, all of which can 
significantly influence EV composition and function (210, 211). Differences 
in pre-analytical steps, such as blood collection techniques or culture 
conditions, have been shown to alter EV yield and cargo profiles, making 
cross-study comparisons difficult (212, 213). The absence of a gold-standard 
method for EV isolation and characterization contributes to inconsistencies 
across studies. Techniques such as ultracentrifugation (used in Paper I) and 
size-exclusion chromatography (used in Paper II) yield EVs with different 
purity levels and RNA content, impacting downstream analyses. Studies have 
shown that ultracentrifugation can co-isolate protein aggregates, while size-
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exclusion chromatography provides higher purity but lower yield (161, 166). 
Additionally, nanoparticle tracking analysis (NTA) and flow cytometry vary 
in sensitivity, further complicating standardization efforts (214). 

To address these issues, ISEV established guidelines, which provide 
recommendations on EV isolation, characterization, and functional studies. 
These guidelines emphasize the importance of using multiple complementary 
techniques for EV validation (75). Furthermore, efforts are being made to 
develop reference materials, such as synthetic EV mimetics, to serve as 
calibration standards for quantitative EV analysis (215). 
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4 LIPID NANOPARTICLES (LNPs) 
LNPs are the most advanced synthetic nanocarriers currently available for drug 
and nucleic acid delivery. As a non-viral alternative, LNPs have gained 
significant attention due to their high encapsulation efficiency, 
biocompatibility, and ability to protect cargo from enzymatic degradation 
(216). They have been instrumental in the success of mRNA-based vaccines 
and are now being developed for broader therapeutic applications, including 
gene editing and targeted drug delivery (217, 218). Compared to other 
nanoparticle systems, such as polymeric nanoparticles and liposomes, LNPs 
offer superior stability and transfection efficiency, making them the leading 
platform for RNA therapeutics. Their rapid advancement in clinical 
applications has solidified their position as a key technology for next-
generation medicine. Their rapid advancement in clinical applications has 
solidified their position as a key technology for next-generation medicine. 
Their rapid advancement in clinical applications has solidified their position as 
a key technology for next-generation medicine (219). Their rapid advancement 
in clinical applications has solidified their position as a key technology for 
next-generation medicine. 

4.1 Structure and Formulation 
LNPs are composed of four main components: ionizable lipids, phospholipids, 
cholesterol, and polyethylene glycol (PEG)-lipids, which self-assemble into 
nanoscale structures capable of encapsulating nucleic acids, proteins, or small-
molecule drugs (216) (Figure 3).  

 

Figure 3. A schematic representation of LNP showing their core structure and 
encapsulated mRNA 

Ionizable lipids play a crucial role in enabling endosomal escape, ensuring 
efficient intracellular delivery (220). at physiological pH (~7.4), the ionizable 
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lipids are mostly neutral charged, but in the acidic endosome it becomes 
protonated (positively charged). This pH-triggered charge helps disrupt the 
endosomal membrane, promoting escape of the mRNA into the cytosol. For 
example, lipids like MC3 (DLin-MC3-DMA) in the first FDA-approved 
siRNA LNP or SM-102 and ALC-0315 in the COVID-19 mRNA vaccines are 
ionizable lipids that maximize delivery efficiency and biocompatibility (221, 
222). LNPs are designed to be neutral in circulation (thus stealthier and less 
immunogenic) and only activate (charge up) in the target cell’s endosome 
(223). Phospholipids contribute to membrane stability, cholesterol enhances 
particle integrity and fluidity, and PEG-lipids help extend circulation time 
while reducing immune recognition. The precise formulation of LNPs is 
optimized through microfluidic mixing, which allows for the fine-tuning of 
particle size, uniformity, and encapsulation efficiency (72). This controlled 
assembly process ensures effective delivery while minimizing off-target 
effects, making LNPs a highly versatile and efficient carrier system. 

4.2 Application and Challenges 
LNPs have revolutionized drug delivery, particularly in RNA-based therapies, 
where they serve as critical carriers for mRNA vaccines, gene editing tools, 
and small interfering RNA (siRNA) treatments (8). Their success in COVID-
19 mRNA vaccines has paved the way for broader applications. LNPs facilitate 
the intracellular delivery of siRNA, mRNA, or CRISPR components, 
providing a non-viral alternative to traditional gene delivery vectors (8, 224). 
Additionally, LNPs are being explored for the delivery of small-molecule 
drugs, particularly for hydrophobic compounds that require enhanced 
solubility and bioavailability (225). 

Despite their advantages, LNPs face several challenges, including 
immunogenicity and potential toxicity (220). Unmodified LNPs also have a 
strong liver tropism. When administered intravenously, most LNPs end up in 
the liver by design or by default. This is because apolipoprotein E (ApoE) in 
the bloodstream adsorbs on the LNP surface, and the ApoE-LNP complexes 
are avidly taken up by hepatocytes via LDL receptors. In fact, the tendency of 
conventional LNPs to accumulate in liver cells is so pronounced that it limits 
their use for targeting other organs (226). PEGylation, while reducing 
clearance, can lead to the production of anti-PEG antibodies, affecting repeated 
dosing efficacy (220, 227). Enhancing tissue specificity and reducing off-target 
effects remain critical hurdles in advancing LNP-based therapeutics. 
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4.3 Functional Extension by EVs 
In a study by Maugeri et al., it was highlighted for the first time that the 
function of LNP-mRNA is extended when a portion of the LNP-delivered 
hEPO mRNA is secreted via EVs for transport to other cells (10) (Figure 4). 
The results showed that LNPs with different formulations led to varying levels 
of LNP-mRNA encapsulation into EVs. Interestingly, the formulations that 
were more efficiently taken up by cells also exhibited higher levels of LNP-
mRNA re-encapsulation into EVs. These EVs contain 1:1 molar ratio of 
ionizable lipid to nucleotide (in contrast to the original LNP’s ~3:1 ratio). The 
isolated EVs contained fractions of LNP-derived mRNA and ionizable lipid 
components that had neither dissociated into the cytoplasm nor been degraded 
in the early endosome. The study compared the efficacy of LNPs and EVs 
containing hEPO mRNA in delivering functional mRNA to different organs. 
It was found that EVs continued to mediate the delivery of functional mRNA, 
resulting in the expression of the human-origin hEPO protein in mice (10). 

 

Figure 4. The fate of LNPs and their mRNA following endocytosis. 
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5 THESIS AIM  
The overarching aim of this doctoral thesis is to explore how cells package 
and transmit RNA molecules via EVs and how this natural mechanism can be 
leveraged for therapeutic mRNA delivery. 
The specific objectives of this thesis are:  

I. Study the fate of endocytosed LNP-mRNA, including how a fraction 
of this mRNA is translated and subsequently transferred to other cells 
via EVs. 
 

II. Identify the transcriptomic response associated with the delivery of 
exogenous mRNA to cells or tissues via EVs and LNPs. 
 

III. Investigating the possibility of targeting exogenous mRNA delivery to 
specific organs and assessing its function within recipient tissues. 
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6 METHODOLOGY CONSIDERATIONS 
This section provides a detailed discussion of the experimental approaches 
employed in the studies included in this thesis, considering both the advantages 
and limitations of these methodologies. For a detailed description of the 
method, this can be found in the material-and-methods section of the papers 
included in the thesis in Appendix. 

6.1 EV Source Selection  
EVs can be derived from a variety of cell types, each offering unique 
advantages and challenges based on their biological properties (75). In all 
papers, employed one epithelial, one endothelial, and one progenitor cell type, 
specifically HTB-177 (NCI-H460, ATCC), HUVEC (Lonza), CPC (Fujifilm 
Cellular Dynamics). These cell types were chosen to assess how cellular origin 
influences EV characteristics, including their content, bioactivity, and 
therapeutic potential, especially in the context of cardiac repair. 

Epithelial cells are among the most abundant and widely distributed cell types 
in the human body, while endothelial cells play critical roles in various 
physiological processes, including angiogenesis and vascular homeostasis 
(215). Cardiac progenitor cells (CPCs) were included to test the hypothesis that 
organ-specific EVs - in this case, EVs derived from CPCs - may have a 
preferential ability to deliver exogenous mRNA molecules more to cardiac 
tissue compared to non-cardiac EVs. This study also aimed to investigate 
whether these CPC-derived EVs can communicate more effectively with heart 
cells, for instance, by promoting more efficient protein translation from 
equivalent amounts of exogenous mRNA and by inducing a lower 
inflammatory cytokine response in cardiac tissue. These effects are 
hypothesized to result from their cardiac origin, in contrast to non-cardiac EVs 
or LNPs. 

6.2 Selection of Exogenous mRNA Molecules  
Different mRNA constructs were designed for all three studies, including 
mRNA encoding eGFP and VEGFA. eGFP mRNA was used to trace the 
delivery and expression of a non-endogenous transcript in recipient cells and 
tissues, while VEGFA mRNA served as a functional molecule to evaluate the 
delivery and biological effect of a therapeutically relevant transcript involved 
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in cardiac repair and angiogenesis. The nucleotide sequences of these mRNAs 
are referenced in the respective studies in which they were used. 

6.3 LNP Formulation  
The LNPs used in Paper I, II and III , containing the exogenous mRNA, were 
formulated by mixing the mRNA with four lipid components: ionizable lipid 
DLin-MC3-DMA (referred to as MC3), DSPC, cholesterol, and PEGylated 
lipid DMPE-PEG2000. The mRNA was prepared in 50 mM citrate buffer (pH 
3), and the lipid mixture was prepared in 99.5% ethanol with a composition of 
MC3:cholesterol:DSPC:DMPE-PEG2000 = 50:38.5:10:1.5 mol%, at a total 
lipid concentration of 12.5 mM. The mRNA and lipid solutions were mixed 
using a NanoAssemblr microfluidic system (Precision NanoSystems, Inc., BC, 
Canada) at a 3:1 volume ratio and a constant flow rate of 12 mL/min. The 
nitrogen-to-phosphorus ratio between the ionizable lipid and mRNA at the 
mixing point was 3.08:1. 

Previous studies have reported that the choice of ionizable lipids can be critical 
for the endosomal escape of LNP-delivered mRNA, thereby influencing its 
efficient translation and subsequent secretion via EVs (10). LNPs formulated 
with DLin-DMA (referred to as DD-LNPs) have shown lower hEPO mRNA 
encapsulation into EVs compared to LNPs formulated with DLin-MC3-DMA 
(referred to as MC3-LNPs). Interestingly, MC3-LNPs also showed improved 
uptake by HTB-177 cells and greater delivery efficiency, leading to more 
robust hEPO protein production. 

In this thesis, we further investigated the effects of MC3-LNPs containing 
VEGFA mRNA on EVs derived from HTB-177, HUVEC, and CPC. MC3-
LNPs were selected due to their well-characterized performance in preclinical 
and clinical studies, particularly their high transfection efficiency, favorable 
safety profile, and use of biodegradable lipids. MC3 is known for its optimal 
pKa, which promotes endosomal escape - an essential step for effective mRNA 
release into the cytoplasm (220). These features make MC3-LNPs a suitable 
system for studying intracellular mRNA trafficking and interactions with EV 
biogenesis pathways. 

EVs isolated from MC3-LNP-treated cells contained significant amount of 
VEGFA mRNA, indicating that a fraction of internalized LNP-mRNA was 
redirected into the EV biogenesis pathway. This effect was observed across all 
three cell types, although the degree of mRNA packaging and downstream 
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biological responses varied, emphasizing the role of both LNP formulation and 
cell type in modulating EV-mediated mRNA transfer. 

It is important to note that although MC3-LNPs are widely used and clinically 
validated (e.g., in the FDA-approved siRNA drug Onpattro) (221), they are not 
the most advanced ionizable lipid systems currently available. Recent studies 
have introduced next-generation ionizable lipids with enhanced delivery 
properties in specific contexts. For example, ALC-0315, used in Pfizer-
BioNTech’s BNT162b2 vaccine, provides a favorable balance between 
efficacy and tolerability (228). Additionally, novel lipid libraries developed by 
Precision NanoSystems (e.g., Lipid H or Lipid 10) have demonstrated that 
structural variations, such as branching, unsaturation, or modified tail lengths, 
can significantly enhance tissue targeting, endosomal escape, and 
biodegradability compared to DLin-MC3-DMA (229). These emerging lipids 
are being optimized for cell- and organ-specific delivery, suggesting that while 
MC3 remains a widely used standard, newer lipids may outperform it in 
specific therapeutic applications. 

6.4 Strategies for EV Isolation 
The isolation of EVs from cell culture supernatants is a critical step in EV 
research, as it significantly impacts the purity and yield of the isolated vesicles. 
Different isolation methods have varying degrees of effectiveness depending 
on the specific application and the downstream analyses required. In our 
studies, two different isolation strategies were employed to optimize EV 
recovery and purity, differential UC and SEC.  

In Paper I, UC was used to isolate EVs from cell culture media supernatant. 
The steps included serial centrifugation: first at 1500 × g for 15 minutes to 
remove cell debris, followed by 60,000 × g to sediment cell compartments and 
large vesicles. The resulting supernatant was then filtered through a 0.2 μm 
filter, and small EVs were collected as a pellet after ultracentrifugation at 
120,000 × g for 70 minutes. In our studies, UC also allowed separation of EVs 
from LNPs, which have a lower density. Since LNPs have a density lower than 
1 g/cm³, they tend to float rather than sediment during ultracentrifugation 
(230). UC is scalable and widely accepted for EV isolation. However, UC can 
co-isolate protein aggregates and other contaminants, which may affect the 
purity of the isolated EVs and compromise the accuracy of functional studies. 
To overcome the co-isolation of soluble protein contaminants, SEC was 
selected as the EV isolation method for studies in Papers II and III. In Paper II 
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and III, EVs were isolated by Size-Exclusion Chromatography (SEC) method. 
SEC is a more refined technique that separates particles based on size rather 
than density. This method provides a higher degree of purity compared to UC, 
as it effectively separates EVs from protein contaminants, including soluble 
proteins and smaller particles. SEC is particularly useful for applications 
requiring high purity and reproducibility in functional studies, such as in vivo 
biodistribution studies in Paper II and III.  

One drawback of SEC method in the context of LNP-treated cell culture 
supernatant is that LNPs and EVs are overlapping in size (Average LNP size 
of LNP in Paper I and II were 85 nm in diameter, EVs from HTB-177, HUVEC 
and CPC were heterogenous in size have mean size of approximately 150 nm). 
If there are LNP left in the cell culture supernatant when collected for EV 
isolation, SEC will not be able to separate LNPs from EVs that are overlapping 
in size. From the results of Paper I, we however found that LNPs were up taken 
very rapidly by cells and 80 % of the LNP were uptaken by cells within the 
first 5 hours. Moreover, all EVs isolated from LNP-treated cells using SEC 
deliver the exogenous mRNA (VEGF mRNA) differently compared to LNPs 
themselves (Paper II), suggesting that SEC-isolated EVs are relatively free of 
LNP contamination. However, the extent of the LNP contamination is not well 
characterized and gives ideas for future investigation.  

6.5 EV Detection and Quantification  
In Paper I and II, the morphology of EVs derived from HTB-177, HUVEC, 
and CPCs were characterized. The methods used for EV categorization are for 
one of the three purposes, EV detection, size and concentration quantification, 
and EV marker and cargo quantification.  

In Paper I and II, EVs were detected using transmission electron microscopy 
(TEM). The method was used to validate the present of vesicle structure in the 
isolated EVs samples. While TEM is a powerful tool that enables 
morphological details information of EVs, the preparation steps often led to an 
artifact, cup shaped appearance of EVs (187). Other electron microscopy 
alternative such as Cryo-EM could offer images of EV at near native state since 
there is no dehydration step for sample preparation, and also reveal membrane 
structure of EVs.  

The direct particle detection using TEM is complemented with Nanoparticle 
Tracking Analysis (NTA), which was used in Paper I and II to determine 
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particle size distribution and concentration of EVs. The preparation and setting 
for NTA for particle quantification were standardized in Paper I, II, and III, 
sample were concentrated to the optimal particle concentration to the number 
of particles In field of view below 100 particles per frame. In all measurements, 
EV flow was recorded 3 times to the total of 2248 frames. The adjusted camera 
level was 16 and the detection threshold of 5. Data acquisition and analysis 
were carried out using NanoSight Fluorescent NTA LM14c software version 
3.2 (Malvern Panalytical,UK). Although the results from the three papers were 
not directly compared, the methods used were carefully controlled to minimize 
the confounding variables and to allow for meaningful comparisons across 
different EV batches. NTA is a wildly used technique for measuring EV size 
and concentration; however, it is not without limitations. One is the lack of 
specificity, NTA detects all particles that scatter lights, not just EVs, NTA 
cannot distinguish EVs from other contaminants, such as, lipoproteins, protein 
aggregates or other nanoparticles. NTA also has limited sensitivity, as smaller 
particles have a lower refractive index and therefore scatter less light, making 
them more difficult to detect. EVs under 50 nm are often undetectable, and 
smaller vesicles may be underrepresented in the size distribution.  

Immune affinity-based method was also employed to provide information 
about surface marker profiles of EVs. In both Paper I and Paper II, CD63 
isolation reagent for cell culture medium (Thermo Fisher Scientific) was used 
to immobilize the CD63 positive EVs to magnetic dynabeads. The isolated 
CD63 positive beads is then incubated in CD9 antibodies and the EVs that are 
positive with both CD63 and CD9 were quantified with flow cytometry. The 
method provides information about EV population that co expressed both 
CD63 and CD9 on their membrane which are EV markers. Reflecting on the 
choice of method, we can see that the EV population that expressed only CD63 
or CD9 alone is not quantified. The method could be improved by looking that 
the population expressing only CD63 or CD9 as well. To further strengthen the 
characterization, additional EV markers such as CD81 could be included. 
Validation using negative markers for EVs could also enhance the robustness 
of the EV characterization in Paper I and Paper II.  

6.6 RNA Sequencing 
RNA sequencing was employed to assess the RNA cargo of EVs and the 
transcriptomic impact of EV-mediated mRNA delivery. The RNA profiles 
produced for Paper I were ultracentrifuged EV transcriptomes from HTB-177, 
HUVEC, and CPC cells that have been treated with LNPs or untreated control. 
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For Paper II, we generated RNA profile of tissue response to VEGFA mRNA 
delivery via different types of EVs and LNPs. In Paper III, we generated RNA 
profiles of SEC isolated EVS from LNP treated and untreated HTB-177, 
HUVEC, and CPC cells. Total RNA from EVs and heart tissues in all three 
papers were isolated in the same way using miRNeasy Mini Kit (Qiagen). The 
kit provides phenol and guanidine thiocyanate-based lysis using Qiazol which 
is effective for EV-RNA extraction. Compared to another Qiagen kit, like 
RNeasy kits, where RLT buffer is used for lysis step which does not contain 
phenol. Qiazol is harsher than RLT buffer, it is recommended for sample high 
in lipid content and can disrupt lipid bilayer effectively. EVs have dense 
cholesterol-rich membranes that are more resistant to disruption than cellular 
membrane (97). We speculate that the efficiency in disrupting the vesicle 
membrane leads to complete lysis, thereby releasing more RNA from EVs and 
making it accessible for isolation. The protocol relies on direct RNA binding 
to a silica column; if the vesicles are not fully lysed, the RNA may not be 
released efficiently and therefore cannot bind to the column. This is the reason 
why the miRNeasy Mini Kit, which uses a QIAzol-based lysis method, was 
employed.  

The quality and concentration of isolated RNA were determined by 
Bioanalyser 2100 (Agilent). We observed that EV-RNA often exhibits a low 
RNA Integrity Number (RIN), which is one of the outputs from RNA profile 
analysis. In cellular RNA, a low RIN typically indicates RNA degradation; 
however, this is not necessarily the case for EV-RNA, which has a distinct 
RNA profile characterized by an enrichment of small RNAs and often reduced 
or absent 18S and 28S ribosomal RNA peaks commonly seen in cellular RNA 
(231). This enrichment of small RNAs and the lack of prominent rRNA peaks 
can contribute to the low RIN values observed. The RNA profile of EVs 
typically features a dominant small RNA peak, with or without minor rRNA 
signals, and this should be understood as a reflection of the natural RNA 
composition of EVs rather than as evidence of RNA degradation. 

The RNA-Seq library construction was done using the Takara SMARTer 
Stranded Total RNA-Seq Kit – Pico, which is specifically designed for low 
input samples. Sequencing was carried out on a NovaSeq6000. The data was 
processed using the nf-core RNA-Seq pipeline, a standardized workflow that 
provides extensive quality control, including FastQC analysis, read trimming, 
alignment, and gene count quantification. In Paper I and II, raw RNA-Seq 
reads were mapped to the genome corresponding to the species from which the 
material originated to generate gene counts for differential expression analysis. 
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Specifically, EVs derived from human cells were mapped to the human 
genome in Paper I, while RNA-Seq data from mouse tissues were mapped to 
the mouse genome in Paper II. 

In Paper III, we also included an analysis where RNA-Seq data from mouse 
tissues were mapped to the human genome, in addition to the standard mapping 
to the mouse genome. This was done to investigate whether human genes could 
be detected in mouse heart tissue, potentially indicating transfer of human 
RNA via EVs. As expected, significantly fewer genes were detected when 
mapping to the human genome compared to the mouse genome, supporting the 
assumption that only a small amount of human RNA is transferred. However, 
it is important to note that this approach is not a foolproof method for 
identifying human transcripts in mouse tissues. Some conserved genes may be 
misaligned due to sequence similarity between human and mouse orthologs, 
meaning that detected 'human' reads could in fact originate from mouse 
transcripts. Nevertheless, cross-species RNA-Seq mapping may still provide a 
useful strategy to detect low-abundance human transcripts that might otherwise 
be missed when aligning solely to the mouse genome. 

Differential expression analysis of RNA profiles was carried out using DESeq2 
package in Paper I, II, and III. DEseq2 operates under the assumption that the 
majority of genes are not differentially expressed. The package uses a 
normalization method called median-of-ratios approach. This involves 
calculating, for each gene, the ratio of its read count in each sample to the 
gene’s median read count across all samples. Then, for each sample, the mean 
of these ratios is computed and used as a scaling factor. The raw counts for 
each gene are subsequently divided by the sample’s scaling factor, resulting in 
normalized counts that accounted for sequencing depths and RNA 
composition. In Paper I, we compared LNP-treated EVs with naïve EVs from 
same cell line. In Paper II, we compared mouse heart tissue response to 
VEGFA mRNA delivery via different EVs and LNPs. Paper III includes both 
types of contrasts found in Papers I and II but focuses on EVs isolated using a 
different method than in Paper I. Since the comparisons were made either 
between EVs from the same source or among the same tissue types, we 
assumed that most genes would not be differentially expressed, which aligns 
well with the underlying assumptions of DESeq2. 
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6.7 Bioinformatic Analysis  
The downstream bioinformatic analyses across Paper I, II, and III were 
designed to accommodate the diversity of RNA sources (EVs and tissue) and 
biological contexts (human and mouse origin, LNP vs EV delivery). The 
choice of tools and pipelines reflected a balance between robustness, 
reproducibility, and suitability for small or heterogeneous RNA inputs typical 
of EVs. 

Principal Component Analysis (PCA) and other multivariate methods were 
used as exploratory tools to assess the overall structure of the data. PCA 
enabled the detection of sample outliers, confirmation of clustering by 
treatment conditions, and assessment of biological replicate consistency. 
While PCA does not contribute directly to statistical inference, its use was 
essential for validating that the experimental groups were appropriately 
distinguishable in the reduced dimensional space prior to applying statistical 
tests for differential expression analysis. 

For the functional annotation and interpretation of the differentially expressed 
genes, both pathway- and gene ontology enrichment analyses were conducted 
using tools such as Ingenuity Pathway Analysis (IPA) and EnrichR. These 
tools leverage curated databases to associate gene sets with known biological 
pathways, upstream regulators, and molecular functions. While such analyses 
can provide mechanistic insight, they are limited by the extent and bias of 
available annotations, which is especially relevant when working with EV-
RNA where many non-coding and less-characterized transcripts are present. 
The selection choice to use IPA was driven by its ability to integrate multiple 
types of functional predictions, including canonical pathways, disease 
associations, and transcriptional regulators, making it suitable for broad 
biological inference. 

In Paper III, an additional analytical layer was introduced with cross-species 
transcriptomic mapping, wherein RNA-seq reads from mouse tissue were 
aligned to the human genome to explore whether human RNAs delivered via 
EVs could be detected in the recipient tissue. This approach is 
methodologically complex. While potentially powerful for identifying 
transferred transcripts, it is limited by the high degree of sequence conservation 
between human and mouse orthologs, which can result in ambiguous mapping. 
Therefore, this analysis was used in a complementary manner to standard 
within-species mapping and was interpreted cautiously. No additional custom 
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filtering (e.g., sequence uniqueness filters or dual-alignment with filtering) was 
implemented in the current analysis, but such enhancements could strengthen 
future applications of this method. 

6.8 Animal Model  
In Papers I, II, and III, in vivo experiments were performed in C57BL/6Ncrl 
mice to evaluate the biodistribution, uptake, and biological response to 
VEGFA or luciferase mRNA delivered via LNPs or EVs. The same strain and 
sex were used throughout the studies to ensure consistency and reduce 
biological variability. 

In Paper I, mice were used in two settings: first, to examine biodistribution and 
in vivo translation of luciferase mRNA delivered via LNPs or HTB-derived 
EVs after intravenous administration; and second, to assess local translation 
and gene expression effects of VEGFA mRNA injected directly into the 
myocardium via LNPs or EVs. This allowed evaluation of both systemic and 
localized delivery routes. 

In Paper II, mice were administered VEGFA mRNA via LNPs or three 
different EV types intravenously to investigate organ-specific delivery 
efficiency. Tissue-level RNA-seq of major organs, including the heart and 
liver, was performed to quantify mRNA uptake and translation. This setup 
enabled comparison across delivery systems and identification of CPC-EVs as 
a heart-targeting vehicle. 

In Paper III, direct intramyocardial injection of EVs was again used to evaluate 
local transcriptomic changes in cardiac tissue. In addition, a cross-species 
transcript tracking strategy was implemented to explore the presence of human 
RNA transferred to mouse tissue. 

Importantly, a cardiac infarction model was not used, as the goal was to first 
determine which organs the EVs would naturally target following systemic 
delivery. Using healthy mice allowed unbiased assessment of organ-specific 
delivery and transcriptomic responses without confounding from injury-
induced inflammation or remodeling. 

While these models provided critical insights into RNA delivery, they also 
present limitations. Most notably, no functional assays were performed in 
mouse tissues to determine whether transcriptomic changes translated into 
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protein-level effects or physiological outcomes such as angiogenesis. The 
transcriptomic response was used as a proxy, but follow-up at the protein or 
functional level would be necessary to confirm biological relevance. 
Additionally, species-specific differences in RNA sequence and receptor 
biology may limit translatability of interspecies RNA transfer findings, 
especially in Paper III where human transcripts were mapped in mouse heart 
tissue. 

Nevertheless, the in vivo model used across these studies were instrumental in 
identifying delivery patterns, testing hypotheses about EV-cell interactions, 
and exploring transcriptomic consequences of mRNA therapy in a preclinical 
setting. Future studies could benefit from incorporating disease models, 
extended time points, and orthogonal validation to build on these foundational 
results. 

6.9 Statistical Aspects  
In the studies included in this thesis, statistical analysis of non-RNA-seq 
experiments was primarily applied to support comparisons of protein 
expression, mRNA quantification, cellular uptake assays, imaging data, and 
EV characterization metrics. For comparisons involving two independent 
groups (e.g., treated vs untreated cells or EVs), the Mann–Whitney U test was 
frequently used. This non-parametric test was chosen over t-tests due to the 
small sample sizes (typically n = 3–6) and the non-normal distribution often 
observed in biological assays such as ELISA or qPCR.  

In studies involving more than two conditions or treatment groups, such as 
comparisons among different EV types or between EVs and LNPs, one-way 
ANOVA was applied when assumptions of normality and equal variance were 
met. This was followed by post hoc testing to identify specific group 
differences. For comparison of three or more groups where data distribution 
was not normal or variance was unequal, the Kruskal–Wallis test, was applied. 
This was particularly motivated for in vivo imaging data, which showed 
skewed distributions. 

Quantitative results are generally reported with mean ± standard deviation 
(SD) or standard error of the mean (SEM), depending on the nature of the data 
and whether the aim was to reflect biological variability or precision of the 
estimate. However, with small group sizes (n = 3 in most in vivo comparisons), 
confidence in statistical inferences is inherently limited. While statistical 
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filtering (e.g., sequence uniqueness filters or dual-alignment with filtering) was 
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future applications of this method. 

6.8 Animal Model  
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EVs after intravenous administration; and second, to assess local translation 
and gene expression effects of VEGFA mRNA injected directly into the 
myocardium via LNPs or EVs. This allowed evaluation of both systemic and 
localized delivery routes. 

In Paper II, mice were administered VEGFA mRNA via LNPs or three 
different EV types intravenously to investigate organ-specific delivery 
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protein-level effects or physiological outcomes such as angiogenesis. The 
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observed in biological assays such as ELISA or qPCR.  

In studies involving more than two conditions or treatment groups, such as 
comparisons among different EV types or between EVs and LNPs, one-way 
ANOVA was applied when assumptions of normality and equal variance were 
met. This was followed by post hoc testing to identify specific group 
differences. For comparison of three or more groups where data distribution 
was not normal or variance was unequal, the Kruskal–Wallis test, was applied. 
This was particularly motivated for in vivo imaging data, which showed 
skewed distributions. 

Quantitative results are generally reported with mean ± standard deviation 
(SD) or standard error of the mean (SEM), depending on the nature of the data 
and whether the aim was to reflect biological variability or precision of the 
estimate. However, with small group sizes (n = 3 in most in vivo comparisons), 
confidence in statistical inferences is inherently limited. While statistical 
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significance was calculated and reported (e.g., p < 0.05, p < 0.001), these 
values should be interpreted with caution and in the context of biological 
relevance and reproducibility across replicates. 

In some experiments where measurements were repeated or samples were 
matched, the Friedman test was used. However, in Paper I (Figure 7B), the 
Friedman test was by mistake used incorrectly. In that experiment, HUVEC 
cells were treated with four different EV-types (HTB-EVs, HUVEC-EVs, 
CPC-EVs, and LNPs), and VEGFA protein production was measured. These 
groups were independent (they were not repeated measures of the same 
samples) and therefore do not meet the conditions required to use the Friedman 
test. A correct approach would have been to use the Kruskal–Wallis test, which 
is designed for comparing three or more independent groups. This kind of error 
reduces confidence in the statistical conclusions and shows that greater 
attention to test selection is needed. In future work, tests will need to be 
selected more carefully to match the structure of the experiment, especially 
when working with small sample sizes or multiple treatments. 
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7 RESULTS AND DISCUSSION 
This section summarizes and discusses the findings from Paper I, II, and III, 
which investigate the relationship between the endosomal escape of LNP-
mRNA and its subsequent incorporation into EVs. Maugeri et al. (2019) 
demonstrated that LNPs containing hEPO mRNA are internalized by cells, 
after which the mRNA escapes the endosome and becomes encapsulated into 
EVs. These EVs are subsequently secreted and can transfer functional mRNA 
to recipient cells (10). Building on these findings, we hypothesized that other 
LNP-mRNA species, such as VEGFA mRNA, might exhibit similar behavior. 
We further propose that the efficiency of LNP-mRNA loading into EVs is 
linked to endosomal escape and may vary between cell types, including HTB-
177, HUVECs, and CPCs. 

7.1 LNP Uptake Kinetic and mRNA Delivery 
(Paper I) 

In Paper I, we investigated the cellular uptake and translation kinetics of LNPs 
and their mRNA, as well as the secretion kinetics of LNP mRNA via EVs. In 
addition, we examined whether these EVs, containing a fraction of the LNP-
delivered mRNA, are capable of transferring the mRNA to other cells. The 
LNPs used in this study were formulated with MC3 ionizable lipid, cholesterol, 
DSPC, DMPE, and PEG2000. The encapsulated mRNA consisted of either 
fluorescent reporter mRNA or VEGFA mRNA. For the uptake study, LNPs 
were labeled using 14C-cholesterol. Approximately 80% of the 14C-labeled 
LNPs were removed from the culture supernatants within 5 hours, likely due 
to cellular uptake (Paper I, Figure 1B). Interestingly, between 24- and 96-hours 
post-treatment, the amount of 14C-labeled LNPs in the supernatant increased 
again, suggesting that cells may have secreted LNPs back into the extracellular 
environment. After 2 hours, 98% of HTB-177 cells treated with LNP-Cy5 
mRNA were positive for fluorescence, indicating efficient uptake (Paper I, 
Figure 1C). 

Other in vitro studies have shown that LNPs can be internalized by cells as 
early as 10–15 minutes post-exposure (232), with peak uptake typically 
occurring within 4 hours (233). LNPs can accumulate inside cells for 24 hours 
or longer, depending on their intracellular degradation rate and release kinetics 
(234). Uptake is primarily mediated through endocytic pathways such as 
clathrin-mediated endocytosis, caveolin-mediated endocytosis, or 
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macropinocytosis. These pathways are influenced by the LNP's surface 
chemistry, size, and the formation of a protein corona, all of which can 
significantly affect uptake efficiency and kinetics (235). The functional 
delivery of mRNA by LNPs depends not only on cellular uptake but also on 
successful endosomal escape. Although the majority of LNPs are internalized 
within the first 30 minutes, it is estimated that less than 2% of LNP-siRNA 
escapes the endosome to reach the cytosol and become functional (158). The 
mechanisms underlying endosomal escape remain poorly understood. 

In Paper I, we demonstrated that cellular uptake of LNPs and their mRNA 
cargo occurs rapidly, and that translation of the exogenously delivered mRNA 
begins almost immediately following internalization. As shown in the study, 
LNPs encapsulating VEGFA mRNA were efficiently internalized by recipient 
cells via endocytosis. A significantly elevated level of intracellular VEGFA 
mRNA was detected as early as one hour after administration of LNP-VEGFA-
mRNA, compared to untreated control cells (Paper I, Figure 2B). However, 
intracellular VEGFA mRNA levels began to decline shortly after the initial 
peak, suggesting rapid cellular processing and potential degradation of the 
mRNA over time. Once internalized, a fraction of the LNP-delivered mRNA 
escapes from the endosomes into the cytoplasm, where it becomes accessible 
to the translational machinery. The kinetics of translation were found to be fast, 
with peak VEGFA protein expression observed within 24 hours post-
transfection (Paper I, Figure 2C-D) 

7.2 Internalized LNP-mRNA Is Encapsulated 
into EVs (Paper I and II) 

A key objective of this work was to assess whether therapeutic mRNAs, such 
as VEGFA mRNA, can be incorporated into EVs through LNP delivery. To 
explore this, three different cell types (HTB-177, HUVECs, and CPCs) were 
exposed to LNPs encapsulating 3 µg of VEGFA mRNA for 24 hours prior to 
EV isolation. The results from Paper I revealed that VEGFA mRNA was 
successfully encapsulated into EVs derived from all three cell types, although 
the loading efficiency varied significantly in a cell type-dependent manner. 
Despite equal administration of LNP-mRNA across all cultures, the amount of 
VEGFA mRNA detected in the EVs differed markedly. HTB- and HUVEC-
derived EVs contained substantially less VEGFA mRNA than EVs from CPCs, 
indicating that the incorporation of LNP-mRNA into EVs depends on the 
originating cell type (Paper I, Figure 4F, Paper II, Figure 1G). Specifically, the 
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loading efficiencies were approximately 1%, 1.7%, and 2.5% for HTB-, 
HUVEC-, and CPC-derived EVs, respectively (Paper I, Figure 4F). 

In this study, the encapsulation of LNP-delivered mRNA into EVs was 
approached as a biological phenomenon rather than as a method for efficient 
mRNA loading. Although the observed loading efficiency is relatively low, the 
findings suggest that this process is modifiable. Further optimization of the 
LNP formulation, the mRNA cargo, or cellular conditions may improve the 
yield of EV-associated mRNA. Supporting this interpretation, a study by 
Maugeri et al. (2019) demonstrated that hEPO mRNA was more efficiently 
loaded into EVs when delivered via MC3-formulated LNPs compared to DLin-
DMA LNPs. The MC3-formulated LNPs showed both superior cellular uptake 
and higher mRNA encapsulation into EVs. In comparison with our results, 
VEGFA mRNA achieved a higher loading efficiency in HTB-EVs (1%) than 
the 0.2% observed for hEPO mRNA, suggesting that both the LNP 
composition and the mRNA species influence encapsulation efficiency (10). 

Additional factors, including the dynamics of mRNA uptake and intracellular 
processing, may also play a role. Quantification of intracellular VEGFA 
mRNA revealed a peak of approximately 1355 copies per HTB-177 cell at one 
hour post-treatment. At that same time point, only about six copies per EV 
were detected. Peak VEGFA mRNA content in EVs was observed five hours 
after LNP administration, with approximately 31 copies per EV, suggesting a 
delay of about four hours between mRNA internalization and secretion through 
EVs (Paper I, Figure 4C-D). 

To verify that the detected mRNA was located inside EVs and originated from 
LNPs, we used LNPs loaded with Cy5-labeled GFP mRNA, a transcript not 
endogenously expressed by HTB-177 cells. CD63-positive EVs were captured, 
and Cy5-GFP mRNA was detected in the isolated CD63-positive EVs, 
validating that the mRNA originated from the LNP formulation. (Paper I, 
Figure 5A). 

Due to the similarity in size between LNPs and EVs, the possibility of LNP 
contamination in the EV isolates was considered. Although our EV isolation 
method does not guarantee complete removal of residual LNPs, several lines 
of evidence suggest that most LNPs were internalized before EV collection 
and that the VEGFA mRNA detected in EVs resulted from intracellular 
packaging. First, LNPs and EVs differ in particle density, despite their 
overlapping size distributions. Ultracentrifugation separates particles based on 
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the 0.2% observed for hEPO mRNA, suggesting that both the LNP 
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mRNA revealed a peak of approximately 1355 copies per HTB-177 cell at one 
hour post-treatment. At that same time point, only about six copies per EV 
were detected. Peak VEGFA mRNA content in EVs was observed five hours 
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this property; EVs typically exhibit densities between 1.11 and 1.19 g/cm³, 
whereas intact LNPs tend to float because their density is usually below 1 
g/cm³ (236). Second, approximately 80% of 14C-labeled LNPs were removed 
from the culture medium within five hours of treatment (Paper I, Figure 1B), 
indicating cellular uptake. Although a gradual increase in 14C signal was 
observed up to 96 hours, possibly due to the recycling of LNP components, 
EVs were isolated at 24 hours. By this time, the amount of uninternalized LNPs 
remaining in the supernatant was likely minimal. 

To further minimize the possibility of contamination, an additional experiment 
was performed in which cells were washed thoroughly one hour after LNP 
addition, thereby removing any extracellular LNPs. The cells were then 
incubated in fresh medium for 24 hours, after which the newly secreted EVs 
were isolated. Since LNP uptake occurs within the first few hours of exposure, 
this approach ensured that any EVs collected post-wash were secreted by cells 
that had internalized LNP-mRNA. The presence of VEGFA mRNA in these 
EVs confirms that the transcript originated from intracellular processing rather 
than from remaining extracellular LNPs (paper I, Figure 5B). 

These findings demonstrate that LNP-delivered mRNA is not only taken up by 
cells but can also be incorporated into secreted EVs. Although more precise 
quantification of residual LNP contamination is warranted, the evidence 
presented here supports a biological route of mRNA transfer via EVs following 
LNP delivery. 

7.3 LNP Treatment Altered EV Transcriptomes 
(Paper I and III) 

Following the observation that LNP-delivered mRNAs are enriched in EVs, 
we next investigated whether LNP treatment alters the broader RNA 
composition of EVs. To address this question, we performed RNA sequencing 
on EVs collected from HTB-177, HUVEC, and CPC cells following treatment 
with LNPs encapsulating VEGFA mRNA and compared them to EVs derived 
from untreated cells. The aim was to assess transcriptomic shifts in EVs 
resulting from LNP-mRNA exposure and to identify associated biological 
pathways. 

The EV isolation method differed between studies: UC was employed in Paper 
I, whereas SEC was used in Papers II and III. These methodological variations 
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likely contributed to the observed differences in transcriptomic profiles. In 
Paper I, UC-isolated EVs from LNP-treated cells exhibited 1 285 dysregulated 
transcripts in HTB-EVs, 1 432 in HUVEC-EVs, and 632 in CPC-EVs (Paper 
I, Figure 8A-C). In contrast, in Paper III where SEC was used for EV isolation, 
we identified 900 dysregulated transcripts in HTB-EVs, 311 in HUVEC-EVs, 
and 1,959 in CPC-EVs (Paper III, Figure 1D). 

Canonical pathway enrichment analysis using Ingenuity Pathway Analysis 
(IPA) revealed distinct patterns between the UC and SEC datasets. In UC-EVs 
from Paper I, the top five significantly enriched canonical pathways in both 
HTB- and HUVEC-derived EVs included EIF2 Signaling, mTOR Signaling, 
Regulation of eIF4 and p70S6K Signaling, and Coronavirus Pathogenesis 
Pathway (Paper I, Supplementary Table 10). By contrast, dysregulated 
transcripts in CPC-EVs isolated by UC were associated with more distinct 
canonical pathways, including Hepatic Fibrosis/Hepatic Stellate Cell 
Activation, Oxidative Phosphorylation, Calcium Signaling, Tight Junction 
Signaling, and tRNA Splicing (Paper I, Supplementary Table 10). 

In Paper III, IPA of the SEC-EV transcriptome revealed a high level of 
pathway consistency across all three cell types. Among the top ten canonical 
pathways associated with dysregulated transcripts in LNP-treated EVs, nine 
were shared among HTB-, HUVEC-, and CPC-derived EVs (Paper III, 
Supplementary Figure 2). These included Coronavirus Replication Pathway, 
EIF2 Signaling, Response of EIF2AK4 (GCN2) to Amino Acid Deficiency, 
Eukaryotic Translation Elongation, Nonsense-Mediated Decay (NMD), 
Eukaryotic Translation Initiation, Signaling by ROBO Receptors, 
Selenoamino Acid Metabolism, and Eukaryotic Translation Termination. 
Although the pathway identities were highly conserved, the predicted direction 
of activity differed between cell types. Specifically, both Coronavirus 
Replication Pathway and EIF2 Signaling were predicted to be activated in 
CPC-EVs, but inhibited in HTB- and HUVEC-EVs (Paper III, Supplementary 
Figure 2). 

These results point to a robust and conserved cellular response to LNP-mRNA 
treatment, particularly affecting RNA metabolism and translational control. 
The enrichment of EIF-related pathways across multiple datasets reflects 
modulation of protein synthesis machinery and stress response pathways. The 
consistent identification of the Coronavirus Replication Pathway warrants 
further discussion. While this may appear to relate to viral mechanisms, it is 
likely a reflection of broader host responses to synthetic RNA and LNP 
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exposure. This interpretation is supported by the fact that LNP are also used in 
mRNA-based vaccines for SARS-CoV-2, which similarly engage antiviral 
response pathways (222). 

Taken together, the data from Paper I and III demonstrate that LNP treatment 
significantly alters the RNA cargo of EVs. These changes are dependent on 
both the EV isolation method and the originating cell type, although many of 
the affected pathways are consistent across conditions. These findings 
highlight the importance of standardizing EV isolation protocols in 
comparative studies and underscore the broader biological impact of LNP-
mRNA delivery on EV function. 

7.4 Functional Extension of LNPs by EVs (Paper 
I and II)  

Having established that LNP-delivered mRNA can be incorporated into EVs, 
we next examined whether this EV-associated mRNA remains functional and 
capable of being translated into protein in recipient cells. In Paper I, we 
investigated this question using EVs derived from cells treated with LNPs 
encapsulating Cy5-labeled GFP mRNA. The resulting EVs were isolated and 
subsequently administered to HTB-177 recipient cells. Confocal microscopy 
confirmed the intracellular delivery of Cy5-labeled GFP mRNA by the EVs 
and showed successful translation into GFP protein within the cytosol of the 
recipient cells (Paper I, Figure 6 and Paper II, Figure 2C). These results 
demonstrated that the EVs extended the delivery capacity of LNPs by serving 
as secondary carriers of translatable mRNA. 

We further investigated whether EVs carrying therapeutic mRNA, specifically 
VEGFA mRNA, could mediate biologically relevant effects. Equal amounts of 
VEGFA mRNA (60 ng) were delivered to HUVECs using three EV types 
(HTB-, HUVEC-, and CPC-derived EVs) and compared to direct delivery via 
LNPs. Although LNPs resulted in approximately three times higher VEGFA 
protein expression than CPC-EVs (Paper I, Figure 7B), CPC-EVs were more 
efficient in promoting angiogenesis when normalized to protein output (Paper 
I, Figure 7G). CPC-EVs induced more extensive tube formation in endothelial 
cells, indicating enhanced biological potency relative to their VEGFA protein 
yield. In contrast, control cells receiving either empty LNPs or EVs exhibited 
negligible VEGFA protein levels, confirming that the observed effects were 
due to the exogenous mRNA (Paper I, Figure 7C-F). 
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Paper II confirmed the translational potential of mRNA-loaded EVs further 
using SEC-purified EVs. Delivery of VEGFA mRNA via HTB-, HUVEC-, 
and CPC-derived SEC-EVs to HUVECs resulted in detectable VEGFA protein 
production in all cases (Paper II, Figure 2B). Additionally, using Cy5-labeled 
eGFP mRNA loaded into HTB SEC-EVs, we confirmed that the delivered 
mRNA localized to the cytosol and was translated into protein (Paper II, Figure 
2C). These observations collectively demonstrate that SEC-EVs are capable of 
delivering intact, functional mRNA to recipient cells. 

To assess in vivo mRNA delivery, both LNPs and HTB SEC-EVs carrying 
firefly luciferase (Fluc) mRNA were administered to mice via intravenous and 
intramuscular injections. LNPs demonstrated higher overall mRNA delivery 
and luciferase expression across multiple organs; however, neither LNPs nor 
EVs showed organ specificity (Paper II, Figure 3B–G). Notably, both delivery 
systems achieved transgene expression in muscle tissue, which is traditionally 
considered difficult to transfect (237). Luciferase expression was successfully 
visualized via in vivo imaging following both delivery routes (Paper II, Figure 
3H–J), underscoring the ability of EVs to reach and function within these target 
tissues. 

Together, the findings from Paper I and II demonstrate that EVs are not only 
capable of carrying LNP-derived mRNA but also of mediating its functional 
delivery in both in vitro and in vivo settings. While LNPs tend to deliver higher 
absolute quantities of mRNA, EVs appear to achieve more potent biological 
effects per unit of translated protein, particularly in the context of angiogenesis. 
For instance, CPC-EVs led to the most pronounced tube formation in 
endothelial cells despite producing lower levels of VEGFA protein. Moreover, 
the successful delivery of luciferase mRNA to muscle cells in vivo highlights 
the potential of EVs as an alternative delivery vehicle for tissues that are 
otherwise refractory to nucleic acid uptake. 

7.5 Targeted Delivery of mRNA (Paper II) 
A key challenge in mRNA therapeutics is not only ensuring efficient cellular 
uptake but also achieving targeted delivery to the tissue of interest. This 
becomes especially critical for cardiac applications, where off-target delivery, 
particularly to the liver, is a well-documented limitation of conventional 
delivery platforms such as LNPs. In this study, we hypothesized that EVs 
derived from cardiac progenitor cells (CPC-EVs) possess intrinsic cardiac 
tropism and could serve as an effective vehicle for delivering VEGFA mRNA 
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specifically to heart tissue. Our results from Paper II provide experimental 
support for this hypothesis. 

When VEGFA mRNA was administered intravenously, CPC-EVs achieved 
the highest targeted delivery to the heart compared to non-tissue-specific EVs 
(HTB-EVs and HUVEC-EVs) and LNPs. Notably, 56% of the total detected 
VEGFA mRNA in major organs was localized in the heart following CPC-EV 
delivery, whereas LNPs, HUVEC-EVs, and HTB-EVs delivered only 19%, 
30%, and 8% to the heart, respectively. In parallel, the accumulation of mRNA 
in the liver was lowest with CPC-EVs (11%) compared to 37% with LNPs, 
41% with HTB-EVs, and 16% with HUVEC-EVs (Paper II, Figure 4). This 
distinct biodistribution profile confirms that CPC-EVs not only bypass hepatic 
accumulation but also exhibit preferential homing to cardiac tissue. 

Beyond biodistribution, CPC-EVs also demonstrated superior mRNA 
translation efficiency in the heart. Following direct intramyocardial delivery of 
equal amounts of VEGFA mRNA, CPC-EVs produced the highest VEGFA 
protein levels in cardiac tissue at the injected area (Paper II, Figure 5B). 
Importantly, this increased protein production was not observed in adjacent 
non-injected tissues, blood, or liver, indicating minimal systemic leakage and 
strong tissue localization (Paper II, Figure 5C-E). This suggests that CPC-EVs 
are not only effectively taken up by cardiac cells but also maintain a spatially 
confined delivery profile, likely due to their membrane-associated homing 
cues that mirror the molecular identity of their parental cell type. 

To further validate the biological effect of CPC-EV-mediated delivery, we 
evaluated angiogenesis using aortic ring assays. Aortic rings treated with CPC-
EVs exhibited significantly higher microvascular density and more 
pronounced CD31 and α-SMA expression compared to rings treated with 
LNPs or other EVs. These results directly link the molecular specificity of 
CPC-EVs to a meaningful physiological outcome (enhanced angiogenesis) 
supporting their therapeutic relevance for ischemic cardiovascular conditions 
(Paper II, Figure 6). 

Collectively, these findings suggest that CPC-EVs fulfil the three core criteria 
for effective RNA-based delivery: precise organ targeting, efficient and 
spatially confined translation of the mRNA payload, and minimal disruption 
of the native transcriptome. The superior delivery performance and cardiac 
compatibility of CPC-EVs are likely mediated by their preserved surface 
markers and biomolecular identity, which facilitate tissue-specific homing and 
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cell-to-vesicle communication. These results not only validate CPC-EVs as a 
promising delivery system for cardiac mRNA therapy but also emphasize the 
importance of using organ-derived vesicles to improve therapeutic precision 
and reduce systemic side effects. 

7.6 EV Delivery Upregulated VEGF Receptors 
(Paper III) 

The delivery of VEGFA mRNA via EVs modulates the expression of its 
receptors, VEGFR-1 and VEGFR-2, in an organ-dependent manner. In Paper 
III, intravenous administration of mRNA-loaded EVs from CPCs, HUVECs, 
and HTB-177 resulted in receptor upregulation that correlated with their tissue 
tropism. CPC-EVs significantly increased VEGFR-1 expression in the heart, 
while HTB-EVs elevated both VEGFR-1 and VEGFR-2 in the lung (Paper III, 
Figure 3). These results suggest that EV tropism determines not only mRNA 
biodistribution but also the spatial pattern of receptor engagement, thereby 
shaping local angiogenic responses. Receptor upregulation may reflect a 
feedback mechanism amplifying the effect of delivered VEGFA, enhancing 
endothelial responsiveness in target tissues. The specificity observed with 
CPC-EVs is especially notable given the limitations of LNPs, which tend to 
accumulate in the liver and induce widespread, non-specific responses (226). 
The selective receptor upregulation following CPC- and HTB-EV delivery 
reflects a biologically guided targeting advantage that synthetic vectors lack. 

Altogether, these results highlight that EV origin not only dictates delivery 
efficiency but also influences downstream signaling through receptor 
modulation. This dual function strengthens the rationale for using tissue-
matched EVs in mRNA-based therapeutics, particularly for vascular 
regeneration and organ-specific angiogenesis. 

7.7 Tissue Response to EV-RNA Delivery 
(Paper II and III) 

A critical concern in the systemic administration of nucleic acid-based 
therapies is the potential for off-target transcriptomic disruption or immune 
activation. To assess this, transcriptome profiling was performed on cardiac 
tissue following delivery with each vehicle. Remarkably, CPC-EVs induced 
the fewest differentially expressed genes (DEGs), only 82 transcripts, whereas 
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LNPs, HTB-EVs, and HUVEC-EVs triggered 437, 445, and 240 DEGs, 
respectively (Paper II, Figure 5F and Paper III, Figure 4C-D). PCA confirmed 
that CPC-EV-treated tissues clustered separately from LNP-treated and 
untreated samples, highlighting a distinct transcriptomic response (Paper II, 
Figure 5G). Moreover, unlike LNPs, CPC-EVs did not activate inflammatory 
pathways, as evidenced by the absence of upregulated immune-associated 
genes (Paper II, Supplementary Table 6). 

In addition to reduced transcriptomic perturbation, CPC-EVs also induced 
functionally relevant gene expression changes. Gene ontology and pathway 
analysis revealed enrichment in biological processes associated with cardiac 
muscle cell development and cardiogenesis, suggesting that CPC-EVs not only 
deliver VEGFA mRNA effectively but may also engage in regenerative 
signaling cascades (Paper II, Supplementary Table 7-8). This functional 
alignment between cargo and tissue-specific response supports the notion that 
CPC-EVs are inherently more compatible with cardiac cell communication 
compared to other delivery systems. 

Transcript-level analysis also showed that VEGFA was among the most highly 
upregulated mRNAs in CPC-EV–treated tissue, aligning with effective 
delivery and translation of the therapeutic cargo (Paper II, Figure 5H and Paper 
III, Figure 4E). Interestingly, RNA-seq also identified the presence of human 
transcripts in mouse tissues following EV injection. A total of 13 human 
transcripts were commonly detected across tissues treated with CPC-, 
HUVEC-, and HTB-EVs. These included VEGFA and HGF (both associated 
with angiogenesis and vascular remodeling) indicating that some human RNAs 
within EVs are not only transferred to recipient tissue but may also persist and 
remain detectable post-delivery (Paper III, Figure 5A-C).  

While these findings point to successful mRNA delivery and minimal 
immunogenicity with CPC-EVs, the presence of foreign transcripts raises 
important questions about long-term safety, potential immune recognition, and 
the fate of non-target RNA species. This also underscores the need for further 
research into the selectivity of RNA loading into EVs and the mechanisms of 
interspecies transcript retention following delivery. 

In conclusion, CPC-EVs demonstrated the most favorable transcriptomic 
profile in heart tissue, combining efficient VEGFA delivery with low 
inflammatory and off-target responses. These attributes position CPC-EVs as 
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a promising platform for organ-targeted RNA therapeutics, with further studies 
warranted to refine EV content and control interspecies RNA transfer. 
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8 CONCLUSION  
This thesis investigated the intracellular fate and extracellular functional 
extension of mRNA delivered via LNPs, focusing on its incorporation into and 
redistribution by EVs. Through a series of in vitro and in vivo experiments, we 
demonstrated that LNPs not only facilitate efficient mRNA delivery to cells 
but also induce the packaging of therapeutic mRNA into EVs, which can 
subsequently transfer this cargo to other cells. 

In Paper I, we established that LNPs are rapidly internalized across various cell 
types and that a small fraction of LNP-derived mRNA escapes the endosomal 
compartment and is sorted into secreted EVs. Notably, the efficiency of EV 
loading varied by cell type, with CPCs demonstrating the highest encapsulation 
efficiency. Despite low overall loading percentages, the ability to track and 
functionally validate mRNA within EVs provided a critical foundation for 
downstream investigations. 

Paper II explored the biodistribution and tissue targeting potential of EVs 
derived from different cellular sources. CPC-EVs demonstrated robust and 
selective homing to cardiac tissue, with minimal off-target accumulation in the 
liver. This targeting translated into efficient delivery and localized translation 
of VEGFA mRNA, leading to pro-angiogenic effects in both in vitro and in 
vivo models. Transcriptomic analysis further revealed that CPC-EVs induced 
the least disruption to the native gene expression profile in cardiac tissue and 
did not activate inflammatory pathways, underscoring their therapeutic 
compatibility. 

Paper III extended these findings by characterizing the broader transcriptomic 
and receptor-level responses to EV-based delivery. We showed that VEGFA 
mRNA delivered via EVs led to organ-specific upregulation of VEGF 
receptors, particularly VEGFR-1 and VEGFR-2, in alignment with the tissue 
tropism of the EVs. CPC-EVs triggered receptor upregulation in the heart, 
while HTB-EVs affected the lung. The detection of human transcripts, 
including VEGFA and HGF, in mouse tissues after EV injection provided 
further evidence for the functional transfer of bioactive RNA species across 
species boundaries. 

Collectively, this body of work demonstrates that EVs can function as 
biologically active secondary carriers of LNP-delivered mRNA. Importantly, 
EVs not only maintain the functional integrity of the mRNA cargo but also 
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enable tissue-specific targeting that is challenging to achieve with synthetic 
vectors alone. These findings support the concept of integrating EVs into RNA 
therapeutic strategies, particularly for applications requiring precise delivery 
and low immunogenicity. Moving forward, efforts to optimize EV 
engineering, loading efficiency, and safety profiling will be crucial to realize 
their full translational potential in targeted mRNA therapies. 
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9 FUTURE PERSPECTIVES  
The delivery of RNA-based therapeutics, particularly mRNA, faces two 
critical challenges: ensuring sufficient intracellular uptake and achieving 
targeted delivery to specific tissues. Minimizing off-target effects is essential 
for safety and efficacy. This thesis demonstrates that EVs, especially those 
derived from tissue-specific sources such as CPCs, provide a biologically 
compatible and potentially targetable platform for RNA delivery. Moving 
forward, there are several important directions to explore. 

First, the versatility of EVs as RNA carriers should be tested across different 
RNA types. It remains unclear whether large RNA species such as those 
encoding Cas9, or structured molecules like siRNAs, can be sorted into EVs 
using the same endogenous mechanisms described for mRNA. Understanding 
whether size, structure, or sequence motifs influence EV loading efficiency 
will be critical for expanding therapeutic applications. 

Second, the concept of organotropism should be more deeply characterized. 
While CPC-EVs showed cardiac targeting, it is unknown whether EVs from 
other tissue-specific sources, such as neurons or glial cells, possess similar 
tropism for the brain. Investigating whether EVs derived from CNS cell types 
can cross the blood-brain barrier and deliver RNA cargo to neural tissues 
would have significant implications for neurodegenerative disease therapy. 

Another promising avenue is to explore therapeutic efficacy in relevant disease 
models. While CPC-EVs effectively delivered VEGFA mRNA and promoted 
angiogenesis, further studies should evaluate whether this strategy can 
attenuate disease phenotypes in models of myocardial infarction, heart failure, 
or chronic ischemia. The recent findings González-King et al. (2024) 
underscore the therapeutic promise of ESC-derived EVs, which outperformed 
other sources in promoting angiogenesis and reducing fibrosis in myocardial 
ischemia-reperfusion injury (146). These ESC-EVs also modulated 
inflammatory responses and demonstrated favorable RNA and protein cargo 
profiles. The results highlight the potential for optimizing source selection 
based on therapeutic needs.  

Another important aspect is understanding and engineering the homing 
capacity of EVs. Identifying the surface proteins or glycosylation patterns that 
guide EVs to specific organs could allow for rational design of targeted 
delivery systems. Comparative proteomic profiling between organ-targeting 

Benyapa Tangruksa 

67 

and non-targeting EVs may reveal surface markers responsible for tissue-
specific uptake. 

Finally, long-term safety must be assessed, particularly regarding the 
persistence of exogenous transcripts and the potential for immune recognition. 
The detection of human transcripts in mouse tissues after EV injection raises 
questions about the durability, functional impact, and eventual clearance of 
foreign RNA. Understanding whether these transcripts integrate into host RNA 
processing pathways or are rapidly degraded will inform risk assessment. 

In summary, EVs hold potential as an alternative to synthetic nanoparticles for 
RNA delivery due to their endogenous origin, tissue specificity, and functional 
versatility. Future studies should expand the scope of RNA cargos, dissect 
organ-targeting mechanisms, compare cell sources such as ESCs and CPCs in 
disease models, and evaluate long-term outcomes.  
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other tissue-specific sources, such as neurons or glial cells, possess similar 
tropism for the brain. Investigating whether EVs derived from CNS cell types 
can cross the blood-brain barrier and deliver RNA cargo to neural tissues 
would have significant implications for neurodegenerative disease therapy. 

Another promising avenue is to explore therapeutic efficacy in relevant disease 
models. While CPC-EVs effectively delivered VEGFA mRNA and promoted 
angiogenesis, further studies should evaluate whether this strategy can 
attenuate disease phenotypes in models of myocardial infarction, heart failure, 
or chronic ischemia. The recent findings González-King et al. (2024) 
underscore the therapeutic promise of ESC-derived EVs, which outperformed 
other sources in promoting angiogenesis and reducing fibrosis in myocardial 
ischemia-reperfusion injury (146). These ESC-EVs also modulated 
inflammatory responses and demonstrated favorable RNA and protein cargo 
profiles. The results highlight the potential for optimizing source selection 
based on therapeutic needs.  

Another important aspect is understanding and engineering the homing 
capacity of EVs. Identifying the surface proteins or glycosylation patterns that 
guide EVs to specific organs could allow for rational design of targeted 
delivery systems. Comparative proteomic profiling between organ-targeting 
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and non-targeting EVs may reveal surface markers responsible for tissue-
specific uptake. 

Finally, long-term safety must be assessed, particularly regarding the 
persistence of exogenous transcripts and the potential for immune recognition. 
The detection of human transcripts in mouse tissues after EV injection raises 
questions about the durability, functional impact, and eventual clearance of 
foreign RNA. Understanding whether these transcripts integrate into host RNA 
processing pathways or are rapidly degraded will inform risk assessment. 

In summary, EVs hold potential as an alternative to synthetic nanoparticles for 
RNA delivery due to their endogenous origin, tissue specificity, and functional 
versatility. Future studies should expand the scope of RNA cargos, dissect 
organ-targeting mechanisms, compare cell sources such as ESCs and CPCs in 
disease models, and evaluate long-term outcomes.  
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