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Abstract 

Nanomedicine provides exciting opportunities to solve modern-world medical problems 

from disease diagnosis to therapy. From the first approved nanomedicine in 1995 against cancer, 

Doxil®, to the recent sensation, lipid nanoparticle-based mRNA vaccine against COVID-19, 

nanomedicine has come a long way to the state of becoming a platform medical technology. 

Toward this endeavor, this dissertation is focused on lipid-based vesicles systems, synthetic 

liposomes, and cell-secreted extracellular vesicles (EVs), where we have explored and optimized 

efficient engineering techniques to achieve tumor-targeted drug delivery and diagnostic capacity. 

Liposomes are synthetic vesicles with an aqueous core and phospholipid bilayer and EVs are 

natural vesicles secreted by cells with protein-lipid bilayer and aqueous core carrying cellular 

information in terms of proteins and nucleic acid (mRNA, miRNA, DNA). These complementary 

properties when paired make them highly efficient delivery vehicles in a biological environment, 

an overarching goal of this dissertation.  

The main objective of this dissertation is to overcome two major challenges in 

nanoparticulate drug delivery system: 1) how to overcome endosome degradation of nanoparticles 

and maximize intracellular bioavailability and 2) how to overcome biological barriers for efficient 

delivery- rapid immune clearance, circulation stability, epithelial barriers, microenvironment 

barriers, cellular, and intracellular barriers. Toward this aim, we engineered a pH-sensitive 

liposome with pH-responsive 3ß-[N-(N',N'-dimethylaminoethane)-carbamoyl] (DC) moiety to 

avoid endosomal degradation. pH-sensitive liposome showed pH-responsive cationic properties 

which elevated the fusogenic characteristic of liposome at the acidic environment in the endosomes 

and facilitate endosomal escape via membrane fusion (Chapter 3). Although the in-vitro results 

were promising, the challenge to overcome the biological barrier remains. To overcome this 



  

problem, a natural messenger of the cellular system, which has been optimized with years of 

evolution, EVs, was used. We optimized a simple, efficient, and reproducible EVs isolation 

method by combining centrifugation, ultrafiltration, and size exclusion-based chromatography. 

Synthetic liposomes were used to engineer an EVs-based hybrid system that contributed to 

increasing overall yield, stability, and added functionality (Chapter 4). EVs derived from mouse 

macrophage J774A.1 showed preferential interaction toward cancer cells, both in vitro and in vivo 

mouse models showing promises for tumor-targeted drug delivery. Further, a gadolinium 

incorporated liposome was synthesized and hybridized with EVs to engineer a hybrid system with 

diagnostic capacity, which showed contrast-enhanced diagnostic characteristics as confirmed by 

clinical magnetic resonance imaging (Chapter 5). Finally, EVs were optimized for their 

reproducibility of physicochemical and functional properties. Rigorous EVs isolation technique 

and characterization confirmed the EVs production is significantly higher in cancer cells compared 

to non-cancer (Chapter 6). The nanosystems engineered in this study were successful to overcome 

endosomal degradation via escape, have longer retention time, good biocompatibility, efficient 

drug loading capacity, and tumor targeting characteristic, all of which are excellent properties for 

drug delivery systems. With this proof of concept and design consideration, this dissertation adds 

an important understanding of the vesicles-based system for tumor-targeted drug delivery. We 

envision that future works on the molecular mechanism behind the achieved biomimicry and tumor 

targeting potential can lead toward the translation of a vesicle-based system for tumor-targeted 

drug delivery.    

 

  



  

Engineering synthetic and natural vesicular system for tumor-targeted drug delivery 

 

by 

 

 

Sagar Rayamajhi  

 

 

 

B.Tech., Kathmandu University, Nepal, 2015 

 

 

A DISSERTATION 

 

 

submitted in partial fulfillment of the requirements for the degree 

 

 

 

DOCTOR OF PHILOSOPHY 

 

 

 

Department of Chemistry 

College of Arts and Sciences 

 

 

 

KANSAS STATE UNIVERSITY 

Manhattan, Kansas 

 

 

2021 

 

 

 Approved by: 

 

Major Professor  

Santosh Aryal 

  



  

Copyright  

© Sagar Rayamajhi 2021. 

 

 

  



  

Abstract 

Nanomedicine provides exciting opportunities to solve modern-world medical problems 

from disease diagnosis to therapy. From the first approved nanomedicine in 1995 against cancer, 

Doxil®, to the recent sensation, lipid nanoparticle-based mRNA vaccine against COVID-19, 

nanomedicine has come a long way to the state of becoming a platform medical technology. 

Toward this endeavor, this dissertation is focused on lipid-based vesicles systems, synthetic 

liposomes, and cell-secreted extracellular vesicles (EVs), where we have explored and optimized 

efficient engineering techniques to achieve tumor-targeted drug delivery and diagnostic capacity. 

Liposomes are synthetic vesicles with an aqueous core and phospholipid bilayer and EVs are 

natural vesicles secreted by cells with protein-lipid bilayer and aqueous core carrying cellular 

information in terms of proteins and nucleic acid (mRNA, miRNA, DNA). These complementary 

properties when paired make them highly efficient delivery vehicles in a biological environment, 

an overarching goal of this dissertation.  

The main objective of this dissertation is to overcome two major challenges in 

nanoparticulate drug delivery system: 1) how to overcome endosome degradation of nanoparticles 

and maximize intracellular bioavailability and 2) how to overcome biological barriers for efficient 

delivery- rapid immune clearance, circulation stability, epithelial barriers, microenvironment 

barriers, cellular, and intracellular barriers. Toward this aim, we engineered a pH-sensitive 

liposome with pH-responsive 3ß-[N-(N',N'-dimethylaminoethane)-carbamoyl] (DC) moiety to 

avoid endosomal degradation. pH-sensitive liposome showed pH-responsive cationic properties 

which elevated the fusogenic characteristic of liposome at the acidic environment in the endosomes 

and facilitate endosomal escape via membrane fusion (Chapter 3). Although the in-vitro results 

were promising, the challenge to overcome the biological barrier remains. To overcome this 



  

problem, a natural messenger of the cellular system, which has been optimized with years of 

evolution, EVs, was used. We optimized a simple, efficient, and reproducible EVs isolation 

method by combining centrifugation, ultrafiltration, and size exclusion-based chromatography. 

Synthetic liposomes were used to engineer an EVs-based hybrid system that contributed to 

increasing overall yield, stability, and added functionality (Chapter 4). EVs derived from mouse 

macrophage J774A.1 showed preferential interaction toward cancer cells, both in vitro and in vivo 

mouse models showing promises for tumor-targeted drug delivery. Further, a gadolinium 

incorporated liposome was synthesized and hybridized with EVs to engineer a hybrid system with 

diagnostic capacity, which showed contrast-enhanced diagnostic characteristics as confirmed by 

clinical magnetic resonance imaging (Chapter 5). Finally, EVs were optimized for their 

reproducibility of physicochemical and functional properties. Rigorous EVs isolation technique 

and characterization confirmed the EVs production is significantly higher in cancer cells compared 

to non-cancer (Chapter 6). The nanosystems engineered in this study were successful to overcome 

endosomal degradation via escape, have longer retention time, good biocompatibility, efficient 

drug loading capacity, and tumor targeting characteristic, all of which are excellent properties for 

drug delivery systems. With this proof of concept and design consideration, this dissertation adds 

an important understanding of the vesicles-based system for tumor-targeted drug delivery. We 

envision that future works on the molecular mechanism behind the achieved biomimicry and tumor 

targeting potential can lead toward the translation of a vesicle-based system for tumor-targeted 

drug delivery. 

 

 



viii  

Table of Contents 

 

List of Figures ............................................................................................................................... xii  

Acknowledgements ....................................................................................................................... xv 

Dedication ................................................................................................................................... xvii  

 Introduction .................................................................................................................. 1 

1.1 Concept of nanotechnology and nanomedicine .................................................................... 1 

1.2 Nanomedicine in drug delivery system ................................................................................ 2 

1.3 Extracellular vesicles as emerging drug delivery agent ........................................................ 5 

1.4 Scope, research questions, and implications of the dissertation ........................................... 6 

 Literature Review: Surface functionalization strategies of extracellular vesicles ..... 11 

2.1 Background ......................................................................................................................... 12 

2.2 Extracellular vesicles classification and biogenesis ........................................................... 15 

2.3 EVs Surface functionalization strategies ............................................................................ 17 

2.3.1 Surface functionalization strategy: Physical method ................................................... 18 

2.3.2 Surface functionalization strategy: Biological method ................................................ 22 

2.3.3 Surface functionalization strategy: Chemical method ................................................. 33 

2.4 Comparative analysis of different surface functionalization strategies .............................. 40 

2.5 Challenges in surface functionalization strategy ................................................................ 42 

2.6 Conclusion .......................................................................................................................... 43 

 pH responsive cationic liposome for endosomal escape mediated drug delivery ..... 45 

3.1 Introduction ......................................................................................................................... 46 

3.2 Materials and methods ........................................................................................................ 48 

3.2.1 Chemicals and Reagents .............................................................................................. 48 

3.2.2 Cell lines ...................................................................................................................... 48 

3.2.3 Synthesis of dimethylaminoethane-carbamoyl functionalized liposome (DC-liposome)

 ............................................................................................................................................... 49 

3.2.4 Characterization ............................................................................................................ 49 

3.2.5 Drug loading and release study .................................................................................... 50 

3.2.6 Biocompatibility .......................................................................................................... 51 

3.2.7 Endosomal escape study via confocal microscopy ...................................................... 52 



ix 

3.2.8 In-Vitro Toxicity .......................................................................................................... 52 

3.2.9 Statistical analysis ........................................................................................................ 53 

3.3 Result and Discussion ......................................................................................................... 53 

3.3.1 Fabrication and characterization of DC-liposome ....................................................... 53 

3.3.2 pH-responsive characteristic of DC-liposome ............................................................. 55 

3.3.3 Fusogenic property of DC-liposome ............................................................................ 56 

3.3.4 Drug loading and release characteristic ....................................................................... 58 

3.3.5 Biocompatibility .......................................................................................................... 60 

3.3.6 Endosomal escape study .............................................................................................. 61 

3.3.7 In-vitro toxicity ............................................................................................................ 63 

3.4 Conclusion .......................................................................................................................... 64 

 Macrophage-derived exosome-mimetic hybrid vesicles for tumor targeted drug 

delivery .................................................................................................................................. 66 

4.1 Introduction ......................................................................................................................... 67 

4.2 Materials and Methods ........................................................................................................ 70 

4.2.1 Chemicals and reagents ................................................................................................ 70 

4.2.2 Cell lines ...................................................................................................................... 71 

4.2.3 Extracellular vesicle isolation ...................................................................................... 71 

4.2.4 Synthesis of liposome .................................................................................................. 72 

4.2.5 Synthesis of hybrid exosome ....................................................................................... 72 

4.2.6 Characterization ........................................................................................................... 72 

4.2.7 Proteinase K assay for protein digestion ...................................................................... 73 

4.2.8 Elucidation of hybridization ........................................................................................ 74 

4.2.9 Biocompatibility Assay ................................................................................................ 74 

4.2.10 Drug loading and release study .................................................................................. 75 

4.2.11 In-vitro toxicity .......................................................................................................... 76 

4.2.12 Confocal Imaging ....................................................................................................... 76 

4.2.13 Flow Cytometry ......................................................................................................... 77 

4.2.14 Statistical analysis ...................................................................................................... 77 

4.3 Result and Discussion ......................................................................................................... 77 

4.3.1 Extracellular vesicle isolation, hybridization, and Characterization............................ 77 



x 

4.3.2 Validation of hybridization .......................................................................................... 80 

4.3.3 Doxorubicin loading and release study ........................................................................ 83 

4.3.4 Biocompatibility .......................................................................................................... 85 

4.3.5 Cellular internalization study ....................................................................................... 86 

4.3.6 In-vitro cytotoxicity ..................................................................................................... 91 

4.4 Conclusion .......................................................................................................................... 94 

 Strategic reconstruction of macrophage-derived extracellular vesicles as a magnetic 

resonance imaging contrast agent .......................................................................................... 95 

5.1 Introduction ......................................................................................................................... 96 

5.2 Materials and methods ........................................................................................................ 99 

5.2.1 Materials ...................................................................................................................... 99 

5.2.2 Cell lines and animal model ......................................................................................... 99 

5.2.3 Synthesis of gadolinium infused liposome (Gd-Liposome) ...................................... 100 

5.2.4 Synthesis of gadolinium infused hybrid extracellular vesicles (Gd-HEV) ................ 101 

5.2.5 Characterization ......................................................................................................... 102 

5.2.6 Gadolinium loading and release study ....................................................................... 103 

5.2.7 Evaluation of magnetic properties of Gd-HEV.......................................................... 104 

5.2.8 In vitro biocompatibility ............................................................................................ 104 

5.2.9 In vitro cellular interaction of Gd-HEV ..................................................................... 105 

5.2.10 In vitro immunogenicity assay ................................................................................. 106 

5.2.11 In vivo study by fluorescence bioimaging and magnetic resonance imaging .......... 106 

5.2.12 Histologic Analysis .................................................................................................. 108 

5.2.13 Statistics ................................................................................................................... 108 

5.3 Results and discussion ...................................................................................................... 109 

5.3.1 Characterization ......................................................................................................... 109 

5.3.2 Gadolinium loading, release, and biocompatibility study ......................................... 114 

5.3.3 Evaluation of magnetic properties ............................................................................. 117 

5.3.4 In vitro cellular interaction study ............................................................................... 120 

5.3.5 In vivo biodistribution and magnetic property analysis ............................................. 125 

5.4 Conclusion ........................................................................................................................ 131 

 Rigor and reproducibility of extracellular vesicles production and functionality ... 133 



xi 

6.1 Introduction ....................................................................................................................... 134 

6.2 Materials and methods ...................................................................................................... 137 

6.2.1 Chemicals, reagents, and cell lines ............................................................................ 137 

6.2.2 Isolation of EVs from the cell culture supernatant .................................................... 137 

6.2.3 Characterization of EVs ............................................................................................. 138 

6.2.4 Cell proliferation Assay ............................................................................................. 139 

6.3 Result and Discussion ....................................................................................................... 140 

6.3.1 Reproducibility of EVs size among identical and varied incubation time and cell-lines

 ............................................................................................................................................. 140 

6.3.2 Size exclusion chromatography for EVs enrichment and purification ...................... 142 

6.3.3 Variation of EVs protein content with varied incubation time and cell-line ............. 144 

6.3.4 Variation of EVs concentration with varied incubation time and cell-line ............... 146 

6.3.5 Variation in EVs functionality with varied incubation time ...................................... 148 

6.4 Conclusion ........................................................................................................................ 149 

 Summary and Future Outlook .................................................................................. 151 

References ................................................................................................................................... 153 

 Supporting information for Chapter 3 .................................................................. 179 

 Supporting information for Chapter 4 .................................................................. 180 

 Supporting information for Chapter 5 .................................................................. 189 

 List of Abbreviation ............................................................................................. 192 

 List of Publications ............................................................................................... 194 

 Copyright permissions .......................................................................................... 195 

  



xii  

List of Figures 

Figure 1.1 Scope of the dissertation.. .............................................................................................. 6 

Figure 2.1 Schematic showing the structural components and cargo of extracellular vesicles. ... 12 

Figure 2.2 Timeline showing major events in the discovery and research of extracellular vesicles.

 ............................................................................................................................................... 15 

Figure 2.3 The surface functionalization capsule. Schematic showing physical, biological, and 

chemical strategies of surface functionalization of extracellular vesicles. ........................... 17 

Figure 2.4 Surface functionalization strategies using physical methods ...................................... 19 

Figure 2.5 Evaluation of the magnetic properties and in vivo tumor targeting properties of 

surface-functionalized extracellular vesicles. ....................................................................... 20 

Figure 2.6 Schematic showing the functionalization strategy of extracellular vesicles using the 

biological approach. .............................................................................................................. 23 

Figure 2.7  EVsô surface display using the CD63 molecular scaffold. ......................................... 24 

Figure 2.8 Engineering of EXPLORs (exosome for protein loading via optically reversible 

proteinïprotein interaction)................................................................................................... 26 

Figure 2.9 Synthetic antibodies retargeted exosomes (SMART-Exos) characterization and 

therapeutic analysis ............................................................................................................... 29 

Figure 2.10 Azide functionalization in extracellular vesicles via metabolic engineering. ........... 31 

Figure 2.11 Schematic showing different facile chemistries for surface functionalization of 

extracellular vesicles. ............................................................................................................ 33 

Figure 2.12 Surface functionalization of EVs with maleimide (Mal) terminated lipid for the 

addition of diverse surface functionalities. ........................................................................... 35 

Figure 2.13 Functionalization of extracellular vesicles via copper-catalyzed click chemistry .... 36 

Figure 2.14 Click chemistries of azide functionalized EVs. ......................................................... 37 

Figure 2.15 Surface functionalization of liposomes using strain promoted alkyneïazide click 

chemistry (SPAAC). ............................................................................................................. 39 

Figure 3.1 Characterization of DC-liposome. ............................................................................... 54 

Figure 3.2 pH-responsive characteristic of DC-liposome.. ........................................................... 55 

Figure 3.3 Study of the fusogenic characteristics of DC-liposome through Fluorescence 

Resonance Energy Transfer (FRET) ..................................................................................... 57 

file:///C:/Users/sagar/Dropbox/PHD%20thesis/sagar%20rayamajhi%20dissertation%202021.docx%23_Toc59486363


xiii  

Figure 3.4 In-vitro drug loading study .......................................................................................... 59 

Figure 3.5 In-vitro drug release and biocompatibility study of DC-liposome .............................. 60 

Figure 3.6 Endosomal escape study via confocal microscopy. .................................................... 63 

Figure 3.7 In-vitro toxicity assay .................................................................................................. 64 

Figure 4.1 Schematic representation of the fabrication of hybrid exosome. ................................ 78 

Figure 4.2 Characterization of nanovesicles ................................................................................. 79 

Figure 4.3 Validation of hybrid exosome formation. ................................................................... 81 

Figure 4.4 In-vitro drug loading and release study ....................................................................... 84 

Figure 4.5 In-vitro biocompatibility study .................................................................................... 86 

Figure 4.6 Cellular internalization study via confocal imaging. ................................................... 87 

Figure 4.7 Cellular internalization study via flow cytometry ....................................................... 88 

Figure 4.8 Proteinase K assay and cellular internalization study. ................................................ 90 

Figure 4.9 In-vitro toxicity assay .................................................................................................. 92 

Figure 5.1 Schematic representation of the reconstruction process of extracellular vesicles with 

gadolinium infused lipid cake for the fabrication of gadolinium infused hybrid extracellular 

vesicles (Gd-HEV) via membrane fusion ........................................................................... 109 

Figure 5.2 Physicochemical characterization of Gd-HEV .......................................................... 111 

Figure 5.3 Protein characterization and evaluation of hybridization .......................................... 114 

Figure 5.4 Gadolinium loading and release study. ..................................................................... 115 

Figure 5.5 In vitro biocompatibility assay. ................................................................................. 117 

Figure 5.6 Magnetic characterization of Gd-HEV ...................................................................... 119 

Figure 5.7 In vitro cellular interaction assay of Gd-HEV ........................................................... 122 

Figure 5.8 Assessment of EVs functionality after reconstruction in terms of cellular 

internalization and immunogenic response ......................................................................... 124 

Figure 5.9 In vivo study by fluorescence bioimaging................................................................. 126 

Figure 5.10 In vivo study by magnetic resonance imaging ........................................................ 129 

Figure 5.11 Histologic analysis of tissue sections of various organs of mice treated with Gd-HEV 

and untreated control mice. ................................................................................................. 131 

Figure 6.1 Optimization of ultrafiltration-size exclusion chromatography based EV isolation 

method for rigor and reproducibility analysis. .................................................................... 140 



xiv 

Figure 6.2 Reproducibility of EVs size among identical and varied incubation time and cell-lines.

 ............................................................................................................................................. 141 

Figure 6.3 Characterization of size exclusion chromatography (SEC) based EVs enrichment and 

purification .......................................................................................................................... 142 

Figure 6.4 Variation of EVs protein content in K7M2-EVs vs NIH/3T3-EVs with varied 

incubation time .................................................................................................................... 144 

Figure 6.5 Variation of EVs concentration in K7M2-EVs vs NIH/3T3-EVs with varied 

incubation time .................................................................................................................... 147 

Figure 6.6 Cell proliferation assay via MTT .............................................................................. 149 

  



xv 

Acknowledgements 

This journey has been both challenging and beautiful, which would not have been possible 

without persistence, perseverance, and patience, 3Pôs I say. I have acquired these traits from my 

parents, my mother Januka Thapa, and my father, Bom Bahadur Rayamajhi. Not from their 

words, but their action. I have seen their continuous hard work and dedication to me and my sister, 

Srijana Rayamajhi, for better education and life. This dissertation is for them, for their 

unconditional love and support, for their wisdom and hope, for their sacrifice and strength.  

I would like to dedicate my dissertation to my advisor, Dr. Santosh Aryal. I feel lucky to 

have an advisor who is like a guardian, colleague, and mentor. Looking back to my first semester 

to now, I have grown, both on a personal and professional level, which is significantly contributed 

by the mentorship and guidance from Dr. Aryal. Directly and indirectly, I have learned 

tremendously from him. The amount of time Dr. Aryal has given to me to teach small things, from 

formatting in word, making figures in PowerPoints, to experimental techniques, and writing 

manuscripts and grants is tremendous, and I am forever indebted to him for all his efforts to help 

and guide me. I am also thankful to Dr. Aryal's lab members, Dr. Arunkumar Pitchaimani, Dr. 

Tuyen Nguyen, Dr. Ramesh Marasini, Colin Ferrel, Jessica Marchitto, and Cesar Aparicio. Thank 

you Tuyen and Ramesh for training me and teaching me various things during these years. I have 

learned directly and indirectly a lot from you. I would like to express my sincere gratitude towards 

my Ph.D. committee members: Dr. Paul Smith, Dr. Ryan Rafferty, Dr. Seong-O Choi, Dr. Stefan 

Bossmann, and Dr. Brian Lindshield for your valuable guidance in research and course-work 

throughout my Ph.D. program. I am thankful to faculty and staff member of the Department of 

Chemistry, Nanotechnology innovation center of Kansas State (NICKS), and Anatomy & 

Physiology for their help and support in many ways. 



xvi 

I would like to acknowledge all the teachers in my life, from my first teachers at home to 

school, and university. I am thankful to my undergraduate supervisor Dr. Gunjan Bisht and Dr. 

Bhupal Govinda Shrestha for their help and support during my undergraduate thesis at Kathmandu 

University. Especially, I am very thankful to Dr. Bisht for her encouragement and support to write 

a research manuscript. It was my first experience of writing and publishing research and review 

papers, which became a crucial part of my application process to grad school in the USA. I am 

also thankful to my undergraduate project members Biplab KC, Siddhi Nath Paudel, Deepak 

Karna, and Sandeep Adhikari for collectively completing projects despite unforeseen 

circumstances. This was crucial for me to pave my journey in grad school at Kansas State 

University. 

I am also thankful to my family and friends. My sister Srijana Rayamajhi, brother in law 

Ram Chhetri, and my cute niece, Amayra Chhetri. I am always thankful for your unconditional 

love and support. I am thankful to my wife, Sabita Ranabhat. During this journey, you have become 

a beautiful addition to my life and I am forever lucky to have you. Thank you for your love, 

support, and strength. I cannot forget my friends, specially Jardine friends, my alcohol buddies 

without which my 3Pôs would not have worked. I would like to thank my past roommate, Rijesh 

Karmacharya, for many things, but mainly for teaching me how to cook. You taught me what my 

parents could not! I am thankful to all who have supported me directly and indirectly during this 

journey and will continue to work with the same dedication and effort in the future. Thank you! 

  



xvii  

Dedication 

 

To my mother and father 

Januka Thapa & Bom bahadur Rayamajhi 

 

To my mentor 

Dr. Santosh Aryal 

 

To my wife 

Sabita Ranbhat 

 

  



1 

Introduction 

 1.1 Concept of nanotechnology and nanomedicine 

In 1956, Nobel laureate and theoretical physicist Professor Richard Feynman gave a talk 

ñthere is plenty of room at the bottomò at the annual American Physical Society meeting at 

Caltech.1 This talk led to the conceptual foundation of ñNanotechnologyò where Feynman 

discussed the idea of writing an entire encyclopedia on the tip of a nail, storing information on the 

atomic scale, miniaturizing the computer, and developing tiny machines for medical and industrial 

applications. Although not termed as nanotechnology, Feynman was leading down the foundation 

of nanotechnology through his groundbreaking concepts. Later on, in 1974, the term ñnano-

technologyò was first used by Norio Taniguchi.2 In 1981, the invention of a scanning tunneling 

microscope led to the visualization of individual atoms, providing a crucial characterization tool 

for nanotechnology. Encouraged by the Feynman concept, Eric Drexler published a book in 1986 

using the ñnanotechnologyò term proposing the idea of nanoscale assembler.3 These developments 

led to the emergence of nanotechnology as a field in the 1980s, almost 20 years later Feynman 

conceptual visualization. Today, nanotechnology is present in our everyday life from the clothes 

we wear, computer and mobile device we use, the medicine we take to the number of consumable 

products. According to the National Nanotechnology Initiative, ñNanotechnology is science, 

engineering, and technology conducted at the nanoscaleò.4 

One of the many exciting applications of nanotechnology is in the field of medicine, 

thereby giving rise to ñNanomedicineò. According to nature research, ñNanomedicine is a branch 

of medicine that applies the knowledge and tools of nanotechnology to the prevention and 

treatment of disease. Nanomedicine involves the use of nanoscale materials, such as biocompatible 

nanoparticles and nanorobots, for diagnosis, delivery, sensing or actuation purposes in a living 
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organismò.5 Nanomedicine aims to overcome the limitations of conventional pharmaceutical drugs 

by providing targeted delivery, ability to bypass complex natural barrier, tunable 

pharmacokinetics, and better safety and efficacy profile. Therefore, the use of nanomedicine as a 

drug delivery system (DDS) and diagnostic agents is gaining rapid attention in the scientific and 

medicinal community. Nanomedicine, owing to its nanosize, provides ample surface area to 

engineer for the desired outcome. For example, we can decorate nanomedicine with a targeting 

moiety to achieve targeted delivery, biocompatible coatings to avoid immune clearance, and 

biomimicry agents to deceive the cellular system. This flexibility in engineering nanomedicine is 

key to develop an effective drug delivery system.  

 1.2 Nanomedicine in drug delivery system 

The discovery of therapeutic drugs is a milestone in human civilization which has now 

saved millions of lives and increased the life expectancy of human populations. Although the use 

of plants as an herbal medicine dates back to the early days of human civilization, the discovery 

of modern therapeutic drugs started with the extraction of morphine from opium in 1806 as a pain 

medication by Friedrich Serturner.6 The 1982 discovery of Penicillin as antibiotics by Alexander 

Fleming marks another milestone in the history of medicine.7 Today, we have more than 7000 

therapeutic drugs approved by the US food and drug administration (FDA) for human use. As the 

number of therapeutic drug use increased, concerns about its side effects and off-target toxicity 

evolved as major challenges. This gave rise to a search for an alternative strategy to improve drug 

delivery. The conventional noninvasive oral, transdermal, or topical route of drug delivery is 

simple and easy to administer, however, limits the bioavailability of drugs thereby limiting the 

therapeutic efficacy. Oral delivery of drugs often needs to face a harsh gastrointestinal 

environment. Similarly, free drugs administered through intravenous injection might be rapidly 
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degraded or cleared by the immune system thereby causing maximal deposition in the liver and 

spleen, with potentially toxic results, and minimum availability in the target site. To overcome 

these limitations of free drug and conventional delivery, the drug delivery system aims to 

encapsulate and solubilize the drugs in a protective delivery vehicle, an enveloped vehicle system, 

that can be tuned for targeted drug delivery and controlled drug release, thereby enhancing 

therapeutic efficacy.8  

Various nanoparticle-based delivery vehicles are available as a drug delivery system like 

nanocrystal, vesicles, polymeric micelles, protein-based nanoparticles, dendrimers, carbon 

nanotubes, and polymer-drug conjugate.9,10 When a therapeutic drug is incorporated in these 

nanoparticle-based delivery vehicles, we call them nanomedicines. Each of these vehicles has its 

advantages and limitations. Polymer-based nanoparticles have advantages of precise control of 

particle characteristic, payload flexibility, and easy surface modification, however, can be limited 

by the increased risk of particle aggregation and toxicity. Inorganic nanoparticles have advantages 

of unique electrical, magnetic, and optical properties, but can be limited by toxicity and solubility 

problems. Lipid-based nanoparticles have the advantages of formulation simplicity with a range 

of physicochemical properties, high bioavailability, payload flexibility, yet can be limited by low 

encapsulation efficiency.11 In these scenarios, the selection of the nanoparticle platform should be 

done based upon the application and feasibility of optimizations to overcome the limitations. 

This dissertation is focused on vesicles based nanomedicine for drug delivery and 

diagnosis.  Structurally, vesicles are ñcore-shellò structures with an aqueous core surrounded by a 

bilayer shell.12 The famous and widely used vesicles are liposomes. Liposomes are vesicles with 

an aqueous core and phospholipid bilayer. The amphiphilic characteristic of phospholipid gives 

rise to self-assembly in liposomes in an aqueous solution, where the hydrophilic polar head forms 
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the outer structure of the bilayer and hydrophobic lipid tails form the inner layer. Since its 

discovery in 1961 by Alec D Bangham, liposome has been the earliest and most widely studied 

vesicle system for drug delivery.13 The attractive biological properties of liposome that makes 

them a desirable candidate for drug delivery are excellent biocompatibility, biologically inert, 

biodegradable, ability to entrap hydrophilic drugs in the aqueous core and hydrophobic drugs in 

the hydrophobic bilayer membrane, stability, easy preparation, and functionalization.14 As a result, 

liposome-based nanomedicine was the first approved therapeutics for cancer treatment and 

represents a significant portion of clinically approved nanotherapeutics.15 The first approved 

liposome-based nanomedicine was Doxil®, doxorubicin encapsulated liposome functionalized 

with Polyethylene glycol (PEG), which was approved in 1995 for ovarian cancer and AIDS-related 

Kaposiôs sarcoma. Till now, there are at least 16 different liposomes based nanomedicine approved 

for clinical use with the latest one approved in 2017, where the FDA granted regular approval to a 

liposome-encapsulated combination of daunorubicin and cytarabine (VYXEOS, Jazz 

Pharmaceuticals, Inc.) for the treatment of adults with acute myelogenous leukemia (AML).16,17 

Additionally, there is around 30 liposome-based nanomedicine in active clinical trials.17 Moreover, 

the recent lipid nanoparticle-based vaccine developed by Pfizer/BioNTech and Moderna against 

coronavirus disease 2019 (COVID-19) has further expanded the scope of lipid/liposome-based 

nanomedicine. These data suggest the successful translation of liposome-based drug delivery 

systems for the treatment of cancer and other diseases. However, the liposomal-based drug 

delivery system faces the challenges of rapid elimination from blood and accumulation in the 

reticuloendothelial cell system, primarily in the liver, and lacks the innate targeting property.14 To 

overcome this challenge, liposomes are functionalized by a polymeric interface like PEG, which 

can prevent protein opsonization by creating a steric polymeric protecting layer over liposomes 
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thereby allowing for long circulation time. Likewise, functionalizing with targeting antibodies can 

provide targeting functionality. Such a synthetic approach has been successfully employed in the 

liposome-based approved medicine. It is however important to note the change in physiochemical 

properties with each chemical modification of liposomal system and how it affects the 

biomolecular corona interface in the physiological environment. 

 1.3 Extracellular vesicles as emerging drug delivery agent 

As an alternative to synthetic vesicle system, cell-derived extracellular vesicles have 

emerged as a promising drug delivery system. Extracellular vesicles (EVs) are the naturally 

available delivery system of the cellular environment. Structurally, they are made up of lipid-

protein bilayer with aqueous core carrying cellular information; proteins and nucleic acid (mRNA, 

miRNA, DNA). Cells secrete EVs as a normal cellular process to communicate between 

neighboring cells and distant cells. Hence, EVs are an ideal drug delivery candidate that naturally 

seeks to deliver its cargo. While previously thought as garbage disposal unit of the cell, it has been 

recently realized that EVs plays a crucial role in intra- and inter-cellular communication and has 

garnered rapid attention among researcher. The role of EVs in disease progression is now well-

established. For example, cancer cell-derived EVs play a crucial role in metastases by regulating 

cellular processes like angiogenesis, coagulation, vascular leakiness, and reprogramming of host 

stromal cells for the formation of the pre-metastatic niche.18 These functionalities of cancer cell-

derived EVs can be exploited for the development of tumor-targeted diagnosis and therapeutic 

agents. In general, EVs have the potential to be used as biomarkers, diagnostic, therapeutic, and 

drug delivery agents. The major advantage of using EVs as drug delivery agents over 

contemporary DDS (liposomes, micelles, and polymer) is the endogenous presence of 

transmembrane proteins in EVs that contributes to the stability and functionality of EVs.  
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 1.4 Scope, research questions, and implications of the dissertation 

In this dissertation, we have used both the liposome and EVs based vesicular system for 

achieving tumor-targeted drug delivery and diagnosis (Figure 1.1). The dissertation has seven 

chapters: 1) Chapter 1 introduce the overall aspect of the dissertation, 2) Chapter 2 include a 

literature review focusing on the engineering approach of EVs, 3) Chapter 3 describes the 

formulation of pH-sensitive liposome-based drug delivery system for endosomal escape, 4) 

 

Figure 1.1 Scope of the dissertation. The general experimental workflow includes the 

engineering approach, characterization of engineered vesicles, and in vitro/in vivo analysis. Three 

major design considerations and proof of concept are presented to overcome the challenges in 

nanoparticulate drug delivery systems and to achieve tumor-targeted drug delivery and diagnostic 

potentials. 

 

Chapter 4 discusses engineering of hybrid EVs for tumor-targeted drug delivery, 5) Chapter 5 

discusses reconstruction of EVs as a magnetic resonance imaging contrast agent for cancer 

diagnosis, 6) Chapter 6 discusses the rigor and reproducibility of EVs production and functionality, 

and 7) Chapter 7 concludes the dissertation with overall summary and future outlook. In each 
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chapter, we have tried to address an important research question related to tumor-targeted drug 

delivery.  

In the first research chapter, chapter 3, our research question is how to avoid the endosomal 

degradation of nanomedicine, which is one of the major biological barriers associated with the 

drug delivery system. Towards this direction, we formulated a pH-sensitive DC-liposome by using 

a 3ß-[N-(N',N'-dimethylaminoethane)-carbamoyl] cholesterol (DC-cholesterol). Due to the 

presence of DC-moiety in DC-liposome, it showed pH-responsive cationic properties with the 

elevation of surface charge in the acidic environment. This leads to elevated fusion behavior in an 

acidic environment thereby facilitating membrane fusion with the anionic endosomal membrane 

by electrostatic interaction, resulting in the endosomal escape and releasing the drug payload. 

Here, we exploited the chemistry of DC-moiety to achieve pH-dependent cationic property and 

the acidic environment of the endosome to achieve membrane fusion via electrostatic interaction.  

Moving to our next chapter, Chapter 4, our research question was what if we used cell-

derived natural vesicles derived from endogenous membrane compartment of cell (like endosome) 

that can naturally avoid endosomal degradation fate. For this purpose, we used EVs derived from 

mouse macrophage J774A.1. The reason for using an immune cell as an EV source was to exploit 

the cancer-targeting characteristic of immune cells. We hypothesized that EVs derived from 

immune cells will share the characteristic of parent cells to track and target cancers, owing to the 

similarity in surface protein contents. However, the application of EVs is limited by low yield and 

lack of membrane protein integrity due to the harsh ultracentrifugation based isolation method. To 

overcome this, we optimized an alternative centrifugation-ultrafiltration based method for EV 

isolation and hybridized it with synthetic liposome via extrusion-based membrane fusion. We 

called these hybrid vesicles as hybrid exosomes (HE). Further, we loaded anticancer drug, 
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Doxorubicin, and analyzed the tumor-targeted drug delivery potential of HE. The incorporation of 

liposomes in HE increased the overall yield of HE while maintaining stability and membrane 

integrity. Owing to the presence of EVs surface proteins, HE showed enhanced internalization 

toward cancer cells and HE-DOX showed higher cytotoxicity toward cancer cells compared to the 

normal one. This result provided proof of concept for HE to serve as a cancer-targeting drug 

delivery vehicle. Here, we exploited the EVs' natural surface membrane content for biomimicry 

and used liposome lipid content to enhance the overall yield of EV mimetic vesicles, which showed 

great potential for tumor-targeted drug delivery with enhanced therapeutic potential. 

Next, in Chapter 5, our research question was if we can use EVs as a cancer diagnostic 

agent by precisely delivering diagnostic agent to the tumor. Towards this endeavor, we engineered 

a hybrid EVs system with a magnetic resonance imaging (MRI) contrast agent- gadolinium (Gd). 

We called these vesicles gadolinium infused hybrid extracellular vesicles (Gd-HEV). Gadolinium 

is a paramagnetic element capable of enhancing nuclear relaxation of neighboring water 

molecules, hence they are widely used as a bright contrast agent (T1-agent) in clinical MRI. 

However, the use of commercially available Gd-based contrast agents like Magnevist® is now 

reporting significant toxicity issues due to nephrogenic systemic fibrosis (NSF). Also, due to the 

rapid elimination of CAs and low blood retention time, the dose required for clinically relevant 

contrast is continuously increasing. To solve these problems in CAs, which play a significant role 

in cancer diagnosis via MRI, we incorporated Gd in the liposome and hybridized with EVs to 

formulate Gd-HEV. We hypothesize that Gd-HEVs, owing to the presence of immune cell-derived 

EV protein cargo, can effectively disguise themselves as a biological entity, prolong the retention 

time for contrast enhancement, and show tumor specificity. Gd-HEV showed enhanced contrast 

property and higher blood retention time along with preferential accumulation toward cancer cells, 
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compared to Magnevist®. This result provided the proof of concept for EVs based hybrid system 

to be used as a tumor-targeted delivery agent for diagnosis.  

In our last research chapter, chapter 6, our research question was about the rigor and 

reproducibility of EVs production and functionality. We observed a significant application of EVs 

in terms of tumor-targeted drug delivery and diagnostic agent. However, these functionalities are 

applicable as long as they are replicable efficiently. Although EVs make themselves a promising 

candidate for the DDS, EVs research may be limited by their heterologous functionality owing to 

their heterologous sub-populations. The different size and origin of these vesicles alter their 

functionality which can incredibly depend on the specific isolation procedures that dictate EV 

heterogeneity. Therefore, it is imperative to address the issue of reproducibility in EVs isolation 

and functionality to envision a realistic translational EVs research. Toward this attempt, we 

explored the rigor and reproducibility in EV production and functionality by varying certain 

parameters in the EV isolation process like incubation time and EV source (cancer vs non-cancer 

cell), in 3-5 independent replicate analysis. We used size exclusion chromatography to further 

purify EVs from possible contaminations of soluble proteins and analyzed the impact of 

purification in all different varying parameters. 

In our concluding chapter, chapter 7, we have given concluding remarks and future implications 

of this dissertation. The major aim of the dissertation was focused on overcoming the two major 

challenges associated with nanoparticulate drug delivery system- 1) how to overcome endosome 

degradation of nanoparticles and maximize intracellular bioavailability and 2) how to overcome 

biological barriers for efficient and targeted delivery- rapid immune clearance, circulation stability, 

epithelial barriers, microenvironment barriers, cellular, and intracellular barriers. To achieve this 

aim, we designed two types of vesicular system- 1) a liposome responsive to pH environment for 
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endosomal escape and 2) EVs based hybrid system to achieve biomimicry and endogenous 

targeting functionality. By the design consideration of pH-responsive liposome and EV based 

hybrid system following surface functionalization and extrusion-based membrane fusion, we were 

able to formulate DC-liposome, HE, and Gd-HEV. These nanosystems successfully overcome 

endosomal degradation via escape, have longer retention time, good biocompatibility, efficient 

drug loading capacity, and tumor targeting characteristic, all of which are excellent properties for 

DDS. The research attempts in this dissertation adds an important understanding of vesicles based 

system for tumor-targeted drug delivery. We envision that future works on the molecular 

mechanism behind the achieved biomimicry and tumor targeting potential can lead toward the 

translation of vesicle based system for tumor-targeted drug delivery.  
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Literature Review: Surface functionalization strategies 

of extracellular vesicles 

Chapter 2, in full, is a reprint of the material as it appears in Journal of Materials Chemistry B, 

2020, Sagar Rayamajhi and Santosh Aryal. doi: 10.1039/D0TB00744G 

Abstract 

Extracellular vesicles (EVs) are lipid-protein bilayer vesicular constructs secreted to the 

extracellular spaces by cells. All cells secrete EVs as a regular biological process that appears to 

be conserved throughout the evolution. Owing to the rich molecular cargo of EVs with specific 

lipid and protein content and documented role in cellular communication, EVs have been exploited 

as a versatile agent in the biomedical arena, including diagnostic, drug delivery, 

immunomodulatory, and therapeutic agents. With these multifaceted applications in the 

biomedical field, the functionalization of EVs to add diverse functionality has garnered rapid 

attention. EVs can be functionalized with exogenous imaging and targeting moiety that allows for 

the target specificity and the real-time tracking of EVs for diagnostic and therapeutic applications. 

Importantly, such added functionalities can be used to explore EVs biogenesis pathway and their 

role in cellular communication, which can lead to a better understanding of EVs cellular 

mechanisms and processes. In this report, we have reviewed existing EVs surface functionalization 

strategies and broadly classified them into three major approaches: physical, biological, and 

chemical approaches. The physical approach of EVs functionalization includes methods like 

sonication, extrusion, and freeze-thaw that can change the surface properties of EVs via membrane 

rearrangements. The biological approach discusses genetically and metabolically engineering cells 

to express protein or cargo molecule of interest in secreted EVs. The chemical approach includes 

different facile click type chemistries that can be used to covalently conjugate EVs lipid or protein 
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construct with different linker groups for diverse functionality. Different chemistry like thiol-

maleimide, EDC/NHS, azide-alkyne cycloaddition, and amidation chemistry have been discussed 

to functionalize EVs. Finally, a comparative discussion of all approaches has been done focusing 

on the significances of each approach. The collective knowledge of the major approach of surface 

functionalization can be used to improve the limitation of one technique by combining it with 

another. An optimized surface functionalization approach developed accordingly can efficiently 

add required functionality to EVs while maintaining their natural integrity. 

 2.1 Background 

Extracellular vesicles (EVs) are lipid and protein construct secreted by cells into 

extracellular spaces. Cells release EVs on a regular basis as a normal cellular process that appears 

to be conserved throughout evolution.19 EVs biogenesis from cells has been observed in primitive 

unicellular prokaryotes to complex multicellular eukaryotes. The higher organism showed the 

presence of EVs in diverse body fluids, including blood, urine, saliva, breast milk, and semen.20 

 

Figure 2.1 Schematic showing the structural components and cargo of extracellular vesicles. 
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EVs are released from the cell by characteristic biogenesis process which includes a cellular 

mechanism of formation of EVs and their release to extracellular spaces. While earlier thought as 

a garbage disposal process of the cell, it has now been realized that EVs play a crucial role in intra- 

and inter- cellular transfer of biomolecules and information. EVs carry cellular information in the 

form of protein and nucleic acids. The structural components of EVs include lipids, proteins, and 

nucleic acids (Figure 2.1). Common lipid components of EVs, which form the bilayer structural 

framework, include sphingomyelin, phosphatidylserine, ceramide, and cholesterol. The protein 

construct of EVs comprises of membrane proteins located in the transmembrane framework and  

soluble proteins residing in the aqueous core of EVs. These proteins include membrane 

transport/fusion proteins (annexin, flotillin, rab), transmembrane proteins (CD9, CD63, CD81), 

antigen presentation proteins (Major histocompatibility complex, MHC class I and II), adhesion 

molecules (integrins), endosomal sorting complex required for transport (ESCRT) components, 

signal transduction proteins (epidermal growth factor receptor, EFGR), cytoskeletal proteins 

(actin, cofilin, and tubulin), and cytosolic proteins (histone and ribosomal protein).20 Nucleic acid 

cargo residing in the aqueous core of EVs includes messenger RNA (mRNA), microRNA 

(miRNA), and noncoding RNA which carries cellular information from the parent cells. 

History of extracellular vesicles: from garbage disposal bag to key player in cell communication 

EVs are recently experiencing explosive research interest and attention. The last ten years 

have seen multidisciplinary research interest in EVs from physical, biological, and chemical 

sciences (Figure 2.2). Although the research interest in EVs is recently realized, the discoveries 

of EVs date back to the early 1970s. EVs were initially reported in the literature in 1971 by 

Aaronson et al. where authors demonstrated the electron microscopy image of EVs secreted by the 

eukaryotic alga Ochromonas Danica.21 Before 1971, although not termed as ñextracellular 

vesiclesò, EVs were observed and reported as pro-coagulant platelets derived particle in 194622, 
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platelet dust in 196723, and matrix vesicles in 1969.24 During this time, EVs were thought to be 

garbage disposal units of cellular systems and thereby were not attracting much research interest. 

Later in 1983, Rose Johnston, a pioneer in exosome (EVs) discovery, and Harding reported the 

release of transferrin receptor from erythrocyte into small vesicles. In 1987, Rose Johnston termed 

these small vesicles as ñexosomesò, which is now widely used to represent small EVs of endosomal 

origin. In 1996, Raposo et al. explored the immunological role of exosome with the discovery of 

the role of exosome secreted by B lymphocytes in adaptive immune response.25 In 1998, Zitvogel 

et al. reported the role of dendritic cell-derived exosomes in the suppression of murine tumors in 

a T cell-dependent manner.26 These studies slowly led to the exploration of EVs roles in cellular 

communication suggesting that they are not just garbage disposal bags of cells. Later, in 2006 and 

2007, the discovery of exosome-mediated RNA and protein delivery from one cell to another 

strongly put forward the role of EVs (exosomes) in intercellular communication.27,28 Along with 

this, roles of vesicles inside the cell has also been extensively studied to understand complex 

cellular transport mechanism. As a result, Ames E. Rothman, RandyW. Schekman and Thomas C. 

Südhof were awarded Nobel prize in physiology and medicine in 2013 for their discovery of the 

regulatory mechanism of the vesicular transport system, a major intracellular transport system.29ï

31 All these pioneering studies led the foundation of EVs multifunctional roles in the cellular 

process thereby grasping multifaceted interest with around 94000 published articles mentioning 

ñextracellular vesiclesò term in PubMed central database as of now. 

Currently, the number of EVs related immunization strategy against a variety of cancer are 

under clinical trials. According to the clinical trials database of NIH US national library of 

medicine, there are 43 ongoing phase clinical studies related to EVs and exosomes.32 Recently, a 
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phase 2 clinical trial of vaccination with tumor-antigen loaded dendritic cell-derived exosomes 

(CSET 1437) was completed in 2018.33,34 

 

Figure 2.2 Timeline showing major events in the discovery and research of extracellular 

vesicles. 
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ñmicrovesiclesò subdivision of EVs.37ï39Among these vesicles, special interest is towards exosome 
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nm). Exosome biogenesis includes regulated machinery of cargo sorting to form multivesicular 

bodies (MVB) from the inward invagination of the endosome. This process is reported to control 

by the endosomal sorting complex required for transport  (ESCRT) machinery which includes 

around thirty proteins associated with four different ESCRT groups (ESCRT-0, -I, -II, and ïIII). 40 

However, there have been reports of the formation of MVB in an ESCRT independent fashion.41 

In these cases, MVBs formations are found to be regulated by lipids (ceramide), tetraspanins 

(Cd63, CD81), and small integral membrane protein of lysosome and late endosome (SIMPLE).40ï

43 This shows that MVB formation is the part of the exosome biogenesis process that occurs in 

both ESCRT dependent and ESCRT independent pathways. After the MVB formation, MVB can 

be fused with lysosome for degradation or in an alternative pathway, it fuses with plasma 

membrane thereby releasing the inner vesicular structure, exosomes, to extracellular spaces.35 

Different proteins are involved in the EVs secretion process. Proteins of ras-related proteins in 

brain (RAB) family, including RAB11, RAB35, RAB7, and RAB27, which are essential regulators 

of intracellular vesicular transport, are reported to be involved in exosome secretion process.20 In 

the case of secretion of microvesicles, plasma membrane-derived EVs, ESCRT and ADP-

ribosylation factor 6 (ARF6) proteins are involved.20  

EVs are classified based upon their origin (endosome vs plasma membrane). Exosome 

represents endosomal derived EVs. However, it is practically very difficult to separate EVs based 

upon their origin as it is now evidently clearer that EVs populations are heterogeneous with lots 

of common protein markers.44ï47 Protein markers like CD63 and CD81 are generally represented 

as exosome markers and considered as proof of exosomes, which now are reported to be present 

in other EVs population as well.44 Considering these factors, here, in this report, we are using 

ñextracellular vesiclesò term to represent exosomes and small EVs (size <200 nm), as per the 
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recommendation of minimal information for studies of extracellular vesicles 2018 

(MISEV2018).48 

 2.3 EVs Surface functionalization strategies  

EVs have innate functionality due to cellular origin. These vesicles have been reported to 

play a role in inter and intra-cellular communication.49ï53 EVs cargo consists of cellular 

information in terms of proteins and nucleic acid. The functional characteristic of EVs has made 

them a perfect candidate to be exploited in the biomedical field, as a biomarker, vehicles of 

immunotherapies, and therapeutic agents.54ï62 To further add desired functionality to these natural 

vesicles, different surface functionalization strategies have been explored which can be broadly 

classified into three major approaches: physical, chemical, and biological engineering methods 

(Figure 2.3).63,64 These functionalization strategies have allowed for the added functionality in

  

Figure 2.3 The surface functionalization capsule. Schematic showing physical, biological, and 

chemical strategies of surface functionalization of extracellular vesicles. 
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EVs while preserving the EVs membrane integrity. Some of the added functionality includes 

higher yield, fluorescent tags, imaging probes, immune-activating agents, and targeted therapeutic 

agents.65ï67 In this report, surface functionalization strategies of EVs using physical, biological, 

and chemical approaches will be explored independently. In the physical approach, physical 

methods like extrusion, sonication, and freeze-thaw will be explored for surface functionalization. 

Likewise, in the biological approach, EVs functionalization process by exploiting cellular 

machinery and EVs biogenesis process will be explored. Finally, in the chemical approach, EVs 

functionalization process using click chemistry like EDC/NHS chemistry and thiol-maleimide 

chemistry will be discussed.  

 2.3.1 Surface functionalization strategy: Physical method 

The physical method of surface functionalization comprises of using physical force to 

change the surface construct of the EVs. The common method includes sonication, extrusion, and 

freeze-thaw, which by the physical force temporarily disrupts the lipid constructs of vesicles into 

their constituents. After the removal of the force, vesicles spontaneously self assembles into their 

natural structure. This characteristic of spontaneous self-assembly has been exploited in the surface 

functionalization of EVs.65,68 Sato et al. reported functionalization of the surface of EVs by 

hybridizing it with PEGylated liposome using freeze-thaw facilitated membrane fusion (Figure 

2.4A).69 The freeze-thaw method briefly disrupts membrane construct by the temporary formation 

of ice crystals, thereby causing hydration-dependent phase changes and prompting membrane 

fusion.69,70 The functionalization method adopted here allowed for the optimization of the 

properties of EVs surface to decrease their immunogenicity and increase colloidal stability, thereby 

improving the half-life of EVs in blood. Here, repeated freeze-thaw cycles were carried out by 

freezing the mixture in liquid nitrogen and thawing at room temperature, and the fusion process 
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was monitored by fluorescent resonance energy transfer. Although this method is simple and 

readily initiates membrane fusion, the repeated freeze-thaw cycle can damage the protein content 

of EVs.71 Repeated changes in temperature associated with the freeze-thaw cycle can lead to the 

 

Figure 2.4 Surface functionalization strategies using physical methods. (A) Schematic 

showing the freezeïthaw method of membrane fusion. Reproduced from ref.68 under the terms of 

Creative Commons CC BY license. Copyright 2016, Springer Nature, (B) schematic showing 

different physical methods for surface functionalization ï sonication, extrusion, and freezeïthaw, 

and (C) schematic showing isolation of extracellular vesicles following the sonicationïextrusion 

method of membrane fusion. Reproduced from S. Rayamajhi, T. D. T. Nguyen, R. Marasini and 

S. Aryal, Macrophage-derived exosome-mimetic hybrid vesicles for tumor-targeted drug delivery, 

Acta Biomater., 2019, 94, 482ï494, with permission from Elsevier.65 

 

denaturation of protein and therefore compromise the innate functionality of EVs. Study has shown 

that environmental changes like temperature and pH can alter the EVs protein content and 

internalization behavior, thereby changing the innate functionality of EVs.72,73 As an alternative to 

this approach, we have explored the extrusion-based membrane fusion method in our recent 

work.65,74 Here, EVs were hybridized with liposome using sonication followed by membrane 

extrusion process. This process facilitates membrane assembly by physically forcing the mixture 

through nanosize (400nm, 200nm, 100nm) polycarbonate membrane filter (Figure 2.4).75,76 After 

the process is done, mixed vesicular structure self assembles to form hybrid EVs, with surface 
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characteristics from both liposomes and EVs. Here, the functionalization process followed 

increased the overall yield of EVs along with the incorporation of rhodamine B dye, which was 

used to track the cellular interaction of EVs in vitro. In another similar study, Javier et al. reported 

extrusion mediated hybridization of EVs with gadolinium infused liposome to formulate 

gadolinium infused EVs as a magnetic resonance imaging contrast agent (Figure 2.5).77 

 

Figure 2.5 Evaluation of the magnetic properties and in vivo tumor targeting properties of 

surface-functionalized extracellular vesicles. (A) T1 recovery curve of extracellular vesicles 

functionalized by the imaging agent gadolinium (Exo-GdL) at different concentrations of 

gadolinium, (B) longitudinal relaxivity (r1) of Exo-GDL compared to the commercial contrast 

agent Magnevist. Exo-GdL shows a significant enhancement in r1 as represented by the slope of 

the best fit line, (C) T1 weighted image of Exo-GDL and Magnevist at different concentrations of 

gadolinium, (D) in vivo magnetic resonance imaging of Exo-GdL injected mice showing 

localization and enhancement of contrast in the tumor area, and (E) in vivo biodistribution of 

extracellular vesicles labeled with a near-infrared dye (Exo-DiR) showing significant localization 

in the tumor area compared to the control PEGylated nanoparticle. Reproduced and adapted from 

ref.77 under the terms of the Creative Commons Attribution (CC BY-NC) license. The figure is 

adapted from three different figures from the original paper. Copyright 2019, Ivyspring 

International Publisher. 

 

Gadolinium (Gd) is a widely used magnetic resonance imaging contrast agent.78ï81 With the 

incorporation of Gd in EVs using membrane fusion method, authors reported enhancement in the 

magnetic (relaxivity) and tumor-targeting properties, as confirmed by magnetic resonance 

imaging. They further incorporated near-infrared dye in the EVs construct using extrusion 
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mediated hydrophobic insertion strategy to track the biodistribution of EVs in in-vivo conditions. 

The surface-functionalized approach adopted in this study added a contrast agent and a fluorescent 

agent to the EVs, thereby allowing itôs in vitro and in vivo tracking.74,82  

Tamura et al reported surface functionalization of EVs with cationic polysaccharide polymer, 

pullulan, by simple incubation method facilitated by electrostatic interaction.83 The EVs surface 

functionalized by cationic pullulan showed enhanced accumulation in hepatocellular carcinoma 

HepG2 cells in vitro compared to an unmodified one. Further functionalized EVs showed 

enhanced accumulation and anti-inflammatory effect in vivo in mice induced with liver injury, 

showing efficacy in the treatment of the liver injury. Another study by Sawada et al. reported 

surface functionalization of EVs with cationic nanogel CHP (ethylenediaimine modified 

cholesteryl pullulan) via the incubation method.84 The amphiphilic cationic nanogel effectively 

preserves the functional integrity of EVs while enhancing internalization behavior. Polysaccharide 

based nanogel systems are an effective carrier for protein and nucleic acid delivery (siRNA).85  

Here, the surface polymer engineering approach used to fabricate hybrid nanogel/EV system 

successfully deliver functional EVs into cells, as indicated by their ability to induce neuron-like 

differentiation in the recipient cells. Another study by Khvorova and group reported 

functionalization of EVs with cholesterol-conjugated, hydrophobically modified asymmetric 

siRNAs (hsiRNAs) via co-incubation for siRNA delivery.86,87 hsiRNAs functionalized EVs were 

efficiently internalized by target cell and showed dose-dependent silencing of the target gene, 

while the size distribution and integrity of EVs remained intact.86   

 

Significance of physical surface functionalization strategy 

The physical method of surface functionalization allows for the simple reagent free 

functionalization of the EVs. Compared to biological and chemical approaches, it may be the 
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simplest approach without the need of additional reagent or cell-based system. The reagent free 

approach helps to maintain the integrity of EVs content while avoiding complex purification steps. 

Purifying EVs is one of the major challenges in this field and physical approach can give a major 

advantage by omitting this step. Along with that, the extrusion process applied in the physical 

approach can help to maintain the size homogeneity of EVs population, which is another important 

aspect in the application of EVs in the delivery field. However, one of the major disadvantages 

associated with the physical approach is the loss of internal cargo of EVs, which carry essential 

cellular information. Also, the physical approach of functionalization is limited to the application 

compared to a wide variety of functionalization strategies offered by a biological and chemical 

approach. However, can be beneficial to engineer the system where preservation of internal cargo 

is not necessary such as in surface functionalization of drug delivery vehicles with EVs membrane 

to target diseased cell as discussed by Pitchaimani et. al.75 In this research, authors reported the 

selective extraction of natural killer cell-derived EVs surface membrane protein and lipid via 

sucrose gradient centrifugation and its integration with synthetic liposome to deliver anticancer 

doxorubicin to the tumor in a targeted fashion. Collectively, the physical approach can be used for 

quick labeling of EVs with imaging or fluorescent tag or can be used in combination with a 

chemical or biological approach to maintain the size homogeneity of EVs population after 

functionalization. 

 2.3.2 Surface functionalization strategy: Biological method 

The biological approach for surface functionalization of EVs is a pre-production EVs 

engineering technique by genetically engineering cells to express proteins/cargo of interest. This 

method exploits cellular machinery, along with EVs biogenesis process to engineer surface 

characteristics of EVs (Figure 2.6). Generally, in this approach, cells are loaded with expression 
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vectors (plasmid/virus) with chimeric gene/protein which contains genes/proteins that will be part 

of EVs (CD63, CD9, CD81, Lamp2b) fused with a protein of interest. These chimeric 

genes/proteins are expressed in a cell and due to the presence of EVs related protein, they become 

a part of EVs and are present in secreted EVs. Exploiting this method, EVs have been 

functionalized with different moiety for various functionality. 

 

Figure 2.6 Schematic showing the 

functionalization strategy of extracellular 

vesicles using the biological approach. 

EVs are pre-engineered by cellular 

engineering of the parent cell. Cargo 

molecules like mRNA, proteins, and small 

molecules are incubated with cells which 

will eventually be a part of EVs.  

 

Zachary et al. reported the development of EVs surface display technology using a 

biological surface functionalization method (Figure 2.7).67 For this, they selected one of the highly 

expressed surface proteins in EVs: tetraspanins. Tetraspanins are transmembrane proteins that 

transverse four times in membrane with definite intra- and extra-vesicular domains.88 CD9, CD63, 

and CD81 are the most common transmembrane proteins present in EVs. These proteins can be 

genetically engineered to display specific protein/molecule in the surface for various biological 

functions.  Zachary et al. fused these transmembrane proteins with fluorescent reporter proteins 

(green fluorescent protein GFP and red fluorescent protein RFP) and expressed them in human 

cells, thereby creating a surface display technology for EVs. Transfected cells expressed the 

fluorescent signal in the endocytic region of cell suggesting successful expression of the expression 

vector. Further, CD63 was genetically engineered to express fluorescent reporter protein GFP in 

the intra-vesicular domain at the C-terminal of CD63 and RFP in the extra-vesicular domain 

(Figure 2.7A). The engineered CD63 with a dual fluorescent reporter can have dual functionality- 
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intravesicular GFP can explore the correct anchoring of protein in EVs membrane while extra 

vesicular RFP can explore different protein-protein interactions. This dual engineering method can 

be beneficial in accurate EVs tracking and imaging, thereby exploring the processes of EVs 

 

Figure 2.7  EVsô surface display using the CD63 molecular scaffold. (A) Schematic of the 

CD63 scaffold docking RFP to the outer and GFP to the inner vesicular space, (B) DNA construct 

of CD63 fusion protein with dual fluorescent markers, (C) fluorescent marker localization in 

HEK293 cells, and (D) colocalization analysis showing colocalization of displayed RFP and GFP 

in the merged figure in HEK293 cells 72 h after incubation. Reprinted and adapted from Z. 

Stickney, J. Losacco, S. McDevitt, Z. Zhang and B. Lu, Development of exosome surface display 

technology in living human cells, Biochem. Biophys. Res. Commun., 2016, 472, 53ï59, with 

permission from Elsevier.67 

 

biogenesis and release. More importantly, the choice of using CD63 as an anchoring scaffold 

allows simultaneous outer and inner surface engineering thereby allowing to add dual 

functionality, e.g. inner vesicular domain for drug packaging and outer vesicular domain for tissue 
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targeting. Finally, the authors showed engineered stable cell lines express CD63-GFP and secrete 

surface-displayed EVs. Here, EVs were engineered before their production by genetically 

engineering the cell exploiting the cellular machinery of EVs biogenesis. This study provided a 

proof-of-concept of pre-production engineering of EVs to display cargo of interest in EVs surface 

with potential applications in EVs tracking and imaging, protein-protein interaction, targeted drug 

delivery, and therapeutics.  

In another study, Yim et al. developed an optogenetically engineered EV system called 

EXPLORs (exosome for protein loading via optically reversible protein-protein interaction) by 

exploiting the biological method of surface functionalization for intracellular protein delivery.89 

This novel method which uses light-based reversible protein-protein interaction for controlled 

loading and release of protein can overcome the current limitation in intracellular protein delivery 

method and protein therapeutics. Current protein therapeutics (cytokines, hormones, and 

monoclonal antibodies) are limited by the extracellular mechanism of action of proteins as 

intracellular delivery is challenging.89 The existing method for intracellular protein delivery 

includes protein transduction and lipid nanoparticle-mediated protein delivery. These methods are 

limited by various factors, such as exposure of protein in solution, low refolding rate of 

recombinant proteins in target cells, lack of proper separation mechanism between protein cargo 

and lipid nanoparticles, and complicated protein purification steps.  

Here, authors have used a photoreceptor cryptochrome 2 (CRY2) as a photosensitive agent, 

and CRY interacting basic-helix-loop-helix 1 (CIB1) protein module. CRY2 is activated by blue 

light, which on activation docks with CIB 1. This docking is light-dependent, thereby allowing for 

CRY2 to dock with CIB1 in the presence of light and release from CIB1 in absence of light. 

Authors have exploited this light-dependent reversible docking mechanism of CRY2-CIB1 to load 
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proteins in EVs in a controlled and reversible manner (Figure 2.8B). For this, they have genetically 

engineered DNA constructs with CRY2 genes fused with cargo protein mCherry (mCherry-

CRY2), and another DNA construct with CIBN (a truncated version of CIB1) genes fused with an 

enhanced green fluorescent protein (EGFP) and CD9, a transmembrane protein expressed in EVs 

(Figure 2.8A). When these DNA constructs are expressed in a cell, CIBN-EGFP-CD9 will be 

expressed in the endosomal membrane and mCherry-CRY2 will be expressed in the cytosol. The 

 

Figure 2.8 Engineering of EXPLORs (exosome for protein loading via optically reversible 

proteinïprotein interaction). (A) DNA construct for production of EGFP labeled CIBN protein 

anchored with CD9 and cargo protein fused with CRY2, (B) schematic showing a working 

mechanism of EXPLORs-light-dependent reversible proteinïprotein interaction, (C) confocal 

microscopy of transfected HEK293T cells showing light-dependent proteinïprotein interaction. 

The merged figure shows colocalization of mCherry-CRY2 with CIBNïEGFPïCD9, (D) 

mCherry-CRY2 distribution in a cell pre- and post-stimulation with blue light, (E) variation of 

mCherry fluorescence intensity with respect to light stimulation. Reproduced from ref.89 under the 

terms of Creative Commons CC BY license. Copyright 2016, Springer Nature. 
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author confirmed their claim of reversible protein loading using fluorescence microscopy. In the 

absence of blue light, mCherry-CRY2 was observed to be distributed all over the cell, whereas 

with the treatment of blue light (488 nm laser stimulation, 15 s, 350 µW cm-2), mCherry-CRY2 

was localized in the endosomal compartment with CIBN-EGFP-CD9 (Figure 2.8C). After a 

certain time of post-stimulation, mCherry was again observed to be delocalized all over the cell 

(Figure 2.8D and E). This observation shows light-dependent docking and release of mCherry-

CRY2 with CIBN-EGFP-CD9 which was further confirmed by immunoblot analysis. Further, 

successful intracellular delivery of cargo protein was shown using the engineered method.  

Cheng et al. used a biological surface functionalization method to reprogram EVs as a 

nanoscale controller of cellular immunity (Figure 2.9).90 Here, they used EVs to redirect and 

activate cytotoxic T cells against cancer cells by genetically displaying two distinct types of 

antibodies on the exosomal surface. Antibodies targeting T cell CD3 and epidermal growth factor 

receptor (EGFR) were fused with the transmembrane domain of human platelet-derived growth 

factor (PDGFR) receptor and the fusion construct was expressed in a cell by transfection. 

Transfected cell line secreted EVs containing both antibodies CD3 and EGFR, as confirmed by 

immunoblot analysis (Figure 2.9A). Here, they genetically engineered cells to express a fusion 

protein of interest which was then integrated with EVs by EVs biogenesis process to obtain 

surface-functionalized EVs with antibodies, termed as SMART Exos (synthetic multivalent 

antibodies retargeted exosomes). These SMART EVs can induce crosslink between CD3 

expressing T cell and EGFR expressing triple-negative breast cancer (TNBC) cells, as confirmed 

by confocal microscopy, where we can see green colored SMART EVs crosslinking red-colored 

MDA-MB-468 cells (TNBC cells) and no-colored Jurkat cells (T cell) (Figure 2.9B). 

Overexpressed EGFR is one of the major characteristics of TNBC and can be exploited to 
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specifically target these cells.91 T cell activation analysis confirmed the specificity of engineered 

SMART EVs in which significant activation was observed in the case of SMART EVs against 

EGFR positive TNBC MDA-MB-468 cells whereas nominal T cell activation was observed in 

EGFR negative MDA-MB-453 cells (Figure 2.9C). Importantly, SMART EVs expressing CD3 

only or EGFR only was also showing nominal T cell activation. Also, in confocal analysis, no 

crosslink was observed with SMART EVs expressing one type of antibodies. This observation 

signifies the need for the presence of both types of antibodies in SMART EVs to induce crosslink 

between T cell and TNBC and subsequently induce T cell activation. This was further confirmed 

by the in vitro and in vivo therapeutic study, where SMART EVs expressing both antibodies 

showed a significant effect in EGFR positive TNBC cell or xenograft models (Figure 2.9D and 

E). Here, the authors successfully demonstrated a biological approach of surface functionalizing 

EVs with multiple antibodies to achieve dual targeting functionality for effectively modulating 

antitumor immunity. The proposed surface functionalization technique may provide a general and 

versatile platform technology for the development of a new class of EVs therapeutics.  

Various biological surface functionalization strategy has been explored to add targeting 

peptide or ligands in the EVs surface to enhance the targeting characteristic of EVs. Pioneering 

work in this area was reported by Matthew Wood and group, where authors reported biologically 

engineered brain targeted EVs for the delivery of small interfering RNA (siRNA).92 Here, the 

author genetically engineered lysosome-associated membrane glycoprotein 2b (Lamp2B), a 

protein highly expressed in EVs surface, fused to peptide obtained from rabies virus glycoprotein 

(RVG). Dendritic cells were transfected with plasmid encoding Lamp2B fused with RVG to 

produce RVG surface-functionalized EVs.92,93 RVG peptides are neuron-specific as they bind 

specifically to the acetylcholine receptor and thus can provide brain targeting functionality.94 RVG 

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/membrane-glycoproteins
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functionalization in EVs resulted in increased brain accumulation and delivery of siRNA with 

subsequent knockdown of the target gene.92 This kind of brain targeted EV based delivery system 

can be used in the treatment of neurodegenerative diseases like Alzheimer. A similar study carried 

out by Andaloussi and group explored in vivo biodistribution of RVG functionalized EVs, which 

showed higher accumulation of RVG-EVs in brain, heart, and muscle compared to non-

 

Figure 2.9 Synthetic antibodies retargeted exosomes (SMART-Exos) characterization and 

therapeutic analysis. (A) Immunoblot analysis showing the presence of CD3 and EGFR in 

different SMART-Exos, (B) confocal analysis showing crosslinking between Jurkat cells and 

MDA-MB-468 cells promoted by SMART-Exos expressing both CD3 and EGFR antibodies 

(ŬCD3/ŬEGFR SMART-Exos). SMART-Exos expressing only one kind of antibodies did not 

show crosslinking, (C) T cell activation assay showing the percentage of T cell activation with the 

treatment of SMART-Exos in human peripheral blood mononuclear cells (PBMCs) co-cultured 

with human breast cancer cells. ŬCD3/ŬEGFR SMART-Exos showed significant T cell activation 

against the triple-negative breast cancer (TNBC) cells MDA-MB-468, (D) in vitro cytotoxicity 

assay showing cytotoxicity of SMART-Exos in human breast cancer cells, and (E) in vivo 

therapeutic analysis of SMART-Exos showing sharp reduction of tumor volume along with 

activation of T cells with SMART-Exos treatment. Reprinted (adapted) with permission from Q. 

Cheng, X. Shi, M. Han, G. Smbatyan, H.-J. Lenz and Y. Zhang, Reprogramming Exosomes as 

Nanoscale Controllers of Cellular Immunity, J. Am. Chem. Soc., 2018, 140(48), 16413ï16417.48 

The figure is adapted from four different figures from the original paper. Copyright 2018 American 

Chemical Society. 
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functionalized EVs.95 Other organs including lungs, liver, and spleen did not show a difference in 

the accumulation of RVG functionalized EVs and non-functionalized EVs. Brain, along with heart 

and muscle shows a higher expression level of acetylcholine receptor which explains the higher 

accumulation of RVG functionalized EVs in these organs and further confirms the specificity of 

RVG toward acetylcholine receptor.95,96 In another study, Yang et al. reported using RVG 

functionalized EVs to deliver micro RNA, miR-124, to the ischemic region of the brain to 

ameliorate brain injury.97Another study by Tian et al. reported biological surface functionalization 

of EVs by Ŭv integrin-specific iRGD (CRGDK/RGPD/EC) peptide for tumor-targeted delivery of 

doxorubicin.98 Here, dendritic cells were transfected by vector expressing iRGD-Lamp2b fusion 

protein and EVs from transfected cell were isolated to obtain iRGD peptide-functionalized EVs. 

The functionalization of EVs by Ŭv integrin-specific iRGD peptide allows specific binding toward 

Ŭv integrins that are highly expressed on tumor cells and tumor-associated vascular endothelium, 

thereby facilitating vascular and tissue penetration of functionalized EVs.98,99 Likewise, cardiac-

specific delivery of EVs was reported by functionalizing EVs surface with cardiac targeting 

peptides (CTP) with peptide sequence APWHLSSQYSRT.100 These functionalization strategies 

successfully functionalized EVs surface by using a genetically engineered expression vector to 

equip EVs with desired targeting ability. 

As an alternative to the genetic engineering method of the biological approach of surface 

functionalization, Wang et al. have proposed a metabolic engineering and labeling strategy for the 

surface functionalization of EVs (Figure 2.10).101 Here, authors have exploited the metabolic 

process of cells to functionalize EVs surface with azide moiety thereby diversifying the chemistries 

of EVs and expanding their functions. Authors have used two different approaches for metabolic 

labeling-1) residue-specific protein labeling strategy and 2) metabolic glycan labeling. Residue 



31 

specific protein labeling strategies incorporate non-canonical amino acids in newly synthesized 

proteins in cells.102 Here, L-azidohomoalanine (AHA), an azide-bearing amino acid analog of 

methionine incorporates in newly synthesized proteins by replacing natural methionine, by 

residue-specific protein labeling mechanism. Thus incorporated AHA-labelled protein can be 

expressed in EVs by the virtue of EVs biogenesis. Likewise, glycans and glycoproteins are also 

expressed in EVs, and metabolic labeling of this moiety can be exploited for EVs 

functionalization.103,104 Here, tetraacetylated N-azidoacetyl-D-mannosamine (ManNAz), an 

azidosugar, is metabolized into azido glycans during glycan biosynthesis process of the cell. These 

azido glycans are recruited in EVs surface during EVs biogenesis and cargo sorting process and 

hence expressed in secreted EVs. The confirmation of successful metabolic labeling of azide 

 

Figure 2.10 Azide functionalization in extracellular vesicles via metabolic engineering. (A) 

Schematic showing metabolic labeling of newly synthesized proteins by an azide labeled amino 

acid (AHA) via residue-specific protein labeling and glycan labeling by azido sugar (ManNAz) 

via the glycan biosynthesis pathway, and (B) TEM image of metabolically engineered extracellular 

vesicles and flow cytometry analysis to confirm the azide conjugation. Enhancement of Cy3 in 

metabolically engineered EVs shows successful conjugation of the azide group. CD63 was used 

as a marker protein for EVs. Reproduced and adapted from ref.101 under the terms of Creative 

Commons CC BY license. The figure is adapted from two different figures from the original work. 

Copyright 2015, Wang et al. 
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moiety in secreted EVs was carried out by Cy3 conjugated dibenzobicyclooctyne (DBCO-Cy3). 

DBCO-Cy3 is a bright, far-red-fluorescent, probe routinely used for imaging/quantifying of azide-

containing biomolecules. Cy3 DBCO reacts with azides via a copper-free ñclick chemistryò 

reaction to form a stable triazole complex, and thus acts as an analytical tool to quantify azides. 

Flow cytometry analysis shows enhanced Cy3 fluorescence in metabolically labeled EVs (AHA-

EVs and ManNAz-EVs) compared to control EVs secreted by B16F10 cells, whereas the 

expression of CD63, one of the EVs marker protein, were similar in both EVs (Figure 2.10B). 

This observation clearly shows the presence of azide group in metabolically labeled EVs, and thus 

confirms successful metabolic labeling strategy. The functionalized azide moiety in EVs surface 

gives opportunities toward various azide based chemistry thus expanding the functionality of EVs. 

This will be discussed in detail in the chemical approach of surface functionalization. 

Significance of biological surface functionalization strategy 

The biological approach of surface functionalization exploits the cellular processes to 

functionalize the surface of EVs. In this context, a cell can be seen as a complex reaction system, 

which by the years of evolution has managed to carry out the various regulated interlinked 

chemical reaction in a highly energy-efficient way with extreme specificity. The idea of a 

biological approach of surface functionalization is to exploit this system to express cargo of 

interest in EVs surface. Here, we have discussed the genetic and metabolic engineering of a cell 

to specifically functionalize EVs with a cargo of interest for various functionalities. While the 

method is non-invasive compared to chemical functionalization strategy and thereby can preserves 

crucial EVs integrity and functionality, the major challenges in the biological approach can be the 

heterogeneity in secreted EVs population and their complicated purification process to separate 

functionalized EVs from the naive ones.  
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 2.3.3 Surface functionalization strategy: Chemical method 

The chemical method of surface functionalization includes the direct use of chemical 

reagents to add functional moiety on the surface of EVs. EVs surface is characterized by the 

presence of amine/carboxylic terminated phospholipid or transmembrane protein moiety which 

can be directly functionalized with different functional groups. Alternatively, functionalized 

phospholipids can also be incorporated in EVs by simple incubation following hydrophobic 

insertion strategy. A wide variety of simple, one step click-type chemistry can be exploited to 

functionalize EVs using the chemical method (Figure 2.11). Click chemistry is more desirable and 

explored in a chemical approach because of its ease of synthesis with high yield, wide in scope, 

and easy product separation.105,106 In this regard, different chemical strategies like Thiol-maleimide 

coupling chemistry, EDC/NHS coupling chemistry, azide-alkyne cycloaddition chemistry, and 

 

Figure 2.11 Schematic showing different facile chemistries for surface functionalization of 

extracellular vesicles. 
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amidation chemistry can be used to functionalize EVs surface with amine bearing or thiol bearing 

functional moiety. The coupling chemistry strategy helps to link EVs surface with ligand/cargo of 

interest by strong covalent bonds. For example, fluorescent dyes, imaging agents, and targeting 

agents can be covalently linked with EVs surface to provide the desired functionality. The 

chemical method of surface functionalization is post-production engineering of EVs where EVs 

are engineered after production using simple click chemistries. As such, the purification or 

separation step to isolate functionalized EVs is much simpler in the chemical method compared to 

the biological or physical method.  

Di et al. reported functionalizing EVs with maleimide terminated lipids via hydrophobic 

insertion strategy.107 The maleimide moiety in EVs surface was exploited to conjugate thiol 

bearing species via highly effective click chemistry to award different functionality to EVs while 

retaining their structural integrity and biological activity. Maleimide-EVs was conjugated with- 1) 

dithiol bearing molecule (1,6-hexanedithiol) to link with Mal-containing fluorescent dye  

(fluorescein-5-maleimide, F5M) for EVs monitoring, 2) thiol-containing magnetic particle to help 

in EVs separation process, and 3) thiol-containing groups to conjugate with bare gold nanoparticles 

through Au-S bonds for vibration detection of EVs surface cargoes (Figure 2.12). EVs separation 

or enrichment technique can be crucial to maximizing yield. Here, the functionalization approach 

used allows for the efficient interaction between EVs and magnetic nanoparticles. Magnetic 

isolation/enrichment of EVs was monitored using DID dye (Figure 2.12D). DID is a lipophilic 

environmentally sensitive dye that shows strong fluorescence when incorporated with biological 

membranes like EVs, whereas in aqueous solution shows negligible fluorescence. The authors  

used the subtraction method to calculate the capture efficiency of metal nanoparticles based upon 

the reduction of the fluorescent signal after capture. The method capture efficiency was around 
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70% for EVs from cell supernatant and 55% for EVs in serum samples. This method can be used 

as an alternative for a variety of immunomagnetic technique developed for EVs enrichment. The 

immunomagnetic technique is usually based upon antigen-antibody or receptor-aptamer specific 

binding thereby giving high selectivity and specificity of separation, however, are limited by high 

cost and low yield of EVs. In this scenario, the proposed clickable lipid probe technique with a 

hydrophobic insertion strategy combined with clickable magnetic enrichment can provide 

alternative simple, low cost, and efficient isolation/enrichment of EVs. In another strategy, gold 

nanoparticles (AuNPs) were immobilized with thiol-exposed EVs for characterization using 

surface-enhanced Raman spectroscopy (SERS) (Figure 2.12C). Due to the plasmonic properties 

of immobilized AuNPs in EVs, the molecular vibrations of EV-biomolecules can be recorded with 

  

Figure 2.12 Surface functionalization of EVs with maleimide (Mal) terminated lipid for the 

addition of diverse surface functionalities. (A) Schematic illustration of surface 

functionalization of EVs by DSPEïPEGïMal via the hydrophobic insertion strategy, (B) Mal 

functionalized EVs were conjugated with thiolated species by using thiolïmaleimide conjugation 

chemistry for tracking, characterization, and separation of EVs, (C) enhanced characterization of 

EVs functionalized with AuNPs via Raman spectroscopy, and (D) magnetic enrichment technique 

of functionalized EVs. The DiD dye was used to track enrichment of EVs. The figures show 

enriched EVs at three different concentrations. Reprinted (adapted) with permission from H. Di, 

E. Zeng, P. Zhang, X. Liu, C. Zhang and J. Yang, et al., General Approach to Engineering 

Extracellular Vesicles for Biomedical Analysis, Anal. Chem., 2019, 91(20), 12752ï12759.89 The 

figure is adapted from four different figures from the original paper. Copyright 2019 American 

Chemical Society. 
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high sensitivity. Here, the incorporation of Mal functionality in EVs allows for the efficient 

clicking with thiolated groups thereby adding significant functionality like EVs tracking, EVs 

enrichment, and EVs characterization.  

 

Figure 2.13 Functionalization of extracellular vesicles via copper-catalyzed click chemistry. 

(A) The terminal amine of EVs is activated by the terminal alkyne group via EDC/NHS coupling 

chemistry following the conjugation of azide-fluor 545 via copper-catalyzed azideïalkyne 

cycloaddition, (B) cellular internalization assay showing the internalization of azide-fluor 545 

conjugated EVs in 4T1 cells. Cells were incubated for 4 h with 50 ɛg/mL EVs, and (C) flow 

cytometry analysis for the internalization behavior of EVs in 4T1 cells. EVs were fluorescently 

labeled with DID, azide-fluor 545, or both and analyzed using flow cytometry for an increase in 

fluorescence. Reproduced and adapted with permission from ref.108, DOI: 

http://10.1021/bc500291r. Further permissions related to the content of this figure should be 

directed to ACS. Copyright 2014 American Chemical Society. 

 

Copper-catalyzed azide-alkyne cycloaddition is another click chemistry strategy that can 

be utilized to functionalize EVs surface with azide functionality. Smyth et al. conjugated a terminal 

alkyne group to EVs using EDC/NHS coupling chemistry, where an amine group of EVs protein 

or lipid was cross-linked with 4-pentynoic acid by carbodiimide activation.108 Following this 

functionalization with a terminal alkyne, EVs were conjugated with azide moiety (Azide-Fluor 

545) using copper-catalyzed azide-alkyne cycloaddition (Figure 2.13). Copper-catalyzed azide-
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alkyne cycloaddition is a highly efficient click reaction that forms a triazole linkage and is highly 

accelerated by Cu(I) catalyst. The extent of functionalization can be quantified 

spectrophotometrically by measuring the fluorescence of Azide-Fluor 545. The size and 

internalization behavior of EVs before and after Azide-Fluor conjugation did not show any marked 

difference, as suggested by nanoparticle tracking analysis, microscopy, and flow cytometry 

(Figure 2.13B and C). For flow cytometry, EVs were labeled with DID dye and internalization 

behavior was assayed in 4T1 cells. The internalization profile of unmodified EVs resembled 

closely with Azide-Fluor 545 functionalized 

EVs. With reference to these data, the 

authors claim that the proposed method of 

surface functionalization has little to no 

impact on EVs functionality. 

The azide functionalization in EVs 

allows for a wide range of additional 

functionality. E.g. azide can be linked with 

cargo conjugated DBCO by using azide-

alkyne cycloaddition (Figure 2.14A).  The 

strained alkyne group present in DBCO 

facilitates this reaction. Wang et al. reported 

biotin functionalization in EVs by using 

biotin linked with DBCO by PEG (DBCO-

PEG4-biotin).101 DBCO-PEG4-biotin was 

clicked with azide functionalized EVs. 

a)

b)

c)

Click chemistries with azidefunctionalized EVs

A

B

C

Figure 2.14 Click chemistries of azide 

functionalized EVs. (A) Bioorthogonal click 

conjugation for EV functionalization with strained 

alkyne group DBCO as the linker, (B) biotinylated 

EVs functionalized with streptavidinïHRP, and (C) 

incorporation of a biotinylated cargo in EVs with 

avidin as a linker. Reproduced and adapted from 

ref.101 under the terms of Creative Commons CC 

BY license. Copyright 2015, Wang et al. 
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Biotin is a small molecule that shows a strong binding affinity to avidin or streptavidin protein.109 

The biotinylation of EVs diversifies the EVs functionalities through various biotin-avidin 

interaction chemistries that can be widely used in biomedical applications (Figure 2.14B). 

Biotinylated EVs can be used in protein delivery by integrating protein of interest with 

streptavidin, e.g. streptavidin-horseradish peroxidase (HRP). This conjugation strategy can also be 

used as an analytical tool to confirm the successful biotinylation of EVs via dot blot assay. EVs 

can be dot blotted in the PVDF membrane followed by incubation and imaging with streptavidin-

HRP. HRP can give chemiluminescence by interacting with a chemiluminescent substrate, which 

can be used to quantify biotinylation. Further, biotinylated EVs can be used to link biotin-

conjugated cargoes of interest using avidin as a linker (Figure 2.14C). Therefore, the incorporation 

of azide functionality opens the door for various functions like biotinylation which can further 

diversify EVs functionality by various biotin-clicked EVs. As discussed earlier, the copper-

catalyzed click chemistry allows for efficient conjugation of the functional moiety in EVs surface. 

However, the use of copper in biological molecules like EVs can be complicated by the associated 

cellular toxicity of Cu(I). To address this issue, an alternative copper-free approach of click 

chemistry has been developed which can provide great advantages in bio-orthogonal coupling 

chemistry. Gai et al. discussed the strain promoted alkyne-azide cycloaddition (SPAAC) to 

conjugate DBCO-liposome with azide bearing moieties.110 Amine terminated liposome was 

functionalized with DBCO using DBCO-PEG4-NHS following NHS chemistry to introduce 

strained alkyne (DBCO group) in a liposome (Figure 2.15A).  Successful conjugation of DBCO 

can be monitored by anthracene azide assay by quantifying fluorescence of anthracene after 

conjugation (Figure 2.15B). The proposed SPAAC strategy can be utilized to functionalize any 

amine-terminated self-assembled vesicles including EVs. SPAAC strategy can be employed to 
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functionalize EVs with antibodies by using azide conjugated antibodies on DBCO functionalized 

EVs (Figure 2.15C). The extent of functionalization can be quantified using flow cytometry-based 

binding assay using fluorescently labeled secondary antibodies (Figure 2.15D).  

Significance of chemical functionalization strategy 

Different facile coupling chemistry like EDC/NHS chemistry, amidation chemistry, thiol-

maleimide chemistry, copper-catalyzed azide-alkyne cycloaddition chemistry, and strain promoted 

azide-alkyne cycloaddition chemistry have been discussed as a chemical approach of surface 

functionalization of EVs. All these chemistries have the advantage of being easy and quick and 

compatible with biomolecules and therefore are widely used in functionalizing biomolecules. 

While these functionalization steps are rapid and quantifiable, attention should be given in the 

retention of membrane integrity and functionality of EVs following these strategies. 

 

Figure 2.15 Surface functionalization of liposomes using strain promoted alkyneïazide click 

chemistry (SPAAC). (A) Functionalization of the amine-terminated liposome with DBCO, (B) 

quantification of DBCO functionalization by anthracene-azide assay, (C) functionalization of 

DBCOïliposome with azide integrated antibodies via SPAAC, and (D) analysis of SPAAC using 

flow cytometry. Reproduced and adapted from ref.110 under a Creative Commons Attribution 3.0 

Unported license with permission from the Royal Society of Chemistry. The figure is adapted from 

three different figures from the original work. 
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 2.4 Comparative analysis of different surface functionalization strategies 

This review discusses the physical, biological, and chemical approaches of surface 

functionalization of EVs membranes. While each approach has differences in their fundamental 

level, the aim is the same i.e. to add various functionality to EVs for biomedical application. In 

this regard, each approach has its own advantages and disadvantages. A physical approach like 

sonication, extrusion, and freeze-thaw method provides reagent free and simplest strategy for 

surface functionalization facilitated by membrane fusion that can integrate functionality in EVs 

without disrupting their natural function. However, these methods are often dependent upon and 

biological or chemical methods for substrate preparation, which is later utilized in membrane 

rearrangements. Also, there is a chance of leakage of the internal cargo of EVs which may contain 

crucial cellular information in the form of mRNA and proteins. Likewise, sonication and freeze-

thaw method of membrane fusion can lead to heterogeneity in the size and surface property of 

functionalized EVs. Therefore, the extrusion process is very important to maintain the proper size 

and homogeneity of functionalized EVs. In this regard, the physical approach is usually 

advantageous when used in combination with a biological or chemical approach, and generally 

should be followed by the extrusion process to get the maximum benefit of this strategy. Biological 

and Chemical approach of functionalization is the two main independent approach of surface 

functionalization. Although the approaches are different, both methods use the chemistry of 

biomolecules to add functionality. In biological approach, we are exploiting cellular reaction 

system that has been optimized by years of evolution by living system whereas, in chemical 

approach, we use the knowledge of chemistry which is also optimized over the decades of evolving 

modern science. The biological approach is also called a pre-production engineering strategy as 

the raw materials that make up the EVs (lipids and proteins) are engineered or functionalized 
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before their biogenesis. Chemical approach, on the other hand, is called as post-production 

engineering strategies as this modification takes place after the biogenesis and extraction of EVs. 

The idea of using a cell's own machinery to functionalize the EVs as per our needs is fascinating, 

and with proper optimization, several EVs functionalization has been reported with high efficiency 

for adding various functionality like surface display technology, targeted imaging, and targeted 

drug delivery. These functionalities can have a huge impact on understanding EVs role in cellular 

processes and pathogenesis for biomedical applications. Despite these fascinating results and the 

tremendous scope of the biological approach of EVs functionalization, one of the major limitations 

in this method is the heterogeneous population of EVs secretion with varying levels of surface 

expression which makes it difficult to standardize the method. The complexity of the biological 

environment along with the inadequate knowledge of EVs biogenesis makes this method complex. 

Owing to this complexity, there can be an issue with the low yield of surface-functionalized EVs 

using the biological method. Here, the physical approach like extrusion can be used to maximize 

the yield and improve the homogeneity of the EVs population.  

The chemical approach of surface functionalization provides easy and highly efficient 

conjugation of the different cargo of interest like antibodies, proteins, and small molecules. Due 

to the different click chemistry method and facile coupling strategy, these functionalizations can 

be done in simple steps and purified easily. Also, since it is a post-production strategy, there is no 

problem with EVs isolation from complex biological media as compared to the biological 

approach. With this perspective, the chemical approach of functionalization seems to have 

significant advantages with diverse functionality and simplicity. However, one major issue can be 

the retention of EVs integrity, functionality, and the biocompatible cellular fate of functionalized 

EVs. The use of chemical reagents can affect protein integrity and function. E.g. Cu(I), a catalyst 
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in many click reactions, has reported toxicity towards cells and can interfere with protein 

activity.111 There are however Cu(I) free click chemistry that can be used to gain the same function. 

Nonetheless, it is crucial to explore the effect of other alternative reagents in EVs integrity and 

function. Therefore, while the chemical approach provides simple and diverse opportunities to 

functionalize EVs, special attention should be given to confirm the biocompatibility of reagents in 

terms of EVs membrane integrity and functionality. 

 2.5 Challenges in surface functionalization strategy 

One of the big questions that are often not addressed in the research of surface 

functionalization strategy is whether the applied method interferes with the innate functionality of 

extracellular vesicles. This is a big question that needs to be addressed if we want to truly exploit 

the natural functionality of EVs. Most of the studies have shown the confirmation of surface 

functionalization in EVs along with the added functionality of EVs using various strategies. For 

example, surface display technology of EVs successfully labeled EVs with fluorescent dye to track 

EVs.67 But it is unknown whether the functionalization strategy changes the innate functionality 

of EVs in vitro. For this, a comparative study with naïve EVs, without any functionalization, 

should be conducted. It is, however, challenging to study naïve EVs behavior without doing any 

engineering. As such, without labeling with fluorescent dyes or imaging agents, tracking EVs is 

extremely difficult. In this scenario, the analysis of the proteomics profile of EVs, before and after 

engineering might be helpful, as the proteomics profile is responsible for the functional role.112ï114 

There has been researched effort in quantifying EVs protein after functionalization to confirm the 

integrity of EVs. As an example, Ming et al. quantified CD63 after the metabolic engineering of 

EVs to add azide functionality via flow cytometry.101 Here, although the similar protein level of 

CD63 in functionalized EVs and naïve EVs may signify the retention of protein content, it does 
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not necessarily signify the retention in the functionality. Also, the analysis of single protein may 

not correlate to the extensive proteomic profile of EVs. In this scenario, analysis of whole 

proteomic profile along with the structures of major proteins may reflect true retention of EVs 

innate functionality. The structure of a protein can be assessed by a spectroscopic technique like 

Circular Dichroism, Raman Spectroscopy, and NMR.115ï120 These techniques provide crucial 

information about the secondary structure of proteins. As evident, the structure of a protein is 

directly linked to its function, analysis of EVs protein structures may give valuable information 

about the retention of protein functionality with the functionalization process.121ï125 Further, in 

vitro and in vivo experimentation of naïve EVs and surface functionalized EVs can be crucial to 

confirm the retention of naïve EVs functional integrity. The retention of functional integrity of 

naïve EVs with different functionalization strategies is particularly important if we want to explore 

the innate role of EVs in various biological processes. With the assurance of the functional integrity 

of EVs, different surface functionalization strategies discussed here can be applied. The surface 

functionalization strategy with nominal alteration in the naïve EVs functionality should be 

preferred.  

 2.6 Conclusion 

EVs functionalization approaches have added various functionality to EVs which can be 

applied in diagnostic and therapeutic applications. All three different approaches discussed for 

EVs functionalization- physical, biological, and chemical have successfully functionalized EVs 

and added desired functionality. All three approaches have their benefits and shortcomings. The 

physical approach can be used in combination with a chemical or biological approach to ensure 

the EVs homogeneity. Biological approach, although being complex, can give naturally 

functionalized EVs. So, once the method is optimized, it can be beneficial for the long-term 
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production of functionalized EVs. Whereas, the chemical approach can give a quick one-step 

functionalization opportunity. Based on the need, both biological and chemical approaches can be 

equally beneficial. These functionalization strategies have further diversified the tremendous scope 

of EVs in biomedical applications. As of now, we are yet to completely understand the role of EVs 

in cellular processes. By properly functionalizing EVs, we can garner important information to 

understand EVs potential in the bio-medical field. 
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pH responsive cationic liposome for endosomal escape 

mediated drug delivery 

Chapter 3, in full, is a reprint of the material as it appears in Colloids and Surfaces B: 

Biointerfaces, 2020, Sagar Rayamajhi, Jessica Marchitto, Tuyen Duong Thanh Nguyen, Ramesh 

Marasini, Christian Celia, and Santosh Aryal. doi: 10.1016/j.colsurfb.2020.110804 

 

Abstract 

Endosomal degradation of the nanoparticle is one of the major biological barriers 

associated with the drug delivery system. Nanoparticles are internalized in the cell via different 

endocytosis pathways, where they are first delivered to early endosomes which mature to the late 

endosome and to the lysosome. During this journey, NP encounters a harsh chemical environment 

resulting in the degradation of NP and its content. This process is collectively called as intracellular 

defenses against foreign materials. Therefore, to avoid this degradative fate, the endosomal escape 

technique has been explored following membrane fusion or membrane destabilization 

mechanisms. However, these methods are limited to the application due to non-specific membrane 

fusion. To overcome this limitation, we have designed pH-responsive liposome made up of 3ß-

[N-(N',N'-dimethylaminoethane)-carbamoyl]cholesterol hydrochloride (DC-liposome) in which 

the cationic nitrogen of the ammonium moiety occupies only ~2.5% of the molecule. Such a small 

percentage of the cationic moiety is sufficient enough to exhibit pH-responsive properties while 

maintaining the biocompatibility of the DC-liposome. DC-liposome showed pH-dependent 

cationic properties due to the protonation of DC-moiety at acidic pH. The fluorescence-based 

experiment confirmed pH-dependent fusogenic properties of DC-liposome. Furthermore, the 

endosomal colocalization study revealed higher localization of DC-liposome in the early 
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endosome compared to that of the late endosome, suggesting possible endosomal escape. Elevated 

cationic and fusogenic properties of DC-liposome at acidic pH can mediate membrane fusion with 

anionic endosomal membrane via electrostatic interaction, thereby causing endosomal escape. 

Moreover, doxorubicin-loaded DC-liposome showed higher cytotoxicity than that of free 

doxorubicin further supporting our clam of endosomal escape. These findings suggest the potential 

of DC-liposome to break the endosomal barriers to enhance the therapeutic efficacy thereby 

guiding us in design consideration in the field of stimuli-responsive delivery agents. 

 3.1 Introduction  

Endosomal degradation of therapeutic agents is one of the major challenges in 

nanoparticulate drug delivery systems. Endosomal-lysosomal system actively encapsulates 

nanoparticles in endocytic vesicles and facilitates its recycling or degradation. This system 

includes intracellular vesicular systems including early endosome, late endosome, and lysosome, 

which actively participates in cargo internalization, recycling, modulation, and degradation.126 

Internalized cargo is first delivered to early endosome which plays a crucial role in determining 

their fate: recycling, excretion, or degradation. Depending on fate, cargo can be exported out of 

early endosome or continue in early endosome which matures to the late endosome and finally 

fuses with lysosome forming endo-lysosome vesicles for degradation.127 Cargoes like 

nanoparticulate drug delivery systems are mostly internalized in the cell via different endocytosis 

pathways where its fate is determined.128 Owing to the exogenous property, these nanoparticles 

are subjected to degradation in endo-lysosome vesicles, a unique intracellular defense 

mechanism.129 Therefore, it is crucial for the nanoparticulate drug delivery system to escape early 

endosomes and avoid immediate degradation to maintain therapeutic efficacy. 
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Efforts have been made to fabricate and engineer the drug delivery system to overcome the 

endosomal barrier. Towards this direction, liposomal and polymeric materials have been used to 

fabricate nanoparticle for endosomal escape via membrane fusion or membrane destabilization.130 

A l iposome is a lipid bilayer enclosed membrane structure that is widely investigated as a drug 

delivery system. The cationic liposome can undergo electrostatic interaction mediated membrane 

fusion with anionic endosome membrane thus escaping endosome.131 Similarly, the polymeric 

nanoparticle can escape endosomes via membrane destabilization following osmotic rupture, 

particle swelling, and particle disassembly mechanism.132ï135 These technique has shown 

significant promises to overcome the endosomal barrier. However, the application of cationic 

liposomes can be limited by non-specific membrane fusion with other membrane compartments. 

Likewise, in polymeric materials, endosome escape mediated by membrane destabilization may 

be limited due to the molecular weight of cargo that can diffuse across the destabilized 

membrane.134,136 To overcome these limitations, the pH-sensitive lipid-polymeric hybrid system 

has been developed which can selectively undergo membrane fusion at the endosomal membrane 

and release its payload. This system exploits the acidic pH environment of endosomal vesicles. 

The polymeric part shields the cationic surface in neutral pH and de-shields in acidic pH, thereby 

exposing the cationic surface to fuse with the anionic membrane of endosome.137,138  

Here, we have designed pH-responsive dimethylaminoethane-carbamoyl functionalized 

liposome (DC-liposome) that can show pH-dependent cationic properties for endosomal escape 

mediated drug delivery. DC-liposome was designed using common lipid 1,2-dipalmitoyl-sn-

glycero-3-phosphocholine (DPPC) and 3ß-[N-(N',N'-dimethylaminoethane)-

carbamoyl]cholesterol hydrochloride (DC-CholesterolĀHCl)  via thin-film hydration technique. 

Owing to the presence of DC - moiety, we hypothesize that DC-liposome shows pH-dependent 
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cationic properties that can initiate and enhance membrane fusion with anionic endosomal 

membrane via electrostatic interaction, thereby causing endosomal escape. Endosomal escape was 

analyzed using a confocal microscopy-based colocalization experiment. Further, doxorubicin, a 

clinical anticancer drug, was loaded in liposome to evaluate drug delivery potential. This study 

explores the endosome escape capability of pH-responsive DC-liposome. A better understanding 

of mechanistic detail of nanoparticulate drug delivery systems to overcome the endosomal barrier 

will greatly contribute toward the development of effective nanotherapeutics. 

 3.2 Materials and methods 

 3.2.1 Chemicals and Reagents 

1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) and 3ß-[N-(N',N'-

dimethylaminoethane)-carbamoyl]cholesterol hydrochloride (DC-CholesterolĀHCl), Phospholipid 

conjugated l-Ŭ-Phosphatidylethanolamine-N-(lissamine rhodamine-B sulfonyl) (Ammonium Salt) 

(RhB), and l-Ŭ-Phosphatidylethanolamine-N-(4-nitrobenzo-2-oxa-1,3-diazole) (Ammonium Salt) 

(NBD) were purchased from Avanti Polar Lipid Inc. (Alabaster, AL, USA). CellLightTM Early 

Endosomes-GFP and CellLightTM Late Endosomes-GFP were purchased from Thermo Fisher 

Scientific. DAPI dye (4ǋ,6-Diamidino-2-phenylindole dihydrochloride) and (3-(4,5-

dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide) (MTT) reagent were purchased from 

Sigma-Aldrich. Doxorubicin Hydrochloride (DOX) European Pharmacopoeia (EP) Reference 

Standard was purchased from Sigma-Aldrich. All other reagents and chemicals were of analytical 

grade. 

 3.2.2 Cell lines 

Mouse normal fibroblast (NIH/3T3) and mouse osteosarcoma (K7M2) were purchased 

from ATCC, Manassas, USA. Cells were maintained in Dulbeccoôs Modified Eagleôs Medium 
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(DMEM) supplemented with 10% (v/v) Fetal Bovine Serum (FBS) and 1% streptomycin at 37 ÁC 

in 5% CO2 environment. 

 3.2.3 Synthesis of dimethylaminoethane-carbamoyl functionalized liposome (DC-

liposome) 

Dimethylaminoethane-carbamoyl functionalized liposome (DC-liposome) was 

synthesized using 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) and 3ß-[N-(N',N'-

dimethylaminoethane)-carbamoyl]cholesterol hydrochloride (DC-CholesterolĀHCl) in a molar 

ration of 7:3 via thin film hydration followed by membrane extrusion as described by Pitchaimani 

et al.139 Briefly, DPPC and DC-CholesterolĀHCl were dispersed in chloroform in a molar ratio of 

7:3. The mixture was then left to dry overnight to create a thin film of lipid and cholesterol. Thin-

film was hydrated with phosphate buffer saline (PBS). It was then vortexed and sonicated for 

proper mixing and formation of a liposome. Liposomes were then extruded using 400 and 200 nm 

polycarbonate membrane filter, respectively, to control size homogeneity. Control liposome was 

formulated using DPPC and normal cholesterol following the same method. RhB and NBD labeled 

liposomes were synthesized using RhB and NBD conjugated lipid in a final volume concentration 

of 0.01% via hydrophobic insertion following thin film hydration technique. 

 3.2.4 Characterization 

Formulated liposomes were characterized for hydrodynamic size and surface property 

using dynamic light scattering (DLS, Malvern ZSP). Morphology of liposomes was analyzed by 

using transmission electron microscopy (TEM, FEI Technai G2 Spirit BioTWIN). The stability of 

liposome was studied by monitoring hydrodynamic size and zeta potential over a period. Serum 

stability of liposome was studied by tracking optical absorbance of liposome at 560 nm wavelength 

in serum environment using Microplate reader (BioTek, Synergy H1 Hybrid reader). pH-
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responsive characteristic of DC-liposome was analyzed by studying surface zeta potential of DC-

liposome at acidic (pH 5.5), basic (pH 10), and neutral condition (pH 7.4). Liposome designed 

using DPPC and cholesterol (7:3 molar ratio) was used as control. Fusogenic characteristic of DC-

liposome was studied using fluorescence resonance energy transfer (FRET).140 For this, fusogenic 

FRET liposome with an electron acceptor was created by incorporating lipid conjugated RhB dye 

in cationic DC-liposome (l-Ŭ-Phosphatidylethanolamine-N-(4-nitrobenzo-2-oxa-1,3-diazole) 

(Ammonium Salt) and fusogenic FRET liposome with an electron acceptor was formulated by 

incorporating lipid conjugated NBD dye in anionic liposome (DPPC:DSPG:Chol = 5:2:3). The 

molar ratio of RhB to NBD in the final mixture was 7:1. For fusion study, 50 µl of cationic RhB-

FRET liposome was incubated with 50 µl of anionic NBD-FRET liposome in a 96-well plate for 

5 min, and the mixture was analyzed spectrofluorimetrically by exciting sample at 470 nm and 

recording emission spectrum between 500 nm and 700 nm, at different pH environments. 

 3.2.5 Drug loading and release study 

Active and passive drug loading strategies were carried out to analyze the drug loading 

efficiency of DC-liposome. (DOX), a clinical anticancer agent was used in this study. The different 

initial input of DOX with different concentration viz. 25, 50, 100, 150, 200, and 400 µg/mL was 

used to find the optimum initial input with the highest loading efficiency. For passive loading, the 

membrane extrusion-based physical encapsulation technique was followed.141 Briefly, lipid thin 

film was hydrated with DOX solution and mixed well. The mixture was vortexed (3 min), bath 

sonicated (5 min), and probe sonicated (3 min, 50% amplitude). Finally, the mixture was extruded 

through 400 nm and 200 nm polycarbonate membrane filter, respectively. DOX loaded DC-

liposome was purified to remove unloaded DOX by Amicon Ultra-4 centrifugal filter, 10kDa 

(Millipore Sigma).  
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For active loading, an ammonium sulfate gradient was used.142 Briefly, lipid film was 

hydrated with one ml of 300 mM Ammonium Sulfate and mixed well. The mixture was vortexed 

(3 min), bath sonicated (5 min), and probe sonicated (3 min, 50% amplitude). The mixture was 

extruded using a polycarbonate membrane filter to fabricate DC-liposome. Ammonium sulfate 

was exchanged with PBS by Amicon Ultra-4 centrifugal filter, 10 kDa (Millipore Sigma) to create 

a transmembrane ammonium sulfate gradient. After that, liposome was incubated with DOX for 4 

h (50°C) for DOX encapsulation. Finally, DOX loaded liposome was purified to remove unloaded 

DOX by Amicon Ultra-4 centrifugal filter, 10 kDa (Millipore Sigma). The amount of DOX loaded 

was quantified spectrofluorimetrically. 

DOX loading efficiency was calculated by the following equation: 

% Loading Efficiency = (encapsulated DOX/ initial input of DOX) x 100 

Drug release study was carried out in physiological (PBS, pH 7.4) and acidic (Acetate 

buffer, pH 5.5) conditions. 1 mL of DOX loaded DC-liposome (2 mg/mL) was dialyzed using 

3.5 kDa dialysis membrane in 120 mL of drug release media kept at 37 ÁC while constant stirring 

(80 rpm) to maintain the sink condition during the experiments. 500 ÕL of release media was taken 

at regular intervals and replaced by fresh media. The amount of DOX in the release media was 

calculated spectrofluorimetrically by measuring DOX excitation and emission at 490 nm and 

595 nm.  

Drug release was quantified by using the following equation: 

% Drug release = (DOX amount in release media/ DOX amount in 100% release) x 100 

 3.2.6 Biocompatibility  

Biocompatibility of DC-liposome was analyzed in mouse osteosarcoma (K7M2) and 

mouse normal fibroblast (NIH/3T3) using MTT assay.143,144 Briefly, 10,000 cells were seeded in 
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96 well plates and incubated with DC-liposome at varying concentration range (3.125, 6.25, 12.5, 

25, 50, 100, and 200 µg/mL) for 48 h at 37 °C in 5% CO2 environment. Control cells were 

maintained with media only. After 48 h incubation, treatment media was removed and cells were 

incubated with MTT reagent for 2 h. DMSO was added to dissolve the insoluble formazan crystal 

formed after MTT treatment, and absorbance was recorded at 550 nm using a microplate reader 

(BioTek, Synergy H1 Hybrid reader). 

 3.2.7 Endosomal escape study via confocal microscopy  

Endosomal escape behavior of DC-liposome was studied using confocal microscopy.145 

For this, the co-localization experiments of RhB labeled DC-liposome with early and late 

endosomes were carried out. CellLightTM Early Endosomes-green fluorescent protein (GFP) and 

Cell LightTM Late Endosomes-GFP were used to label early and late endosomes in cells, 

respectively, following manufacturer protocol. Briefly, 10,000 cells were seeded in 96 well plates 

and incubated with 10 µL GFP for 20 h for transfection. After that, transfection media was 

removed with fresh media and transfected cells were incubated with rhodamine B labeled DC-

liposome for 3 h. Cells were then fixed by 4% paraformaldehyde. Nucleus was stained by DAPI 

and cells were observed under a Confocal Laser Scanning Microscope (Carl Zeiss, LSM-700). The 

degree of co-localization was quantified based upon Pearsonôs correlation coefficient (R) using 

ImageJ colocalization analysis. 

 3.2.8 In-Vitro Toxicity  

In-vitro toxicity of Free DOX and DOX loaded DC-liposome (DOX-DC-liposome) were 

analyzed in mouse osteosarcoma (K7M2) and mouse normal fibroblast (NIH/3T3) following MTT 

assay. Briefly, 10,000 cells were seeded in 96 well plates and incubated with Free DOX and DOX-

DC-liposome at varying concentration range (µM) for 48 h at 37 °C in 5% CO2 environment. 
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Control cells were maintained with media only. After 48 h incubation, treatment media was 

removed and cells were incubated with MTT reagent for 2 h. DMSO was added to dissolve the 

insoluble formazan crystal formed after MTT treatment, and absorbance was recorded at 550 nm 

using a microplate reader (BioTek, Synergy H1 Hybrid reader). IC50 concentration was calculated 

using GraphPad software following ñlog (inhibitor) vs. normalized response-variable slopeò 

model.146 

 3.2.9 Statistical analysis 

GraphPad software was used to analyze statistical models for IC50. All data represent the 

mean Ñ standard deviation. Biocompatibility and Cytotoxicity data include six replicates (n = 6). 

All other major data includes at least three replicates (n = 3). 

 3.3 Result and Discussion 

 3.3.1 Fabrication and characterization of DC-liposome 

DC-liposome was designed using dimethylaminoethane carbamoyl conjugated cholesterol 

(DC-cholesterol), which contains ~2.5% of cationic nitrogen, and DPPC lipid (7:3 molar ratio) via 

thin-film hydration technique as detailed in methods. The presence of DC moiety in DC-

cholesterol gives rise to characteristic cationic property in the liposome. DC-liposome was 

characterized for size and surface property using dynamic light scattering (DLS). Morphological 

properties were analyzed by transmission electron microscopy (TEM). DLS showed the average 

hydrodynamic size of DC-cholesterol to be 113 ± 2 nm with an impressive polydispersity index of 

0.08 ± 0.03 and a positive zeta potential of 7.6 ± 1 mV (Figure 3.1). TEM showed the crystals of 

DOX at the core of the spherical DC-liposomes (Figure 3.1B). DC-liposome was analyzed for its 

hydrodynamic size and PDI for seven days to ensure its colloidal stability (Figure 3.1C). The 

nominal changes observed in both hydrodynamic size and PDI over the week of observation 
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confers the stability of the liposome. Further, serum stability of DC-liposome was analyzed to 

examine the stability of particle in serum environment spectrophotometrically. This is the measure 

of rapid change in serum absorbance due to the particle aggregation with serum proteins.147,148 

Aggregation is a rapid process that happens at its first touch with serum, therefore, the change in 

absorbance at early time points of serum and NP interaction is crucial. As shown in Figure 3.1D, 

there is no change in serum absorbance over a period suggesting a high degree of serum stability 

of the DC-liposome. Poly(lactic-co-glycolic acid) (PLGA) nanoparticle was used as positive 

control which showed aggregation in serum environment as depicted by the increase in optical 

 

Figure 3.1 Characterization of DC-liposome. (A) Hydrodynamic size distribution and zeta 

potential of DC-liposome showing surface charge distribution, (B) transmission electron 

microscope image of DC-liposome at different magnification, (C) stability of DC-liposome over 

seven days in terms of hydrodynamic size and polydispersity index (PDI), and (D) serum stability 

of DC-liposome over sixty minute in terms of optical absorbance at 560 nm. Poly(lactic-co-

glycolic acid) (PLGA) was used as positive control. 
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absorbance. These findings of stability assay confirmed the stability of DC-liposome in aqueous 

and serum environment.  

 3.3.2 pH-responsive characteristic of DC-liposome 

Nanoparticle formulation responsive to pH gradient can be desirable for drug delivery as 

we can exploit the differential characteristic of nanoparticle at a specific pH.149,150 Here, pH 

responsiveness of DC-liposome was characterized by tracking the change in surface charge 

properties of DC-liposome at physiological (pH 7.4), acidic (pH 5.5), and basic condition (pH 10). 

As depicted in Figure 3.2A, zeta potential measurement showed around 8x increment in cationic 

property of DC-liposome at acidic condition, from +7.6 mV at pH 7.4 to +64 mV at pH 5.5. While 

in basic condition, DC-liposome showed a broad distribution of zeta potential without any 

significant peak suggesting particle instability and breakdown. The observed distinct surface 

property of DC-liposome at three different pH conditions clearly showed that the surface property 

 

Figure 3.2 pH-responsive characteristic of DC-liposome. (A) Zeta potential of DC-liposome at 

different pH condition viz. pH 5.5, pH 7.4, and pH 10 showing significant variation in zeta 

potential with pH and (B) zeta potential of control liposome at different pH condition viz. pH 5.5, 

pH 7.4, and pH 10 showing minimal variation in zeta potential with pH.   

-100 0 100 200

Apparent Zeta Potential (mV)

pH 10

pH 5.5

64 mV

pH 7.4

7.6 mV

-100 0 100 200

Apparent Zeta Potential (mV)

pH 5.5

0.94 mV

pH 7.4

-2.7 mV

pH 10

-11 mV

A B



56 

of DC-liposome is a function of pH environment, confirming the pH-responsive characteristic of 

DC-liposome. As a control experiment, the surface property of control liposomes with normal 

cholesterol was analyzed at different pH environments (Figure 3.2B). Zeta potential measurement 

of control liposome showed minimal changes in zeta potential at different pH: -2.7 mV (pH 7.4), 

0.94 mV (pH 5.5), and -11 mV (pH 10). The dramatic increment in cationic property observed in 

DC-liposome at acidic conditions may be due to the protonation of the amine group of 

dimethylaminoethane carbamoyl moiety in DC-cholesterol. This enhanced cationic property at 

acidic conditions can be exploited in endosomal escape mediated drug delivery via membrane 

fusion. 

 3.3.3 Fusogenic property of DC-liposome 

Fusogenic property of DC-liposome was characterized by fluorescence resonance energy 

transfer (FRET) following an established protocol.141,146,151 FRET has been widely used to analyze 

membrane fusion.141,151ï154 Here, two FRET liposomes were prepared and fusion behavior was 

studied. Cationic DC-liposome was incorporated with FRET acceptor RhB lipid and anionic 

liposome was formulated by incorporating FRET donor NBD lipid. The fusion behavior of these 

two lipids with the opposite surface charge was analyzed at three different pH environments; 

physiological (pH 7.4), acidic (pH 5.5) and basic (pH 10). Figure 3.3 shows results from FRET 

experiments with emission spectra of anionic, cationic, and hybridized liposomes at different pH 

conditions. Decrement of donor fluorescent intensity at 525 nm (donor ɚmax) and increment of 

acceptor fluorescent intensity at 595 nm (acceptor ɚmax) due to fusion, suggest successful energy 

transfer between FRET pairs validating our clam of fusion between two liposomes. To understand 

how the pH environment can interfere with this fusion behavior, fusion was carried out in acidic 

and basic conditions. Experiments showed successful fusion in all the different pH environment, 
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with different efficiency. Importantly, emission spectra of acceptor showed significant increment 

in fluorescence at 595 nm with different pH conditions suggesting the influence of pH in the 

fusogenic characteristics of DC-liposome. The highest increment in acceptor fluorescent intensity 

 

Figure 3.3 Study of the fusogenic characteristics of DC-liposome through Fluorescence 

Resonance Energy Transfer (FRET). DC-liposome with the positive surface charge was labeled 

with fluorescent acceptor RhB (ɚem= 595 nm). Anionic liposome was labeled with fluorescent 

donor NBD (ɚem= 525 nm). The fusion between two liposomes mediated by electrostatic 

interaction (schematic illustration on the right) was confirmed by FRET analysis at an excitation 

wavelength of 470 nm. Emission spectra of RhB+NBD liposome showed energy transfer from 

FRET donor NBD to FRET acceptor RhB showing successful fusion. Fusion behavior was 

characterized at three different pH environment (pH 5.5, pH 7.4, and pH 10). 

 

at 595 nm was observed in acidic conditions (pH 5.5) suggesting maximum fusion. This 

differential fusogenic property at different pH is in accordance with the pH-responsive cationic 

property of DC-liposome. Here, membrane fusion is mediated by electrostatic interaction as two 

membranes are oppositely charged. So, high fusion characteristics at acidic pH can be attributed 

to enhanced cationic property of DC-liposome thereby accelerating membrane fusion. The 

observed enhanced fusogenic characteristic at acidic conditions can be favorable for endosomal 
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membrane fusion resulting in the endosomal escape. The endosomal membrane is characterized 

by anionic property and acidic pH environment.155 In such a scenario, pH-responsive cationic DC-

liposome can be an ideal candidate for endosome escape mediated drug delivery.  

 3.3.4 Drug loading and release characteristic 

With the assurance of desirable pH-responsive characteristic of DC-liposome, drug loading 

and release behavior of DC-liposome was studied. DOX, a clinical anticancer drug, was used as a 

model drug. DOX was loaded with both passive and active method and loading efficiency was 

evaluated to investigate the influence of the loading method in drug loading efficiency. Figure 3.4 

shows DOX loading percentage and DOX content (wt%) with respect to different initial input of 

DOX (25, 50, 100, 150, 200, and 400 µg/mL) using active (Figure 3.4A) and passive (Figure 

3.S1) loading methods. As expected, the active loading method showed higher DOX loading 

characteristics compared to that of the passive method, facilitated by the active ammonium sulfate 

transmembrane gradient. Due to ammonium gradient, free DOX actively diffuses inside liposome 

core and crystallize as Doxorubicin sulfate.142 Active loading method showed DOX loading 

percentage from 24% to 70% and DOX content from 1.5 wt% to 2.7 wt%, at different initial input. 

Based upon overall DOX loading, the initial DOX input of 200 µg/mL showed the optimum result, 

with 59% loading efficiency and 2.7 wt% DOX content.  

Similarly, passive loading method showed DOX loading percentage from 12% to 42%, and 

DOX content from 0.6 wt% to 1.2 wt%, at different initial input. Here, the initial input of 150 and 

200 µg/mL showed the optimum result of 21% loading efficiency and 1 wt% DOX content. These 

numbers clearly suggest the advantage of using an active loading method for high loading 

efficiency. However, it is important to note that we observed a significant increment in size and 

PDI of DC-liposome after active loading (Figure 3.4B), with an average size of 196 nm (vs 113 
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nm) and 0.16 PDI (vs 0.08). This change in the size of the DC-liposome might be due to the effect 

of a transmembrane influx of DOX and the formation of DOX crystal due to active loading. 

Contrary to that, in the case of passive loading, there was minimal change in the average size and 

PDI after loading, with an average size of 143 nm (vs 113 nm) and 0.09 PDI (vs 0.08). Both active 

and passive loading method suggested the use of 200 µg/mL as an initial input of DOX 

concentration for the best loading efficiency. DOX loading assay confirmed the loading capability 

of DC-liposome by both active and passive loading methods. 

 

Figure 3.4 In-vitro drug loading study. (A) Doxorubicin (DOX) loading efficiency and DOX 

content by weight percentage with respect to carrier in different initial input concentration of DOX 

(µg/mL) via active loading method and (B) variation in hydrodynamic size and polydispersity 

index (PDI) of DC-liposome after active and passive loading with respect to different initial input 

concentration of DOX (µg/mL).  

 

Further, drug release behavior was studied to characterize the drug release kinetics of DOX 

loaded DC-liposome (DOX-DC-liposome) under physiological condition (pH 7.4) and acidic 

condition (pH 5.5), as depicted in Figure 3.5A. DOX release assay showed an initial burst release 

of DOX up to 8 h followed by sustained release up to 48 h. DOX-DC-liposome showed higher 

drug release characteristics in the acidic environment compared to normal physiological 

conditions, with the release of 91% of DOX compared to 60% in normal conditions. Observed 

higher release at acidic conditions might be due to the elevated cationic property at the acidic 
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condition which can potentially result in membrane leakage and/or instability.156,157 This elevated 

release characteristic at acidic pH can be attributed as another pH-responsive feature along with 

cationic and fusogenic properties. All these pH-responsive characteristics can collectively 

contribute to the endosomal escape mediated drug delivery.  

 3.3.5 Biocompatibility 

Cationic liposomes are a favorable agent for drug delivery due to their ease of cellular 

internalization assisted by electrostatic interaction.158ï161 However, the major concern with the use 

of cationic liposomes is their associated genotoxicity. Due to the cationic surface charge, the 

cationic liposome can potentially damage genetic materials of the cell including DNA.162,163 To 

address this issue of toxicity, the biocompatibility of cationic DC-liposome was evaluated in 

mouse osteosarcoma K7M2 and mouse normal fibroblast NIH/3T3 using cell viability assay for 

48 h. Cell viability assay showed concentration-dependent biocompatibility with above 70% cell 

viability up to 50 µg/mL liposome concentration in both cancer and normal cell line (Figure 3.5B). 

Beyond that concentration, at 100 and 200 µg/mL, DC-liposome showed poor biocompatibility 

showing a toxic effect in K7M2. Interestingly, for NIH/3T3, DC-liposome showed 

 

Figure 3.5 In-vitro drug release and biocompatibility study of DC-liposome. (A) DOX release 

characteristic of DOX loaded DC-liposome at acidic condition (Acetate buffer, pH 5.5) and normal 

physiological condition (PBS, pH 7.4). Biocompatibility of DC-liposome evaluated on mouse 

osteosarcoma K7M2 and mouse normal fibroblast NIH/3T3 in terms of percentage cell viability 

calculated using MTT assay. Cells were treated with DC-liposome for 48 h. 
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biocompatibility even at a high concentration of 100 µg/mL with 75% cell viability. At a high 

concentration of 200 µg/mL, DC-liposome showed significant toxicity for both K7M2 and 

NIH/3T3. Biocompatibility assay revealed the effect of cationic liposome on the cell is dependent 

upon cell type and concentration. So, it is crucial to optimize the safe concentration dose of cationic 

liposomes to avoid any possible toxic effect of the carrier. Here, our observations revealed good 

biocompatibility of DC-liposome at a concentration below 100 µg/mL. 

 3.3.6 Endosomal escape study 

Endosomal degradation of the therapeutic agent is one of the major problems associated 

with nanoparticulate drug delivery technique.164ï166 Here, we hypothesized that due to the pH-

responsive cationic and fusogenic properties of DC-liposome, it can escape endosome via 

membrane fusion. To test this hypothesis, the endosome escape study was done via confocal 

imaging in mouse osteosarcoma as a model cell line. Early and late endosomes in cells were 

labeled by green fluorescent protein (GFP) via transfection using CellLightTM Early Endosomes-

GFP and Late Endosomes-GFP, respectively following manufacturer protocol as detailed in the 

method. DC-liposome was labeled RhB via hydrophobic insertion using membrane extrusion. RhB 

labeled DC-liposome was incubated with early and late endosome labeled cell independently for 

3 h to study the localization of DC-liposome. Figure 3.6 represents the confocal image for 

colocalization study where red color represent DC-liposome and green color represent early and 

late endosome. The yellow color observed in the merged figure signifies co-localization suggesting 

the localization of DC-liposome in the endosome. The merged figure of the confocal image 

revealed a higher amount of co-localization between early endosome and DC-liposome compared 

to late endosome and DC-liposome. To quantitatively analyze this difference, co-localization 

analysis was done using ImageJ following the co-localization threshold and coloc2 plugin.167,168 
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Pearsonôs correlation coefficient (PCC) was used as a statistic tool for quantifying 

colocalization.169 PCC or Pearsonôs R-value ranges from -1 to +1. Higher the PCC numerical 

value, the higher will be the extent of co-localization. PCC analysis confirmed higher co-

localization of DC-liposome with early endosome, with Pearson R-value of 0.69, compared to that 

of the late endosome, with Pearsonôs R-value of 0.44. These data show a 36% reduction in co-

localization at the late endosome. This significant reduction in co-localization from DC-liposome-

early endosome to DC-liposome-late endosome suggests possible endosomal escape of DC-

liposome from the early endosome. 

The endosome/lysosome system works in the trafficking of cargo inside the cell, it's 

recycling, and degradation.126 Foreign materials are internalized in the cell by endocytosis. Primary 

endocytic vesicles containing internalized foreign materials deliver their content into the early 

endosomes. Early endosome accumulates cargo and support recycling to the plasma membrane 

before it matures to the late endosome. This usually takes 8-15 min.170 After maturation, late 

endosome fuses to the lysosome to generate endolysosome where active degradation takes place.126 

So, it is crucial for the therapeutic agents to escape early endosomes to avoid lysosomal 

degradation and maintain its therapeutic effect. Here, based upon the co-localization study, DC-

liposome escapes early endosomes. The mechanism of escape can be attributed to the elevated 

fusogenic characteristic of DC-liposome contributed by the higher cationic property at acidic pH. 

The endosome is characterized by the acidic environment and anionic lipid bilayer 155. The acidic 

environment of endosome increases the cationic property of DC-liposome thereby increasing 

fusion, as depicted in graphical abstract. This leads to release of payload, here DOX. This kind of 

membrane fusion based endosomal escape has been hypothesized as one of the major pathways of 

endosomal escape in literatures 130,171ï173. Here, the unique pH-responsive characteristic of DC-
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liposome has successfully assisted to escape endosome thereby facilitating maximum efficacy in 

drug delivery. 

 

Figure 3.6 Endosomal escape study via confocal microscopy. Figure shows the confocal image 

of mouse osteosarcoma K7M2 showing internalization and endosomal localization of rhodamine 

B labeled DC-liposome (RhB-DC-liposome) (Label: 50 µm). Cells were transfected by 

CellLightTM Early Endosomes-green fluorescent protein (GFP) and CellLightTM Late 

Endosomes-GFP separately to label early endosome (top row) and late endosome (bottom row), 

respectively. The transfected cell line was incubated with rhodamine B labeled DC-liposome 

(RhB-DC-liposome) for 3 h and imaged via confocal microscopy. The colocalization of DC-

liposome with early and late endosomes was analyzed separately. Yellow color in the merged 

figure represents co-localized DC-liposome in the endosomal compartment. Colocalization was 

quantitatively analyzed in terms of Pearsonôs correlation coefficient (R) using ImageJ 

colocalization analysis. 

 

 3.3.7 In-vitro toxicity  

Finally, the therapeutic efficiency of the proposed nanosystem was evaluated. DOX loaded 

DC-liposome (DOX-DC-liposome) was assessed for in-vitro toxicity in mouse osteosarcoma 

K7M2 and mouse fibroblast NIH/3T3 using MTT assay (Figure 3.7). DOX-DC-liposome showed 

higher toxicity compared to free DOX in both cell lines tested. Half minimal inhibitory 

concentration (IC50) showed a clear distinction of elevated toxicity by DOX-DC-liposome in both 

cell lines. In NIH/3T3, DOX-DC-liposomes showed a significant reduction in IC50 (IC50=0.9 
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µM) compared to free DOX (IC50=2.1 µM). Likewise, in K7M2, DOX-DC-liposome showed 

IC50 of 0.42 µM and that of free DOX exhibit IC50 of 0.89 µM. Observed elevated toxicity of 

DOX-DC-liposome can be attributed to the endosome escape mediated release of DOX, which 

increases the local drug concentration thereby increasing its therapeutic efficacy. In-vitro toxicity 

assay of DOX-DC-liposome further supported the hypothesized endosomal escape mediated drug 

delivery. 

 

Figure 3.7 In-vitro toxicity assay. (A) Toxicity of Free DOX and DOX loaded DC-liposome 

(DOX-DC-liposome) on mouse normal fibroblast NIH/3T3 and (B) mouse osteosarcoma K7M2. 

Half minimal inhibitory concentration (IC50) shown in the inset was calculated using GraphPad 

software following ñlog(inhibitor) vs. normalized response-variable slopeò model. 

 

 3.4 Conclusion 

This study has successfully explored the pH-responsive characteristic of DC-liposome 

using surface characteristic analysis, fluorescent-based energy transfer study, and drug release 

kinetics. The consequences of pH-responsive characteristics have been explored in endosomal 

escape behavior and toxicity of drug-loaded carriers in terms of IC50. DC-liposome showed pH-

responsive cationic, fusogenic, and drug release properties with higher expression in acidic 

conditions. With good stability at both aqueous and serum environment followed by concentration-

dependent biocompatibility, DC-liposome can be considered as an ideal delivery agent. 

Importantly, the observed endosome escaping capability via the elevated membrane fusion 
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mechanism at the acidic endosomal compartment can be a rewarding characteristic for the drug 

delivery system. Further, the successful loading of anticancer drug, doxorubicin, and high 

therapeutic value of DOX-DC-liposome against cancer cells confirmed the therapeutic advantage 

of the proposed liposomal system. These preliminary results contribute to the proof-of-concept of 

using pH-responsive cationic liposomes to break the endosomal barrier in drug delivery for better 

therapeutic efficacy. 
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Macrophage-derived exosome-mimetic hybrid vesicles 

for tumor targeted drug delivery 

Chapter 4, in full, is a reprint of the material as it appears in Acta Biomaterialia, 2019, Sagar 

Rayamajhi, Tuyen Duong Thanh Nguyen, Ramesh Marasini, and Santosh Aryal. doi: 

10.1016/j.colsurfb.2020.110804 

 

Abstract 

Extracellular vesicles (EVs) are phospholipid and protein constructs which are 

continuously secreted by cells in the form of smaller (30-200 nm) and larger (micron size) 

particles. While all of these vesicles are called as EVs, the smaller size are normally called as 

exosomes. Small EVs (sEVs) have now been explored as a potential candidate in therapeutics 

delivery owing to their endogenous functionality, intrinsic targeting property, and ability to 

cooperate with a host defense mechanism. Considering these potentials, we hypothesize that 

immune cell-derived sEVs can mimic immune cell to target cancer. However, different sEVs 

isolation technique reported poor yield and loss of functional properties. To solve this problem, 

herein we hybridized sEVs with synthetic liposome to engineer vesicles with size less than 200 

nm to mimic the size of exosome and named as hybrid exosome (HE). To achieve this goal, sEVs 

from mouse macrophage was hybridized with synthetic liposome to engineer HE. The 

fluorescence-based experiment confirmed the successful hybridization process yielding HE with 

the size of 177±21 nm. Major protein analysis from Blot techniques reveals the presence of EV 

marker proteins CD81, CD63, and CD9. Differential cellular interaction of HE was observed when 

treated with normal and cancerous cells thereby supporting our hypothesis. Moreover, a water-

soluble doxorubicin was loaded in HE.  Drug-loaded HE showed enhanced toxicity against cancer 
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cells and pH-sensitive drug release in acidic condition, benefiting drug delivery to acidic cancer 

environment. These results suggest that the engineered HE would be an exciting platform for 

tumor-targeted drug delivery. 

 4.1 Introduction  

Extracellular vesicles (EVs) are nano to micron sized particulates secreted by cells which 

later excreted to the extracellular space.174 There are three types of EVs categories on the basis of 

their biogenesis and size viz.; (1) exosomes (30-150 nm), (2) micro vesicles (200-500 nm), and (3) 

apoptotic bodies (1-10 µm).175 While all these vesicles are called as EVs, the smaller sized vesicles 

are normally called as exosomes which differentiate itself from other EVs due to its unique 

biogenesis. Exosome biogenesis differentiates it from other extracellular vesicles due to the 

endocytic origin and unique cargo sorting process to load cellular content like proteins, nucleic 

acid, and lipids.176 Microvesicles and apoptotic bodies, on the other hand, are EVs subtypes 

derived from the plasma membrane and have the relatively large size. Since it is extremely difficult 

to find the particular biogenesis pathway of EVs, here, we have termed ñsmall EVsò (sEVs) instead 

of ñexosomesò to represent EVs of size less than 200 nm, as recommended by minimal information 

for studies of extracellular vesicles 2018 (MISEV2018).177 sEVs, here, includes exosomes and 

small microvesicles with size below 200 nm. These vesicles are made up of the skeleton of a 

phospholipid bilayer that can be pictured as a typical drug delivery liposome. Therefore, sEVs 

have now been explored as a potential candidate in therapeutics delivery. Toward this attempt, 

initial studies have been carried out to understand sEV cellular internalization process, which was 

found to follow the path similar to that of the liposomal nanoparticulate system such as 

opsonization, receptor interaction, and fusion to deliver its cargo.178 It has been reported that sEV 
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delivery led to higher drug accumulation in target cells and improve small molecule stability and 

blood circulation time, thus improving the potency of small molecule drugs.179,180  

sEVs are secreted by most cell types including immune cells, stem cell, endothelial, and 

epithelial cells.77,181ï187 A variety of both membrane-bound and intracellular proteins can be found 

in sEVs. The most common of these include membrane transport and fusion proteins, major 

histocompatibility complexes, heat shock proteins, tetraspanins, proteins of the endosomal sorting 

complex required for transport (ESCRT) complex, and lipid raft-associated proteins.59 They are 

recognized as important messengers of long distance intercellular communication and are involved 

in a diverse range of the biological process. Due to these unique properties, sEVs are regarded as 

a vector that operates intra- and inter-cellular signaling of target cells.188 This communication skill 

is naturally acquired from its origin, which is specific in recognizing its target, therefore hold 

properties to adapt itself in harsh in vivo conditions such as communication with immune cells to 

convince the body that they belong to a common biological lineage.189,190 Due to these skill-sets 

of sEVs, they have been exploited in drug delivery to the tumor where it deserves to recognize 

cancer and reduces the nonspecific distribution of the drug to a wide range of tissues and organs. 

Recently, Batrakova and coworkers reported a macrophage-derived exosome for targeted 

paclitaxel delivery to pulmonary metastases, which shows a significantly strong suppression of 

metastases growth and greater survival time.191 Similarly, an array of sEVs have been evaluated 

for their drug delivery potentials.179,191,191ï196 A comparative study of different cell type-derived 

exosomes was conducted by Xiang et. al., in which researchers found the effective antitumor 

immunity when treated with dendritic cell-derived exosomes than that of tumor cell-derived 

exosomes.197 sEVs from professional antigen presenting cells, such as dendritic cells, B cells and 

macrophages are known to express functional immune modulating proteins including MHC-class 
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I and/or MHC class-II, which preferentially induce Th1-type (cell-mediated) immune response 

that directs T cells to attack abnormal cells (such as cancer cells) or cells infected with intracellular 

parasites.197ï199 

However, the isolation of sEVs in the quantities needed for application is limited due to its 

poor yield.200,201 Therefore, several techniques for sEV isolation including ultracentrifugation, 

ultrafiltration, precipitation, immunoaffinity-based separation, and microfluidics-based, which 

separate sEVs-based upon their size, density, and protein markers have been explored.202 Yet, the 

preservation of structural integrity and functional properties of sEVs isolated with these techniques 

are a major concern. Therefore, to address these issues, membrane fusion techniques have been 

reported. For example, a freeze-thaw and incubation-mediated membrane fusion techniques have 

been explored by the researchers.68,203,204 All these techniques have their own advantages and 

disadvantages in regard to ensure the purity and abundance, which is critical for the development 

of EV-based drug delivery. For example, Freeze thaw method can damage the sEVs protein 

content73, the incubation method of membrane fusion can lead to particles with a big size and high 

polydispersity index, and the immunoaffinity-based separation results in the protein heterogeneity 

due to the difficulty in separating sEVs from the substrate. Most importantly, a major hurdle in 

these methods is lack of maintaining size homogeneity in the product. Among this technique, 

ultracentrifugation based technique is one of the most commonly used due to its simplicity and 

reagent-free approach, and are reported to accounts for over 56% users in the field.205 Therefore, 

considered as a gold standard for sEVs isolation, however, may damage sEVs due to vigorous 

mechanical stress.202,206 To address this problem, here, we have developed an optimized method 

for sEVs isolation by combining normal centrifugation, filtration, and size extrusion techniques to 

get a homogenous population of sEVs. This technique is simple, reagent-free, and uses relatively 
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less stress on sEVs. Further, to solve the issue of the low yield, sEV was hybridized with liposome 

using extrusion-based membrane fusion technique to engineer vesicles with size less than 200 nm 

to mimic the size of exosome and named as hybrid exosome (HE). 

The aim of this membrane fusion mediated HE formulation is to take advantages of both 

sEV and liposomal drug delivery system, overcoming their respective shortcomings. sEVs has the 

advantage of being endogenous nanocarrier, but lacks the modification flexibility, and have low 

yield.207 On the other hand, liposome shows prominent flexibility for surface modification 

facilitating for different engineering approaches but lacks the endogenous functionality.208,209 

While structurally-both sEVs and liposomes are similar having lipid bilayer with ranges in size, 

sEVs differs from synthetic liposome mainly by the presence of EV proteins. In this study, sEVs 

derived from mouse macrophage J774A.1 were hybridized with synthetic liposome to formulate 

HE with uniform size distribution. The aim of using macrophage as sEV source is to exploit the 

tumor targeting characteristic of macrophage.210,211 Align toward this direction, we hypothesize 

that macrophage-derived sEVs will carry the tumor targeting properties of macrophage which can 

be used for cancer-specific drug delivery. Combining these two-drug delivery system would make 

an efficient hybrid drug delivery tool with the endogenous nature of sEVs and flexibility of 

liposomes that would eventually help in accelerating the development of cancer nanomedicine. 

 4.2 Materials and Methods 

 4.2.1 Chemicals and reagents 

Lipid L-Ŭ-phosphatidylcholine (Egg, Chicken) (EggPC) were purchased from Avanti Polar 

Lipid Inc. (Alabaster, AL, USA). Cholesterol were purchased from Fisher. Mouse monoclonal 

antibody CD81 (5A6), CD63 (MX-49.129.5), CD9 (C-4), Integrin ŬM (44) also known as CD11b, 

TSG101 (51), Histone H3 (FL-136), and ɓ-Actin were purchased from Santa Cruz Biotechnology. 
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Phospholipid conjugated l-Ŭ-Phosphatidylethanolamine-N-(lissamine rhodamine B sulfonyl) 

(Ammonium Salt) (Rh-B) and l-Ŭ-Phosphatidylethanolamine-N-(4-nitrobenzo-2-oxa-1,3-diazole) 

(Ammonium Salt) (NBD) was purchased from Avanti Polar Lipid Inc. (Alabaster, AL, USA). 

DAPI dye (4ǋ,6-Diamidino-2-phenylindole dihydrochloride), (3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyl tetrazolium bromide) (MTT) reagent, and Proteinase K from Tritirachium album was 

purchased from Sigma-Aldrich. HaltTM Protease Inhibitor Cocktail, EDTA-Free (100X) was 

purchased from ThermoFisher SCIENTIFIC. All other reagents and chemical were of analytical 

grade. 

 4.2.2 Cell lines  

Mouse macrophage cells (J774A.1), mouse osteosarcoma (K7M2), mouse breast cancer 

cell (4T1), mouse normal fibroblast (NIH/3T3) were purchased from ATCC, Manassas, USA. 

J774A.1, K7M2 and NIH/3T3 were maintained in Dulbeccoôs Modified Eagleôs Medium (DMEM) 

supplemented with 10% (v/v) Fetal Bovine Serum (FBS) and 1% streptomycin at 37ᴈ in 5% CO2 

environment. 4T1 was maintained in Roswell Park Memorial Institute medium (RPMI) 

supplemented with 10% (v/v) Fetal Bovine Serum (FBS) and 1% streptomycin at 37ᴈ in 5% CO2 

environment. 

 4.2.3 Extracellular vesicle isolation 

Small Extracellular vesicles (sEVs) were harvested from J774A.1 cells using 

centrifugation, filtration, and membrane extrusion techniques. J774A.1 cells were cultured in 

serum-free and phenol red free Dulbeccoôs Modified Eagleôs Medium (DMEM) for 48 h at 37ᴈ 

in 5% CO2 environment to harvest EVs. The media was collected and centrifuged at 2000 g to 

remove cell debris. Then the supernatant was collected and concentrated around 10 times using 

10k molecular weight cut off (MWCO) amicon filter (2000 g, 15 min). The concentrated 
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supernatant was then extruded with 400 and 200 nm polycarbonate membrane filter consecutively 

to get uniform sEVs.  

 4.2.4 Synthesis of liposome 

Liposome was synthesized by using simple thin film hydration followed by membrane 

extrusion as described by Pitchaimani et. al.79 Briefly, L-Ŭ-phosphatidylcholine (Egg, Chicken) 

(EggPC) and Cholesterol were dispersed in chloroform in a molar ratio of 66:34. The mixture was 

then left to dry overnight. Then the dried film was hydrated by PBS. It was then vortexed and 

sonicated for proper mixing. The liposome solution was extruded using 400 and 200 nm 

polycarbonate membrane filter, respectively, to get nano-sized unilamellar liposomes. 

 4.2.5 Synthesis of hybrid exosome 

Hybrid Exosomes (HE) were synthesized by simple thin film hydration followed by a 

membrane extrusion method. Previously isolated sEVs were used to hydrate the dry lipid layer. 

200 µg protein equivalent of sEV was added to 1000 µg of lipid film in a final volume of 1 mL.  It 

was then vortexed and sonicated (30% amplitude, 30 sec pulse on/off, for 2 min) for proper mixing. 

Thus formed multilamellar HE solution was extruded through 400 and 200 nm polycarbonate 

membrane filter, respectively, to get nano-sized unilamellar HE. 

 4.2.6 Characterization 

Liposomes, sEVs, and HEs were characterized for hydrodynamic size and surface charge 

via dynamic light scattering assay (DLS, Malvern ZSP). Surface morphology of liposome, sEVs, 

and HEs were studied using Transmission electron microscopy (FEI Technai G2 Spirit BioTWIN). 

Protein quantification of sEVs were done by using Bradford assay.212 Stability of vesicles was 

studied by monitoring the change in size and PDI for up to 30 days. Protein characterization of 

sEVs and HE were done via SDS-PAGE analysis, Dot blot assay, and western blotting. For SDS-
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PAGE analysis, sEVs and HEs were mixed with sample loading buffer (1:1) with a final protein 

concentration of 330 µg/mL. The mixture was incubated at 90ᴈ for 7 minutes, and 25 µL of each 

sample was loaded in the wells of 4-20% Mini -PROTEANᴜ  TGX Protein Gels. The gel was 

stained by Coomassie Brilliant Blue and imaged by Bio-Rad imager. For Dot blot assay, a drop of 

each sample (2-3 µL) was added to Polyvinylidene Fluoride (PVDF) membrane. The membrane 

was incubated with blocking buffer for 30 min at room temperature and then treated with primary 

antibodies CD81, CD63, CD9, CD11b, TSG101, ɓ-Actin, and histone H3 (Santa Cruz).  After 

overnight incubation with the primary antibody, the membrane was washed with wash buffer and 

incubated with HRP conjugated anti-mouse IgG secondary antibody (Cell signaling). The 

membrane was further developed using Signal Fire ECL TM Reagent and immediately imaged by 

Bio-imager (Kodak). 

For western blotting, SDS PAGE was run as described earlier. 25 µL of samples mixed 

with sample loading buffer (1:1) containing 25 µg protein were loaded in the gel. After the 

completion of the SDS PAGE, the gel was transferred to PVDF membrane for the transfer of 

protein by the wet-blot method as described in our recent publications.75,76 PVDF membrane was 

treated with primary antibodies ɓ-Actin and CD63 (Santa Cruz) along with HRP conjugated anti-

mouse IgG secondary antibody (Cell signaling). The membrane was further developed using 

Signal Fire ECL TM Reagent and immediately imaged for chemiluminescence by Bio-imager 

(Kodak). 

 4.2.7 Proteinase K assay for protein digestion 

Proteinase K solution (2 mg/mL) was prepared from lyophilized proteinase K powder in 

50 mM Trizma HCl buffer, pH 8.0 with 5 mM CaCl2 solution as recommended by provider. For 

protein digestion, sEVs were incubated with proteinase K solution at 1:1 (w/w) enzyme: substrate 



74 

ratio for 2.5 h at 37 °C.213 Control sEVs were not treated with Proteinase K. Protease inhibitor 

cocktail was added at a final concentration of 2x to stop the protease activity. sEVs were then 

washed with PBS three times using 10k MWCO amicon filter to wash out digested protein 

fragments and proteinase. Control sEVs and proteinase K treated sEVs were analyzed for size and 

protein content using DLS and Bradford assay respectively. Herein, the goal of Proteinase K assay 

is to validate the tumor targeting activity of sEVs as hypothesized. 

 4.2.8 Elucidation of hybridization  

Validation of hybridization of liposome and sEVs producing HEs were done by 

fluorescence resonance energy transfer (FRET) study. FRET liposomes were synthesized as 

described in our publications.75,80,214 FRET fluorophore lipids, NBD acting as an electron donor 

and Rh-B acting as an electron acceptor, were incorporated in lipid mixture in the molar ratio of 

1:7 resulting in the formation of FRET liposome. For fusion analysis, 100 µl of sEVs (1mg/ml) 

was added to 20 µl FRET liposome (1mg/ml), mixed and bath sonicated for 5 minutes to initiate 

fusion. FRET liposomes, before and after fusion of sEVs, were analyzed by fluorescence 

spectroscopy by exciting samples at 470 nm and measuring the emission spectra between 500 to 

700 nm. 

Percentage FRET efficiency was calculated using the following equation: 

   % FRET Efficiency = (Fa/(Fa+Fd)) × 100 

where Fa= emission fluorescence of acceptor (Rh-B) and Fd = emission fluorescence of donor 

(NBD) 

 4.2.9 Biocompatibility Assay 

Biocompatibility of vesicles was analyzed on different cell lines using MTT assay.215 

Briefly, 10,000 cells were seeded in 96 well plates for 24 h at 37ᴈ in 5% CO2 environment. After 

that, cells were incubated with samples at varying concentration range (6.25, 12.5, 25, 50, 100, 
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and 200 µg/mL) for 48 h. Control cells were maintained with media only. MTT solution was added 

and further incubated for 2 h. DMSO was added to dissolve the insoluble formazan crystal formed 

after MTT treatment, and absorbance was recorded at 550 nm using microplate reader (BioTek, 

Synergy H1 Hybrid reader). 

 4.2.10 Drug loading and release study 

Drug loading was carried out by physical encapsulation technique.75 HE was prepared as 

described earlier and calculated amount of DOX (50 µg/ml, 100 µg/ml, 200 µg/ml and 400 µg/ml) 

was directly added to the hydrated lipid cake. The HE dispersion with DOX was vortexed and bath 

sonicated before extruding through 200 nm polycarbonate membrane filter. DOX-loaded HEs 

were purified by using 10k molecular weight cut off (MWCO) amicon filter where excess 

unloaded DOX was washed away with PBS. Amount of DOX in the wash was quantified 

spectrofluorimetrically by measuring DOX excitation and emission at 490 nm and 595 nm. DOX 

loading efficiency and percentage drug content with respect to the weight of the carrier were 

quantified by calculating DOX in both filtrate and HE. 

DOX loading efficiency was calculated by the following equation: 

 % Loading Efficiency= (encapsulated DOX/Initial input of DOX) × 100 

 

Drug release study was carried out in physiological (PBS, pH 7.4) and acidic (Acetate 

buffer, pH 5.5) conditions. 2 mL of 40 µg/mL of DOX encapsulated in HEs were dialyzed using 

3.5 kDa dialysis membrane bag in 100 mL of drug release media kept at 37ºC while constant 

stirring (80 rpm). 500 µL of release media was taken at regular intervals and replaced by fresh 

media. The amount of DOX in the release media was calculated spectrofluorimetrically by 

measuring DOX excitation and emission at 490 nm and 595 nm. For control study, DOX 
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encapsulated liposome was prepared, and its release characteristic was studied following the same 

protocol. 

Drug release was quantified by using the following equation: 

% Drug release = (DOX amount in release media/ DOX amount in 100% release) × 100 

 4.2.11 In-vitro toxicity  

In-vitro toxicity of Free DOX and DOX-loaded HEs were analyzed by MTT assay. Briefly, 

10000 cells were seeded in 96 well plates. After 24 h, cell culture media was replaced by treatment 

media with Free-DOX and DOX-loaded HE (HE-DOX) and kept in incubation at 37ᴈ in 5% CO2 

environment for 48 h. Control cells were maintained with media only. After 48 h, media was 

removed and the MTT solution was added and further incubated for 2 h. DMSO was added to 

dissolve the insoluble formazan crystal formed after MTT treatment, and absorbance was recorded 

at 550 nm using microplate reader (BioTek, Synergy H1 Hybrid reader). 

 4.2.12 Confocal Imaging 

Cellular internalization of vesicles was studied using confocal microscopy. 10,000-20,000 

cells were seeded in 8 well plates for 24 h at 37ᴈ in 5% CO2 environment. Cells were incubated 

with Rh-B labeled samples for 3 h at 37ᴈ in 5% CO2 environment. Cells were then fixed by 4% 

Paraformaldehyde. Nucleus was stained by DAPI and cells were observed under a Confocal Laser 

Scanning Microscope (Carl Zeiss, LSM-700). ImageJ was used to quantify the intensity of 

internalized Rh-B labeled nanovesicles in terms of corrected total cell fluorescence (CTCF). 

CTCF was calculated by using the following equation: 

CTCF = Integrated Density ï (Area of selected cell × Mean fluorescence of background 

readings) 
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 4.2.13 Flow Cytometry 

Cellular internalization of HEs and liposomes were further studied using flow cytometry. 

Cells were cultured in T25 flask up to around 80% confluency. Cell culture media was replaced 

by 4 mL of 50 µg/mL of Rh-B labeled HEs and liposomes, respectively. After 3 h of treatment, 

media was removed, and cells were washed with DPBS three times and trypsinized. Finally, 1 

million cells were resuspended in 500 µl of PBS and cellular internalization was analyzed using 

BD LSRFortessa X-20 Special Order Research Product Flow Cytometer. 

 4.2.14 Statistical analysis 

Different statistical model and test were carried out including T-test, F-test, and dose-

response inhibition model fit using GraphPad software according to requirement. All data 

represent the mean ± standard deviation. Biocompatibility and Cytotoxicity data include six 

replicates (n=6). All other major data includes at least three replicates (n=3). 

 4.3 Result and Discussion 

 4.3.1 Extracellular vesicle isolation, hybridization, and Characterization 

Small Extracellular Vesicles (sEVs) were harvested from conditioned media of mouse 

macrophage cells J774A.1 using differential centrifugation, filtration, and membrane extrusion 

technique as described in the method. Harvested sEVs were hybridized with synthetic liposomes 

using thin film hydration technique followed by extrusion through 400 and 200 nm size 

polycarbonate membranes, respectively. Synthetic liposome was prepared using L-Ŭ-

phosphatidylcholine (Egg, Chicken) (EggPC) and Cholesterol in a molar ratio of 66:34 following 

thin film hydration technique.75,76,79,216ï218 The ratio of the liposome to sEV was optimized to 5:1. 

sEVs was quantified based upon protein content whereas liposome was quantified based upon lipid 

weights. 200 µg protein equivalent of sEVs dispersed in 1 mL Phosphate buffer saline (PBS) was 
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added to 1000 µg of lipid film. This initiates the hydration of lipid film to lipid cake which after 

extrusion results in the formation of hybrid exosomes (HE) as shown in Figure 4.1.  

 

Figure 4.1 Schematic representation of the fabrication of hybrid exosome. (A) Isolation of 

small extracellular vesicles (EVs) from J774A.1. (B) Hybridization of immune cell-derived small 

extracellular vesicles (sEVs) with synthetic liposome using membrane extrusion method. 

 

Liposomes, sEVs, and HEs were characterized for size, surface property, and protein 

content. Figure 4.2 shows a comparative study on the hydrodynamic size distribution and zeta 

potential along with the stability of theses nanovesicles. Hydrodynamic size of liposome and sEV 

was found to be 131 ± 21 nm (PDI= 0.16 ± 0.05) and 139 ± 19 nm (PDI= 0.25 ± 0.02) with zeta 

potential of -31 ± 2 and -12 ± 1 mV, respectively. Whereas that of HE was found to be 177 ± 21 

nm (PDI= 0.19 ± 0.04) and -26 ± 3 mV. While there is not much variation in the hydrodynamic 

size of liposome and sEV when extruded through 200 nm polycarbonate membrane, the size of 

HE was found to be increased to 177 nm. The increase in the size of HE is probably due to the 

insertion of sEV into the bilayer of synthetic liposome which increases the interaction points of 

water molecule thereby increasing the hydration layers. Although the size of HE is larger than the 
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bare liposome and sEV, the most important factor is the homogeneity in the size distribution, which 

can be indexed by determining the polydispersity index (PDI). We observed PDI of HE as 0.19 ± 

0.04, and that of sEV was 0.25 ± 0.02. It is worth to note that the small variation in PDI broadly 

vary the distribution, wherein the size homogeneity is significantly greater in case of HE compared 

to sEV.  

 

Figure 4.2 Characterization of nanovesicles. (A) Hydrodynamic size distribution of liposome, 

small extracellular vesicle (sEV), and hybrid exosome (HE), (B) zeta Potential of nanovesicles 

showing surface charge distribution, (C) transmission electron microscopic image of nanovesicles 

at different magnification, (D & E) stability of nanovesicles over the period in terms of PDI and 

size, respectively, and (F) comparison between nanovesicles in terms of size, PDI, and surface 

charge. 

 

Liposome, sEV, and HE were further characterized by transmission electron microscopy 

(TEM) to study the morphological characteristic. TEM image (Figure 4.2C) shows a 

morphological characteristic of these nanoparticles at lower and higher magnifications. Lower 

magnification images showed a general distribution of nanoparticles with vesicular structure. 

Higher magnification images of Liposome, sEV, and HE of similar size (around 100 nm in the dry 

state under high vacuum) were selected for comparative morphological analysis, which exhibited 
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a clear distinction between the nanoformulations. sEV surface showed more denser and darker 

characteristic compared to liposome which may be due to the presence of characteristic exosomal 

membrane proteins that are stained heavily with uranyl acetate staining. Similar TEM images of 

sEVs have been reported in other literature.219ï221 Likewise, HE showed distinct different surface 

morphology than that of liposome and sEV with the dense network around the surface which may 

be due to hybridization of exosomal proteins with the liposomal system. 

To further examine the stability of these nanovesicles, we monitored their colloidal stability 

up to 30 days as depicted in Figure 4.2D and E. HE showed better stability compared to sEV, 

both in terms of PDI and size. During the period of 30 days, PDI of HE varied from 0.166 to 0.223 

compared to 0.243 to 0.356 for sEV. Also, HE showed a minimal variation on size, from 177 nm 

to 182 nm, compared to sEV, from 158 nm to 235 nm. These characterization data show that 

incorporation of sEV in the lipid bilayer of the liposome in HE results in better stability of 

engineered HE compared to naive sEV. 

 4.3.2 Validation of hybridization 

Fluorescence resonance energy transfer (FRET) and protein assay were carried out for the 

confirmation of hybridization between liposome and sEV. FRET has been widely used to study 

membrane fusion.75,80,203,214,216,222 FRET liposomes were prepared with FRET pairs: l-Ŭ-

Phosphatidylethanolamine-N-(4-nitrobenzo-2-oxa-1,3-diazole) (Ammonium salt) (PE-NBD) 

(Fluorescent donor, ɚem=525 nm) and l-Ŭ-Phosphatidylethanolamine-N-(lissamine rhodamine B 

sulfonyl) (Ammonium salt) (PE-Rh-B) (Fluorescent acceptor, ɚem=595 nm) in 1:7 molar ratio. 

Energy transfer in FRET liposome was monitored before and after hybridization as depicted in 

Figure 4.3A. Liposome spectra represent before hybridization, and HE spectra represent after 

hybridization. A diminished FRET effect was seen after hybridization which can only happen 
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when the distance between the FRET pair increases. This suggests that there has been the insertion 

of EV content in the lipid bilayer of liposome validating successful hybridization. To quantify the 

diminished FRET effect, FRET efficiency was calculated. Figure 4.3B shows quantification of 

time-dependent FRET efficiency in FRET Liposome and HE showing the decay of FRET 

efficiency in both liposomes and HE over a period. Importantly, we see 27% decrement of FRET 

efficiency after hybridization to HE. This decrement decreased over a period. But, we still see a 

decrement of 12% after 120 minutes of fusion. This observation clearly signifies a stable 

decrement of FRET effect after hybridization, which confirmed the successful formation of HE. 

 

Figure 4.3 Validation of hybrid exosome formation. (A) Fluorescence Resonance Energy 

Transfer (FRET) study showing successful hybridization of sEV and liposome. FRET study was 

conducted using fluorescent donor NBD (ɚem=525 nm) and fluorescent acceptor RhB (ɚem=595 

nm) at excitation wavelength of 470 nm, (B) quantification of FRET efficiency over a period and 

decrement of FRET efficiency after hybridization, and (C) SDS-PAGE analysis of sEV and HE. 

Both samples were concentrated to get distinct protein bands. (D) Dot blot assay and (E) western 

blot assay for the identification of EV marker proteins in whole cell lysate (WCL), small 

extracellular vesicle (sEV), and hybrid exosome (HE). ɓ-Actin was used as a positive control and 

histone H3 was used as negative control. 
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Hybridization was also confirmed by protein characterization. Protein cargo of sEV is 

important for their unique characteristic.75,76,223 Sodium dodecyl sulfate-polyacrylamide gel 

electrophoresis (SDS-PAGE) analysis showed distinct protein bands in both sEV and HE as shown 

in Figure 4.3C. Samples were concentrated to get higher signal intensity. HE showed similar 

protein bands like that of sEV, signifying that the sEV protein content has been conserved through 

the hybridization. More importantly, Dot-blot assay showed the presence of major EV marker 

proteins like transmembrane proteins (CD81, CD63, and CD9), tumor susceptibility gene 101 

protein (TSG101), and integrin alpha M (ITGAM) protein. ITGAM is also known as CD11b 

protein, which is a specific protein marker of macrophage and macrophage-derived EVs (Figure 

4.3D).224 These proteins were present in both sEVs and HE as shown in Figure 2D, which signify 

the successful retention of major EV proteins through hybridization process in HE. The slight 

decrement of intensity in blot signal in case of HE may be due to the interference by synthetic lipid 

content of HE (sEV: Lipid=1:5 in HE). To further confirm the presence of EV marker protein in 

sEVs and HE, one of the major and widely used EV marker protein CD63 was chosen and analyzed 

via western blotting. Western blot assay also further confirmed the presence of CD63 in both sEVs 

and HEs confirming our claim.44,188 ɓ-actin was used as positive control and histone H3, a nuclear 

protein was used as a negative control in dot blot study. All three nanovesicles studied showed the 

presence of ɓ-actin. However, the nuclear protein histone H3 was not present in sEV and HE, 

which also suggested that the isolated sEVs are free from possible nuclear contamination. Result 

of both positive and negative control confirms the specificity of the assay performed. These 

analyses further support the successful fabrication of HE with the conservation of characteristic 

EV protein cargoes.  
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 4.3.3 Doxorubicin loading and release study 

Next, we studied the drug loading and release kinetics to explore the potential application 

of HE in drug delivery. Doxorubicin (DOX) was used as a model drug. DOX was loaded in HE 

using membrane extrusion mediated physical method of drug loading.75 Figure 4.4 represents the 

in-vitro drug loading and release study. Figure 4.4A shows the optimization for the best initial 

input of DOX. The percentage loading efficiency of DOX with respect to various initial input 

concentration of DOX (50, 100, 200, 400 µg/mL) was calculated. The high loading efficiency of 

82% to 99% was observed with input DOX concentration ranging from 400 µg/mL to 50 µg/mL, 

respectively. Based upon this data, percentage drug content with respect to the weight of the carrier 

was quantified gravimetrically after lyophilization. Percentage of drug content with respect to 

carrier increased with the increasing initial concentration of DOX from 0.9% to 5.7%. 

Unfortunately, HE in the case of high loading content gets aggregated as observed from the altered 

size and PDI. However, in the case of 100 µg/ml of initial input of DOX, size and PDI of HE after 

loading (176 nm, 0.25 PDI) was similar to that of before loading (168 nm, 0.27 PDI) as shown in 

Figure 4.4B. Also, the loading efficiency was 99% and the percentage drug content (%wt) with 

respect to the carrier was 1.8%. So, among different study groups of initial DOX input, it was 

found that 100 µg/mL DOX input showed the best stability in media while maintaining its loading 

content (Figure 4.4C).  

With the assurance of good stability of HE, we further studied drug release to explore the 

release kinetics at normal physiological pH (pH 7.4, PBS) and acidic (pH 5.5, Acetate buffer) as 

depicted in Figure 4.4D. HE-DOX showed bursts release in both pH condition up to the first 8h, 

with enhanced drug release characteristic in acidic pH compared to physiological pH when 

evaluated for 48 h. The initial burst release of the drug was found to follow first order release 
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kinetics model (R2 of 0.96 and 0.98). After the initial burst release, sustained drug release was 

observed up to 48 h. Doxorubicin-loaded liposome (Liposome-DOX) was used as control. 

Liposome-DOX showed similar release characteristic with that of HE-DOX with initial burst 

release (first order release kinetics model, R2 0.98 and 0.99) and pH-responsive release 

characteristic. The initial burst release up to 12 h showed higher drug release in both pH conditions 

studied. After an initial burst release, both HE-DOX and Liposome-DOX show sustained release, 

which was slightly higher in case of Liposome-DOX compared to HE-DOX. Higher release at 

later time points in liposome-Dox is probably due to the fact that its surface is not passivated with 

transmembrane protein like in HE-DOX. All in all, our formulated HE-DOX showed a similar 

trend of drug release characteristic to that of control liposome signifying that the engineering 

method applied have retained the drug release characteristic.  

 

Figure 4.4 In-vitro drug loading and release study. (A) Doxorubicin loading efficiency and 

drug content by weight with respect to carrier in different initial concentration of Doxorubicin 

(ɛg/ml) , (B) hydrodynamic size distribution of hybrid exosome before and after DOX loading, 

(C) stability of DOX loaded HE (HE-DOX) over a period in terms of hydrodynamic size and PDI, 

and (D) percentage release of Doxorubicin from HE-DOX and control Liposome-DOX in normal 

physiological condition (PBS, pH 7.4) and acidic condition (Acetate buffer, pH 5.5) 
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Observed higher drug release in the acidic microenvironment is a desirable characteristic 

for drug delivery agent for cancer therapeutics. Cancer cells are often characterized by acidic 

microenvironment225ï227, and we found that formulated HE-DOX can release up to 83% of the 

drug in such acidic environment compared to 55% drug release in normal physiological condition 

when studied up to 48 h. Further to understand the drug burst in an acidic environment, we 

incubated HE and Liposome at pH 5.5 and found a broad distribution in size (Figure 4.S8). This 

broad distribution of hydrodynamic size is possible due to the aggregation and disruption in the 

structure of vesicles in acidic condition, which renders the faster drug release. Considering the 

acidic tumor microenvironment, we hypothesized that the phenomenon would benefit in 

suppressing tumor growth. 

 4.3.4 Biocompatibility  

Biocompatibility of liposome, sEVs, and HE was analyzed in mouse breast cancer cell 4T1, 

mouse osteosarcoma K7M2, and mouse normal fibroblast NIH/3T3 as presented in Figure 4 for 

48 h of treatment. Liposome biocompatibility was analyzed with different lipid concentration, 

whereas in sEVs, and HE, the protein concentration was used as a handle to track biocompatibility. 

Liposome showed at least 80% cell viability even at high concentration (200 µg/ml) in all three 

cell lines. Cellular viability of liposome was found to be 93% to 80% in 4T1, 100% to 81% in 

K7M2, and 100% to 86% in NIH/3T3 in the concentration ranges from 6.25 to 200 µg/mL, 

respectively (Figure 4.5A). This data signifies biocompatibility of liposome even at high 

concentration. In case of sEVs, the range of cell viability with different protein concentration was 

from 92% to 95% in 4T1, 79% to 89% in K7M2, and 79% to 94% in NIH/3T3 in the concentration 

range from 6.25 to 1000 µg/mL (Figure 4.5B). Likewise, for HE, the range of cell viability with 

different protein concentration was from 71% to 99% in 4T1, 73% to 91% in K7M2, and 82% to 
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91% in NIH/3T3 in the concentration range from 6.25 to 100 µg/mL of protein (Figure 4.5C). 

Cell viability of greater than 70% was found even at high protein concentration in both sEVs and 

HE. These observations reflect good biocompatibility of our HE signifying that it can be used as a 

safe delivery agent. 

 

Figure 4.5 In-vitro biocompatibility study. (A) Biocompatibility of synthetic liposome, (B) 

small extracellular vesicles (sEVs), and (C) hybrid exosome on mouse breast cancer cell 4T1, 

mouse osteosarcoma K7M2, and mouse normal fibroblast NIH/3T3. Percentage cell viability was 

quantified using MTT assay. Cells were treated with liposome, with different lipid concentration, 

and small extracellular vesicles and hybrid exosome, with different protein concentration, for 48 

h. 

 

 4.3.5 Cellular internalization study  

Cellular internalization of HE was studied on mouse macrophage (J774A.1), mouse 

osteosarcoma (K7M2), mouse breast cancer (4T1), and mouse fibroblast (NIH/3T3) cells using 

confocal imaging and flow cytometry analysis. Figure 4.6 shows confocal imaging of different 

cell lines showing internalization of Rhodamine-B (Rh-B) labeled HE and liposome and their 

subsequent quantification after 3 h of treatment (Detail figure can be found in Figure 4.S3, 4.S4, 

4.S5, and 4.S6). To optimize the incubation time, we did time-dependent internalization assay of 

Rh-B labeled HE in NIH/3T3 and 4T1 from 1.5, 3, and 6 h time points (Figure 4.S1 and 4.S2). 

Maximum internalization was seen in 3 and 6 h incubation time with no significant differences 

between them. So, we decided to go with 3 h incubation time in all our further experiments.  
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Figure 4.6 Cellular internalization study via confocal imaging. Confocal image of mouse 

macrophage J774A.1, mouse breast cancer cell 4T1, mouse osteosarcoma K7M2, and mouse 

normal fibroblast NIH/3T3 showing cellular internalization of Rhodamine labelled hybrid 

exosome (HE) and liposome, after 3 h incubation. Internalization was quantified in terms of 

corrected total cell fluorescence (CTCF) using ImageJ. (*** = p<0.0001, N.S= Non-significant, 

unpaired t test) 

 

Nanovesicles were stained with Rh-B dye and nucleus of the cell was stained by 4ǋ,6-

diamidino-2-phenylindole (DAPI). Rh-B fluorescence intensity in the individual cell was 

quantified using Image-J. Untreated cells were used as control. Significant higher cellular 

internalization of HE compared to liposome was observed in EV parent cell J774A.1, mouse 

cancer cells 4T1 and K7M2, whereas there was no significant difference in the case of mouse 

fibroblast NIH/3T3 (p<0.0001, Unpaired t-test) (Figure 4.6). Likewise, a similar result was 

observed in the internalization behavior of sEVs which showed higher internalization in EVôs 

parent cell and tumor cell compared to that of normal fibroblast (Figure 4.S9). No Rh-B signal 

was observed in control. This clearly shows the selectivity of sEV and HE toward its parent cells 

and tumor cells compared to that of normal cells. In order to further confirm this finding with a 

more robust quantitative analysis, a flow cytometry assay was performed in 4T1, 
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Figure 4.7 Cellular internalization study via flow cytometry. Flow cytometry analysis showing 

internalization of Rhodamine labelled Hybrid exosome (HE) and liposome in (A) mouse fibroblast 

NIH/3T3, (B) mouse breast cancer cell (4T1), and (C) mouse osteosarcoma (K7M2) after 3 h 

incubation, and (D) ratio of median fluorescence of HE internalization to liposome internalization 

in different cell lines (* = P value < 0.05, Friedman Test, one way ANOVA). 

 

K7M2 and NIH/3T3. Figure 4.7 shows the flow cytometry analysis on three different cell lines 

showing internalization of RhB labeled liposome and HE with respect to control, after 3 h of 

treatment. As can be seen in the fluorescence vs count plot of NIH/3T3, the fluorescent intensity 

of HE and liposome was similar and overlapped, signifying similar uptake characteristic of HE 

and liposome. Contrary to that, in case of tumor cells 4T1 and K7M2, the curve for HE shifted to 

the right compared to the liposome showing enhanced internalization. This observation was 

analyzed quantitatively by taking the median fluorescence value of nanovesicles internalized cell 
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and calculating the ratio of fluorescence value in HE internalized cell to liposome internalized cell, 

as depicted in Figure 4.7D. This analysis shows that HE was internalized 1.1 times higher than 

liposome in NIH/3T3 cell, whereas, in case of tumor cells (4T1 and K7M2), HE was internalized 

3 and 4 times higher compared to the liposome, respectively. Both confocal imaging and flow 

cytometry analysis confirmed the selective internalization of HE towards tumor cell thereby 

supporting our hypothesis.  

HE differs from liposome by the presence of characteristic EV surface proteins. So, the 

differential cancer targeting observed between HE and liposome may be due to the presence of 

acquired surface proteins from an immune cell in HE. We confirmed the presence of one of the 

main EV marker protein CD63, along with CD81, CD9, TSG101, and CD11b in HE. CD63 is a 

transmembrane protein that has reported to enhance cell adhesion.228 So, herein this protein along 

with other surface proteins might play significant role in cellular internalization. Also, reports have 

shown evidence of receptor-mediated internalization of EVs including 1) Intercellular adhesion 

molecule 1 (ICAM1) binding to lymphocyte function associated antigen1 (LFA1), 2) phosphatidyl 

serine binding to T cell immunoglobulin domain and mucin domain protein 1 (TIM1), and 3) Milk 

fat globule EGF factor 8 protein (MFGE8) binding to integrins.229 All these evidences increasingly 

suggest that EV proteins are involved in its internalization process. Further, to analyze the role of 

EV protein content in the observed enhanced internalization of HE, we carried out Proteinase K 

assay. Proteinase K is a serine protease enzyme that has a broad cleavage specificity of proteins. 

sEVs were treated with Proteinase K to digest the membrane proteins as described in methods. 

Control sEVs were not treated. Figure 4.8 shows size, protein characterization, and cellular 

internalization behavior of proteinase K treated sEVs (sEV-proteinase (+)) and control sEVs (sEV-

proteinase (-)). sEVs showed slight increment in hydrodyanimic size and PDI after proteinase  
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Figure 4.8 Proteinase K assay and cellular internalization study. (A) Hydrodynamic size of 

proteinase K treated small extracellular vesicles ( sEV-proteinase (+)), and proteinase K untreated 

small extracellular vesicles (sEV-proteinase (-)), (B) protein quantification of sEV before and after 

treatment of proteinase K via Bradford assay, and (C) confocal image of mouse osteosarcoma 

K7M2 showing cellular internalization of Rhodamine labelled sEV-proteinase (-) and sEV-

proteinase (+) after 3 h incubation. Control cells were incubated with cell culture media only. (D) 

Quantification of cellular internalization of sEV via ImageJ in terms of corrected total cell 

fluorescence (CTCF) before and after Proteinase K treatment. (*** - P value < 0.0001, two tailed 

t test). 

 

treatment, from 112 nm and 0.231 PDI to 137 nm and 0.283 PDI (Figure 4.8A). Protein 

quantification by Bradford assay showed about 50% reduction in total protein content after 

proteinase K treatment, from 441 µg/mL to 205 µg/mL. After proteinase K treatment of sEVs, its 

cellular internalization behavior was analyzed in-vitro on K7M2 cells (Figure 4.8C). sEVs were 

labeled with rhodamine B and nuclei of the cell were stained by DAPI. Cellular internalization 

assay showed a significant reduction of internalization of protease K treated sEVs compared to 

untreated one as represented by the intensity of the red signal in cells. Control cell incubated only 

with cell culture media did not show the red signal. Further, the intensity of internalized 

Rhodamine B labeled sEV-proteinase (+) and sEV-proteinase (-) was quantified using ImageJ, 

which showed about five times reduction of internalization in case of sEV-proteinase (+) compared 
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to sEV-proteinase (-). A similar result of reduction of proteinase K treated exosome was reported 

by Escrevente et. al., where they observed a 45 % reduction of exosome uptake by ovarian cancer 

cell (SKOV3) after proteinase K treatment.230 These results clearly suggest that EV proteins are 

involved in its cellular internalization and observed enhanced internalization of HE in tumor cell 

could be due to the presence of EV proteins. 

 4.3.6 In-vitro cytotoxicity  

In-vitro cytotoxicity of HE-DOX was studied on mouse cancer cell 4T1, K7M2, and mouse 

normal fibroblast NIH/3T3. Figure 4.9 shows the comparative cytotoxicity of HE-DOX and Free 

DOX treatment for 48 h. It was found that the cytotoxicity profile of HE-DOX was similar to free 

DOX on K7M2 and NIH/3T3, whereas, interestingly, it was different in the case of 4T1. The extra 

sum of square F test, with LogIC50 and hillslope as a comparison parameter, was carried out to 

analyze the statistical difference in cytotoxicity in the different cell line. For this, cytotoxicity data 

were normalized and fitted in Dose-response-Inhibition model using GraphPad Prism software.231ï

233 ñLog (inhibitor) vs. normalized response-Variable slopeò model gave best-fit  equation with R-

square value ranging from 0.96 up to 0.99. In case of K7M2 and NIH/3T3, F test does not reject 

the null hypothesis of ñone curve for both datasets: HE-DOX and Free DOXò, signifying that 

cytotoxicity profile of HE-DOX and Free-DOX is not statistically different (P value: 0.74 for 

K7M2, 0.98 for 4T1). Whereas, in case of 4T1, F test rejects the null hypothesis of ñone curve for 

both dataset: He-DOX and Free DOXò, signifying that cytotoxicity profile of HE-DOX and Free-

DOX is significantly different (P value<0.001). This can be clearly seen in IC50 values of HE-

DOX and Free-DOX in the different cell line. IC50 values of HE-DOX and Free DOX was 0.42 

µM and 0.41 µM in K7M2, and 1.90 µM and 1.88 µM in NIH/3T3, showing close similarities in 

IC50 values in these cell lines. Contrary to that, in 4T1, HE-DOX showed relatively low IC50 
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value of 0.82 µM compared to 3.16 µM of Free DOX. From this comparative cytotoxicity data, 

we can confirm that our formulated HE-DOX is as compelling as Free DOX to arrest cancer. 

 

Figure 4.9 In-vitro toxicity assay. Toxicity of Free DOX and HE-DOX on mouse osteosarcoma 

K7M2 (A), mouse normal fibroblast NIH/3T3 (B), and mouse breast cancer cell 4T1 (C) after 48 

h of incubation, and (D) comparative toxicity of HE-DOX against K7M2, 4T1, and NIH/3T3 

showing IC50 value of Free DOX and HE-DOX treatment. Cell Viability data was normalized and 

fitted in Dose-response-Inhibition model: ñLog (inhibitor) vs. normalized response-Variable 

slopeò using GraphPad software for comparative analysis (F test, P value<0.0001). 

 

To explore if there is any selectivity in cytotoxicity of HE-DOX towards tumor cell 

compared to a normal cell, we analyzed the difference in cytotoxicity profile of HE-DOX in mouse 

cancer cell K7M2, 4T1, and mouse normal fibroblast NIH/3T3. Figure 4.9D shows the normalized 

cell viability percentage with respect to the logarithmic of µM concentration of HE-DOX in three 

different cell lines. As can be seen in the dose-response graph, HE-DOX showed lower cell 

viability in tumor cell K7M2 and 4T1 compared to normal fibroblast NIH/3T3, signifying clear 

selectivity of cytotoxicity toward tumor cells. Quantitatively, the IC50 value of HE-DOX on 

K7M2 and 4T1 was 0.42 µM and 0.82 µM, which is significantly lower compared to 1.90 µM 
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IC50 in case of NIH/3T3. This difference in IC50 value and cytotoxicity profile of HE-DOX on 

three different cell line was statistically significant as confirmed by F test from Graph Pad as 

described earlier (P value<0.0001). From this cytotoxicity study, we were able to confirm that HE-

DOX is as potent as free DOX and further shows the selectivity in cytotoxicity for tumor cells 

compared to the normal one. This observed enhanced cytotoxicity of HE-DOX towards tumor cell 

adds another advantage of using HE-DOX for tumor-targeted drug delivery platform.  

Tumor cell contains lots of overexpressed surface proteins compared to normal cell.234 

Owing to this characteristic, there might be elevated events of specific receptor-mediated 

internalization of engineered HE in tumor cell leading to observed higher internalization. Also, 

since sEV is derived from an immune cell, it may carry the intrinsic characteristic of the immune 

cell to target tumors as discussed in the literature.235 Immunological experiments need to be 

conducted to confirm these hypothesis which is out of the scope of this paper. Nonetheless, the 

characteristic of our formulated HE showing tumor selective enhanced internalization and 

cytotoxicity is very desirable in the drug delivery field for cancer therapeutics. Also from the 

observed interaction of HE with its parent cell (J774A.1) (Figure 4.S7), an outstanding 

opportunity to target tumor-associated macrophage, which has reported role in tumor progression 

and metastasis, can be pictured.236 However, a comprehensive study is needed to picture the 

realistic intracellular fate of HE.   

The optimized sEV isolation method used in this study is simple, reagent-free, and uses 

relatively less strain in sEVs compared to traditional available methods. The isolated sEVs showed 

homogenous size distribution with an impressive polydispersity index (139 nm, 0.25 PDI) and 

presence of major EV marker proteins. However, since the method does not include direct 

precipitation of sEVs like in ultracentrifugation method or immuno-affinity precipitation method, 
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isolated sEVs may contain secretory proteins and other non-vesicular compartments, which is the 

limitation of this optimized sEV isolation method. Additional optimization of the method like a 

density gradient separation method to remove the non-vesicular compartment and secreted proteins 

is recommended if purity is a major concern.46 However, the method described herein is best suited 

for high yield and aggregation free sEV isolation with structural integrity and homogenous size 

distribution, which is very important to maximize intracellular drug delivery.  

 4.4 Conclusion 

Here, the aim of engineering HE was to merge the advantage of sEV and liposome drug 

delivery system. By hybridizing sEV with the liposome, we have successfully formulated HE that 

retains the functional properties of sEVs with a higher order of colloidal stability, drug loading, 

and pH-sensitive sustained drug release. Engineered HE showed the differential targeting and 

cytotoxicity against normal and cancerous cells thereby putting itself in the group of potential 

tumor-targeted drug delivery candidates. These outstanding findings of HE validated our 

hypothesis of acquired properties of macrophage to target cancer cell. While the application of EV 

for therapeutic drug delivery is still in developing era, these preliminary results and hybridization 

approach presented would hold promises in addressing issues related to the largescale production 

and surface functionalization of EV mimic structures.  
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Strategic reconstruction of macrophage-derived 

extracellular vesicles as a magnetic resonance imaging contrast 

agent 

Chapter 5, in full, is a reprint of the material as it appears in Biomaterials Science, 2020, Sagar 

Rayamajhi, Ramesh Marasini, Tuyen Duong Thanh Nguyen, Brandon L. Plattner, David Biller, 

and Santosh Aryal. doi:10.1039/D0BM00128G 

 

Abstract 

Contrast agent (CA) in magnetic resonance imaging (MRI) is now an essential add-on to 

get high-quality contrast-enhanced anatomical images for disease diagnosis and monitoring the 

treatment response. However, the rapid elimination of CAs by the immune system and excretion 

by the renal route has limited its application. As a result, the CAs dose for effective contrast is 

ever-increasing, resulting in toxic side effect such as gadolinium (Gd) related nephrogenic 

systemic fibrosis (NSF) toxicity. Considering the widespread application of Gd-based CAs, it is 

now very important to revisit its formulation in order to improve local concentration and minimize 

dose while achieving clinical goals. Therefore, we have adapted a unique strategy to maximize Gd 

delivery to the target site using macrophage cell-derived extracellular vesicles (EVs) reconstructed 

with Gd-conjugated liposomal system herein called as gadolinium infused hybrid EVs (Gd-HEV). 

We hypothesize that Gd-HEV, owing to the presence of immune cell-derived EVs protein cargo, 

can effectively disguise themselves as a biological entity, prolong retention time for contrast 

enhancement, and show tumor specificity. Incorporation of Gd in nanoformulations can enhance 

longitudinal relaxivity r1 by reducing the tumbling rate of paramagnetic metal complexes. Here, 

Gd-HEV showed higher r1 relaxivity of 9.86 mM-1s-1 compared to 3.98 mM-1s-1 of Magnevist® at 
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equivalent Gd concentration, when measured in clinical 3T MRI. This will allow us to reduce 

clinically used Gd concentration about three-fold while maintaining contrast in clinical window 

thereby supporting our hypothesis. Further, Gd-HEV showed preferential cellular interaction and 

accumulation towards cancer cells compared to the non-cancer cell, both in vitro and in vivo. More 

importantly, Gd-HEV showed excellent contrast enhancement in blood vasculature with higher 

retention time compared to its counterpart, Magnevist®. Our study successfully showed that the 

incorporation of Gd in EVs framework can help to enhance contrast ability, and therefore can be 

a platform technology for the development of safer MRI contrast agents. 

 5.1 Introduction  

Magnetic resonance imaging (MRI) is a widely used non-invasive imaging technology that 

produces high-resolution anatomical images for disease diagnosis and treatment monitoring. MRI 

is often accompanied by the administration of MRI contrast agents (CAs) such as gadolinium, 

manganese, and ferric iron-based positive CAs and iron oxide-based negative CAs to enhance the 

contrast of an image for improved diagnostic capability. Positive CAs are designed to make the 

intraluminal contents brighter whereas the negative CAs are designed to make them darker. Due 

to brighter image, gadolinium-based contrast agents (GBCA) are widely used in clinics accounting 

for 50 tons of gadolinium (Gd) administrated annually with a total global market over 1 billion 

dollars per year.237 This dramatic growth of GBCAs is driven by a noninvasive technique 

associated with GBCA usage, and its immediate effect that can provide essential diagnostic 

information. However, the rapid elimination of GBCA through the renal route, extravasation in 

interstitial space, and nephrogenic systemic fibrosis (NSF) toxicity have limited its clinical 

application.238,239 To solve this problem, GBCA has been incorporated with different types of 

nanoparticulate systems including liposomal, polymeric, and hybrid nanoparticulate systems with 
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the goal to enhance contrasts, reduce the clinically used dosage, improve precision targeting to the 

disease site, and to limit  associated toxicities.240ï243 Here, we have proposed to incorporate GBCA 

in the extracellular vesicles framework to mimic endogenous functionality for immune evasion 

and enhanced intraluminal residence. 

Extracellular vesicles (EVs) are bilayered proteolipid vesicles secreted by cells to the 

extracellular environment. They are distinguished into exosomes (30-150 nm), microvesicles (200-

500 nm), and apoptotic bodies (1- 10 µm) based upon their size and origin.244 Here, extracellular 

vesicles represent vesicles with size less than 200 nm that may constitute exosomes and small 

microvesicles. Throughout this paper, these vesicles are termed as ñextracellular vesicles (EVs)ò, 

as per the recommendation of minimal information for studies of extracellular vesicles 2018 

(MISEV2018).245 Owing to the unique endosomal derived biogenesis which accompanies complex 

endosomal sorting process, EVs share characteristic of their parent cells.246ï248 For example, 

tumor-derived EVs have tumor homing characteristic and immune cell-derived EVs naturally seek 

diseased cells and exogenous material.249,250 These parent-cell derived characteristics can be 

attributed to the presence of parent cell-specific protein cargoes of EVs.251 As such, tumor-derived 

EVs contain tumor antigens and dendritic cells derived EVs contain MHC-II -peptide 

complexes.251 EVs also share common characteristics irrespective of their origin such as their role 

in cell-cell communication, given that large portions of EVs derived from different cell share 

common cargo including cytoskeletal (actin, fibronectin), transmembrane proteins (CD9, CD63, 

CD81), heat shock proteins (HSP 90, HSP 70), and proteins involved in vesicular trafficking 

(ESCRT, Tsg101, Alix).252ï254 With this rich protein cargo content and endogenous origin, EVs 

can effectively communicate with the endogenous environment. In this study, our aim of 

incorporation of GBCA with these EVs framework is to exploit these endogenous functionalities 
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to develop a biomimetic contrast agent that can effectively communicate with the endogenous 

environment, thus avoiding rapid immune clearance. Such a feature may lead to high blood 

retention time where contrast agents can be monitored in the vasculature for an extended period of 

time thereby providing essential diagnostic information. 

In this study, EVs were isolated from mouse macrophage J774A.1 cells using an optimized 

centrifugation-ultrafiltration method and reconstructed with Gd conjugated liposomal system by 

extrusion mediated membrane fusion, thus formulating gadolinium infused hybrid extracellular 

vesicles (Gd-HEV). Mouse macrophage J774A.1 cell were selected as the source of EVs with the 

expectation of improved communication with the endogenous immune system and potentially 

enhanced tumor-targeting functionality. We hypothesize that the reconstructed Gd-HEV, owing to 

the presence of EVs, can disguise themselves as a biological entity and prolong retention time for 

contrast enhancement. Also, due to the immunological origin of EVs, we hypothesize that Gd-

HEV would show tumor specificity and preferentially accumulate in tumor tissue. To test these 

hypotheses, Gd-HEV were tracked in vitro and in vivo by - 1) incorporating fluorescent imaging 

tag, Rhodamine B conjugated lipid, to track the cellular localization, 2) near-infrared 1,1ǋ-

dioctadecyl-3,3,3ǋ,3ǋ-tetramethylindotricarbocyanine iodide (DiR) dye to track the in vivo particle 

localization in a tumor, and 3) 3T clinical MRI  to analyze the biodistribution and contrast 

enhancement characteristic of particles. Furthermore, Gd-HEV was extensively evaluated for its 

physicochemical properties such as hydrodynamic size, surface property, protein content, colloidal 

and serum stability, and magnetic properties to ensure its fit for in vivo analysis. This study has 

demonstrated the post-production reconstruction of EVs with imaging agents to formulate Gd-

HEV and monitor it's in vitro and in vivo fate. The overarching aim of formulating Gd-HEV is to 
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develop multimodal imaging agents with contrast enhancement, longer retention time, and 

differential cellular interaction for disease diagnosis and treatment monitoring. 

 5.2 Materials and methods 

 5.2.1 Materials 

Lipids 1,2-distearoyl-sn-glycero-3-phosphoethanolamine (DSPE), L-Ŭ-

phosphatidylcholine (Egg, Chicken) (EggPC), Phospholipid conjugated l-Ŭ-

Phosphatidylethanolamine-N-(lissamine rhodamine-B sulfonyl) (Ammonium Salt) (Rh-B), and l-

Ŭ-Phosphatidylethanolamine-N-(4-nitrobenzo-2-oxa-1,3-diazole) (Ammonium Salt) (NBD) were 

purchased from Avanti Polar Lipid Inc. (Alabaster, AL, USA). Cholesterol was purchased from 

Fisher. Gd (III) acetate (Gd(OAc)3) was purchased from Alfa Aesar (USA). N-

Hydroxysuccinimidyl ester activated 1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid 

(DOTA-NHS) was purchased from Macrocyclics. CellLightTM Early Endosomes-GFP was 

purchased from Thermo Fisher Scientific. DAPI dye (4ǋ,6-Diamidino-2-phenylindole 

dihydrochloride) and (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide) (MTT) 

reagent were purchased from Sigma-Aldrich. Mouse monoclonal antibody CD63 and ɓ-Actin were 

purchased from Santa Cruz Biotechnology. All other reagents and chemicals were of analytical 

grade. 

 5.2.2 Cell lines and animal model 

Mouse macrophage J774A.1, mouse normal fibroblast NIH/3T3, mouse osteosarcoma 

K7M2, and human peripheral blood monocyte THP-1 were purchased from ATCC, Manassas, 

USA. Cells were maintained in Dulbeccoôs Modified Eagleôs Medium (DMEM) supplemented 

with 10% (v/v) Fetal Bovine Serum (FBS) and 1% streptomycin at 37 ÁC in 5% CO2 environment. 

For THP-1 cells, Roswell Park Memorial Institute Medium (RPMI) was used. 
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All animal experiments and protocols were performed in strict accordance with the NIH 

guidelines for the care and use of laboratory animals (NIH Publication no. 85-23 rev. 1985). The 

animal protocols were approved by the Institutional Animal Care and Use Committee (IACUC) 

and Institutional Biosafety Committee (IBC), Kansas State University, Manhattan, Kansas. Six-

week-old female NU/NU nude mice were purchased from Charles River Laboratories 

International, Inc. and used for the study after 10 days of acclimation. 

 5.2.3 Synthesis of gadolinium infused liposome (Gd-Liposome) 

Gadolinium lipid was synthesized by chelating Gd in DSPE-DOTA following two-step 

method as reported in our previous works.255ï257 First, DSPE-DOTA was synthesized via NHS 

coupling chemistry. Briefly, 75 mg DSPE dissolved in 10 mL chloroform containing 2% (v/v) 

triethylamine (TEA) was mixed with 86 mg DOTA-NHS ester and incubated for 3 h at 40°C. The 

product DSPE-DOTA was purified by repeated freeze-thaw cycles followed by centrifugation 

(4500g, 10 min, room temperature) to precipitate by-products. The supernatant was syringe filtered 

(0.22 µm) and lyophilized to get pure DSPE-DOTA. Thus obtained DSPE-DOTA was chelated 

with Gd. For this, 0.05 mmol of DSPE-DOTA in acetate buffer (pH 5.5) was treated with 0.5 mmol 

of Gd(OAc)3 at 50 °C for 12 h. After incubation, the Gd-DOTA-DSPE (Gd-Lipid) was purified by 

centrifugation at 4500 g for 10 min at room temperature. Non-chelated Gd was removed by 

washing the product with acetate buffer (pH: 5.5) and distilled water, 3 times each, and then 

lyophilized to get pure Gd-DOTA-DSPE (Gd-Lipid). 

Gd-Lipid, EggPC, and cholesterol were used in 20:50:30 molar ratio to formulate 

gadolinium infused liposome (Gd-Liposome) using thin-film hydration technique following 

membrane extrusion.256,257 Briefly, lipid mixture equivalent to 500 µg was taken and the thin film 

was created by overnight solvent evaporation. The lipid film was then hydrated by 1 mL phosphate 
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buffer saline (PBS) followed by vortexing and sonication (bath and probe sonication, 50% 

amplitude, 2 min) for proper mixing resulting to the formation of liposome (500 µg/mL). Liposome 

solution was then extruded through a 200 nm polycarbonate membrane filter to get unilamellar 

liposomes. For dye labeling of Gd-Liposome, 20 µg of rhodamine B was added in 1000 µg of Gd 

liposome formulation to give rhodamine B labeled Gd-Liposome following thin-film hydration. 

 5.2.4 Synthesis of gadolinium infused hybrid extracellular vesicles (Gd-HEV)  

Small extracellular vesicles (sEVs) were isolated from mouse macrophage J774A.1 using 

the optimized centrifugation-ultrafiltration method as described in our earlier work.250 Briefly, 

cells were grown to 70% confluency (5-6 million cells) in T75 flask before adding 15 mL 

conditioned DMEM media without serum and phenol red. Cell culture supernatant was harvested 

after 48 h incubation with cells and centrifuged at 2000g for 15 min to remove cell debris. The 

supernatant was purified and concentrated around 10 times using a 10 k molecular weight cut off 

(MWCO) amicon filter (2000 g, 15 min). The concentrated supernatant was then filtered with a 

220 nm filter to remove large EVs. Further, sEVs was purified using sepharose CL-4B size-

exclusion chromatography258. The purified sEVs were quantified in terms of protein content using 

the Bradford assay. Generally, around 8-10 mL of purified EVs solution is obtained from 100 mL 

of conditioned EV media, which give a protein yield of around 300-500 µg/mL. 

Gd-Liposome and sEVs were hybridized using membrane extrusion to formulate 

gadolinium infused hybrid extracellular vesicles (Gd-HEV). Briefly, Gd-Liposome was mixed 

with sEVs in a 5:1 ratio of lipid: protein weight, vortexed, sonicated (bath and probe sonication, 

30% amplitude, 2 min), and finally extruded with 200 nm polycarbonate filter for hybridization. 

The illustration of hybridization is presented in Schematic 1. 



102 

 5.2.5 Characterization 

The physicochemical characterization of Gd-HEV was studied by dynamic light scattering 

(DLS, MALVERN ZSP) and transmission electron microscopy (TEM) (FEI Technai G2 Spirit 

BioTWIN). The stability of nanoformulations was measured in terms of hydrodynamic size (nm), 

polydispersity index (PDI), and serum stability over a period. For serum stability, 50 µL of 90% 

fetal bovine serum was added in 150 µL of nanoformulations, and absorbance was taken 

immediately at 540 nm using Microplate reader (BioTek, Synergy H1 Hybrid reader) at every 6 

seconds with double orbital shaking till 90 min. Protein characterization of sEVs and Gd-HEV 

were carried out using Bradford assay, Fourier-transform infrared spectroscopy (FTIR), sodium 

dodecyl sulfateïpolyacrylamide gel electrophoresis (SDS-PAGE), and Dot blot. For Bradford 

assay, Bradford reagent was used for protein quantification by measuring the absorbance at 595 

nm.259 For FTIR, Gd-HEV and sEVs were lyophilized and analyzed using icoletÊ iSÊ 50 FT-

IR Spectrometer (Thermo Fisher). For SDS-PAGE, samples were concentrated and mixed with 

sample loading buffer in a 1:1 ratio. Protein concentration was maintained at 1 µg/µL. 25 µl of 

each sample was loaded in wells of 4-20% Mini -PROTEAN® TGX Protein Gels and gel was run 

in the electrophoresis chamber (200V, 25 mA) until the protein band reaches the base of gel which 

may take around 45- 60 minutes. After the completion of electrophoresis, the gel was stained using 

Coomassie Brilliant Blue and imaged by Bio-Rad imager for the analysis of protein bands. For dot 

blot, a drop of samples (2-4 µL) were added in Polyvinylidene Fluoride (PVDF) membrane and 

incubated with blocking buffer for 30 minutes at room temperature. The blocking buffer was 

replaced by a primary antibody of interest, here CD63 and ɓ-Actin, and incubated overnight at 4° 

Celsius. The primary antibody was washed by wash buffer and replaced by HRP conjugated anti-

https://www.sciencedirect.com/topics/engineering/spectrometer
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mouse IgG secondary antibody (Cell signaling). Following 1 h incubation, the membrane was 

washed and developed using Signal Fire ECL TM Reagent for imaging (Bio-imager, Kodak). 

Hybridization leading to the formulation of Gd-HEV was monitored by fluorescent 

resonance energy transfer (FRET) as described in our earlier work.250,260 Briefly, FRET liposome 

was prepared by incorporating NBD lipid (electron donor), and RhB lipid (electron acceptor) in a 

1:7 molar ratio. For membrane fusion analysis, 20 µL of FRET liposome was fused with 100 µL 

of sEVs containing approximately 100 µg proteins. The mixture was bath sonicated for 2 minutes 

to initiate fusion. Emission spectra (500 to 700 nm) of FRET liposome before and after fusion with 

sEVs was measured by exciting the samples at 440 nm to analyze the hybridization between Gd-

HEV and sEVs. 

 5.2.6 Gadolinium loading and release study 

Three different Gd-HEV formulation was prepared to vary the molar ratio of the 

constituents: EggPC:Gd-Lipid: cholesterol. The ratio of EggPC: Gd-Lipid was varied while 

keeping cholesterol constant to make three different formulations viz. Gd-HEV-1 (EggPC:Gd-

Lipid:cholesterol= 20:50:30), Gd-HEV-2 (EggPC:Gd-Lipid:cholesterol= 35:35:30), and Gd-

HEV-3 (EggPC:Gd-Lipid:cholesterol= 50:20:30). Percentage Gd loading and Gd weight 

percentage (wt %) were calculated in each formulation using the equation given below to optimize 

the best formulation. The amount of Gd in fabricated Gd-HEV was quantified using inductively 

coupled plasma mass spectrometry (ICP-MS). 

 % Gd loading = (Initial Gd input/ Gd in fabricated Gd-HEV) *100 

 Gd wt % = (weight of Gd in Gd-HEV/ weight of Gd-HEV) *100 

Free Gd+3 ion release from Gd-HEV formulation and Magnevist® was tracked over a period 

of 72 h by dialysis. 1 mL of Gd-HEV and Magnevist® containing 20 µg/mL of Gd was dialyzed 
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using 100-500Da (molecular weight cut off) dialysis membrane in 100 mL PBS release media kept 

at 37 °C while constant stirring (80 rpm) to maintain the sink condition during the experiment. 1 

mL of release media was taken at a regular interval and replaced by fresh media. The amount of 

free Gd+3 ion in the release media was quantified using ICP-MS and cumulative release percentage 

was calculated using the following equation. 

% cumulative Gd release = (Gd in release media/ Gd in 100% release) x 100 

 5.2.7 Evaluation of magnetic properties of Gd-HEV 

Magnetic characterization of Gd-HEV was done using state-of-art 3T clinical MRI (Canon 

Galan 3 Tesla MRI) at the Veterinary Health Center of College of Veterinary Medicine, Kansas 

state university. T1 weighted image of Gd-HEV was taken at different millimolar (mM) 

concentrations of Gd. The longitudinal relaxation time of Gd-HEV in aqueous solution was 

obtained using a fast spin-echo sequence with a variable repetition time (TR= 6000, 5000, 4000, 

3000, 1500, 800, 600, 400, 200 ms). Echo time (TE) was 10 ms, with slice thickness = 2 mm, flip 

angle (FA) = 90°, FOV = 25.6 x 25.6, and image size of 256 x 256. Longitudinal relaxivity (r1) 

was calculated based upon the slope of the linear fit of æ1/T1 versus Gd concentration in the 

sample. Magnevist®, a clinical contrast agent, was used as a control contrast agent. Magnetic 

characterization of Magnevist® was done using the same magnetic parameters. Further, the 

magnetic characterization of Gd-liposome was done following the same parameter to analyze the 

effect of EVs content on the magnetic property of the hybrid particle. For comparative study, the 

amount of Gd was kept the same in Gd-HEV, Magnevist®, and Gd-Liposome. 

 5.2.8 In  vitro biocompatibility  

In vitro biocompatibility of Gd-HEV and Gd-Liposome on mouse osteosarcoma (K7M2) 

and mouse normal fibroblast (NIH/3T3) was assessed following the MTT assay.261 10,000 cells 
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were seeded in 96 well plates. After 24 h, cells were incubated with varying lipid concentrations 

of Gd-HEV and Gd-Liposome from 200 to 6.25 ɛg/mL for 48 h in 5% CO2 environment at 

37°Celcius. Cells were then washed by PBS and incubated with MTT reagent (0.5 mg/mL) for 2 

h. MTT reagent was prepared by adding 5 mg MTT in 1mL PBS, syringe filtered (220 nm), and 

diluted to 10 mL in serum-free DMEM media. MTT reagent forms formazan crystal by reacting 

with mitochondria of live cells. Thus formed formazan crystal was solubilized in 100 ɛL DMSO 

and absorbance was measured at 550 nm using microplate reader (BioTek, Synergy H1 Hybrid 

reader). 

 5.2.9 In  vitro cellular interaction of Gd-HEV 

In vitro cellular interaction of Gd-HEV was evaluated in terms of its localization with early 

endosomes in cells. Gd-HEV was evaluated for cellular specificity among mouse osteosarcoma 

K7M2 and mouse normal fibroblast NIH/3T3 by tracking its internalization and localization in the 

early endosome. Cells were transfected by CellLightTM Early Endosomes-green fluorescent protein 

(GFP) following manufacturer protocol. 10,000 cells were seeded in 96 well plates and incubated 

with 10 µL GFP for 20 h for transfection. After that, transfection media was removed with fresh 

media and transfected cells were incubated with Rhodamine B labeled Gd-HEV for 3 h. Cells were 

then fixed by 4% Paraformaldehyde. Nuclei were stained by DAPI and cells were observed with 

a Confocal Laser Scanning Microscope (Carl Zeiss, LSM-700). Internalization was quantified 

based upon the intensity of red color inside cells produced by Rhodamine B labeled Gd-HEV using 

the image analysis software ImageJ. The degree of colocalization was quantified based upon 

Pearsonôs correlation coefficient (R) using ImageJ colocalization analysis. 
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 5.2.10 In  vitro immunogenicity assay 

In vitro immunogenicity of EVs and its derivative particles were tested in human peripheral 

blood monocyte to assess the molecular functionality in terms of immunogenic response using 

cytokine release assay.75,76,262 In brief, 500,000 THP-1 cells were seeded in 12 well plates and after 

24 h, six different particles were treated and the cells were incubated for another 24 h. Gd-HEV 

(100 µg/mL), Gd-Liposome (100 µg/mL), EVs (20 µg/mL, equivalent EVs concentration in Gd-

HEV), Magnevist (14 µg/mL, equivalent Gd concentration in Gd-HEV), LPS (6 µg/mL), and PBS 

were treated. Here, LPS is positive control and PBS is a negative control. The cell culture 

supernatant for each treatment was collected, centrifuged (2000g, 10 min, 4°C) to remove cell 

debris, and immediately used for cytokine analysis. Supernatants were analyzed for 

proinflammatory cytokines (Interleukins IL-6, IL-1ɓ, and Tumor Necrosis Factor-alpha (TNF-Ŭ)) 

using quantitative enzyme-linked immunosorbent assay KIT (ELIA) (R&D Systems, Inc. 

Minneapolis, MN) following manufactureôs protocol. The absorbance of standards, samples, and 

controls was measured at 450 nm with wavelength correction at 540 nm using Synergy H1 hybrid 

microplate reader (BioTek Instruments Inc. VT) to quantify cytokines released in each treatment. 

 5.2.11 In  vivo study by fluorescence bioimaging and magnetic resonance imaging 

In vivo imaging assay was performed in immunodeficient NU/NU nude mice (Charles 

River, 088/NU/NU homozygous) to analyze the contrast enhancement, biodistribution and tumor 

homing property of Gd-HEV using near infra-red fluorescent bioimaging and MRI. Mice 

experiments were conducted following the animal use protocol approved by KSU IACUC. Mouse 

osteosarcoma tumor was developed by subcutaneous injection of K7M2 cells (1x 106) dispersed 

in PBS in the lower flank of mice.257 Mice were then monitored every other day for tumor size and 
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overall weight. When the tumor size reached approximately 6 mm, mice were injected with 

particles and imaged. 

For fluorescent bioimaging, Gd-HEV and Gd-Liposome were labeled with 1,1ǋ-

dioctadecyl-3,3,3ǋ,3ǋ-tetramethylindotricarbocyanine iodide (DiR) dye using physical 

encapsulation technique. 20 µL DiR dye was added in 1000 µg Gd-HEV and extruded using a 200 

nm polycarbonate membrane filter for physical encapsulation of dye in Gd-HEV. 10 mg/kg of DiR 

labeled Gd-HEV and Gd-Liposome in 100 ɛL volume was injected in tumor-bearing mice (n=3) 

by lateral tail vein injection. Mice were anesthetized using 2-3% isofluorane in 100% oxygen and 

imaged under anesthesia by the Pearl® Trilogy imaging system (LI-COR®). Images were taken at 

pre-injection, 1 h, 3 h, 6 h, and 24 h post-injection to analyze time-dependent biodistribution of 

Gd-HEV in mice. After 24 h, mice were euthanized, and organs were collected and imaged. The 

amount of Gd-HEV localized in the organ was quantified based upon the amount of Gd in the 

organ using inductively coupled plasma-mass spectroscopy (ICP-MS). 

For magnetic resonance imaging, Gd-HEV with 100±10 µg equivalent of Gd in 100 µL 

PBS was injected in mice intravenously and imaged on a Vantage GalanÊ 3T MRI clinical 

scanner. The MRI images of mice under anesthesia (2-3% isofluorane in 100% oxygen) were 

acquired before injection, at injection and post-injection at 15 mins and 60 mins. To analyze the 

tumor homing property, images were processed to focus tumor area. Magnevist®, a clinical 

contrast agent was used as a control particle and injected in mice with equivalent Gd3+ amount as 

that of Gd-HEV. The T1Ȥweighted MR images were recorded using a fast spin-echo sequence at 

TR=11.40 ms, TE=5.50 ms, FA=25º, slice thickness=1 mm, and FOV=126 mm. Images were 

processed for maximum intensity projection with background subtraction to reconstruct the three-

dimensional image for precise representation of contrast enhancement using Medical Image 
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Processing, Analysis, and Visualization (MIPAV) software. All animal experiments and protocols 

were approved by the Institutional Animal Care and Use Committee and Institutional Biosafety 

Committee, Kansas State University, Manhattan. 

 5.2.12 Histologic Analysis 

Histologic analysis of tissue section of different organs of mice injected with Gd-HEV was 

completed. Organs from untreated mice were used as controls. Mice were euthanized, and organs 

were collected after 24 post-injection with Gd-HEV. Lungs, heart, kidney, liver, and tumor were 

collected and immersed into 10% formaldehyde solution for tissue preservation. After fixation, 

tissues were trimmed onto a single glass slide and stained with hematoxylin and eosin (H&E) for 

histologic analysis, per standard laboratory protocols.263 

 5.2.13 Statistics 

Analysis of covariance between two linear regression lines was analyzed using regression 

analysis and selecting ñTest whether the slopes and intercepts are significantly differentò option in 

GraphPad Prism. The statistical differences between the linear regression lines were analyzed 

based upon the difference in slopes and intercepts. First, the analysis of slopes is conducted to give 

a p-value. A P-value less than 0.05 signify that the differences in the slope of two linear regression 

lines are statistically significant suggesting two linear regression is significantly different. The P-

value for slope more than 0.05 signifies that the slope of linear regression is not significantly 

different. This observation warrants the evaluation of intercepts of two linear regression lines. The 

P-value of intercept higher than 0.05 concludes that differences between intercepts are not 

significant and two linear regression are not statistically different. All major data represents 

Mean±SD with triplicate experiments. For biocompatibility data, the number of replication was 

six. 
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 5.3 Results and discussion 

 5.3.1 Characterization 

EVs were isolated by in vitro cell culture of mouse macrophage J774A.1 as detailed in 

methods. Gd based contrast agent incorporated in the liposomal system was hybridized with EVs 

construct to formulate gadolinium infused hybrid extracellular vesicles (Gd-HEV) using thin-film 

hydration technique followed by membrane extrusion, as depicted in Figure 5.1. Gd-HEV were 

characterized for size and surface property using dynamic light scattering. Gd-HEV showed the 

 

Figure 5.1 Schematic representation of the reconstruction process of extracellular vesicles 

with gadolinium infused lipid cake for the fabrication of gadolinium infused hybrid 

extracellular vesicles (Gd-HEV) via membrane fusion. Gd-HEV, being reconstructed from 

endogenous EVs, can communicate with the endogenous environment to avoid rapid immune 

clearance thereby allowing for longer blood retention time for MRI contrast enhancement.  

 

hydrodynamic size of 127±2 nm and 0.18±0.01 PDI with size distribution similar to Gd-Liposome 

(138±2 nm and 0.2±0.01 PDI). Surface charge analysis showed a negative zeta potential of -33±4 

mV for Gd-HEV and -37±3 mV for Gd-liposome. Size and surface charge analysis demonstrated 

that engineered Gd-HEV physical properties are similar to that of control Gd-liposome and is not 
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significantly affected by hybridization (Figure 5.2A & B ). Moreover, the negative zeta potential 

further reflects the properties of the EVs, which together with liposomal properties such as 

monodispersed hydrodynamic characteristics confirmed the hybridization process.  

Transmission electron microscopy showed the morphological characteristic of sEVs and 

Gd-HEV as shown in Figure 5.2C. Both particles are spherical entities with slight changes in 

surface morphology after hybridization in Gd-HEV. With the confirmation of size, surface 

property, and morphological characteristics, Gd-HEV were then characterized for colloidal 

stability in PBS and serum condition. The stability of nanoformulations is key to maintaining its 

efficacy in biological media. Therefore, analysis of stability in a proper solvent such as complex 

serum environment is crucial for in vitro and in vivo experiments. Nanoformulations can form 

aggregates in serum due to the formation of protein corona in its surface.264 To evaluate the 

dynamic stability of Gd-HEV, Gd-HEV was subjected to serum environment and routinely 

compared with PLGA polymeric nanoparticle without any coatings (Figure 1F).265 

Engineered Gd-HEV were analyzed for colloidal stability for up to 30 days in terms of size 

and PDI in which Gd-HEV retained its physiochemical properties (Figure 5.2D & E ). After 15 

days and 30 days, the slight increment of both size (up to 160 ± 10 nm) and PDI (up to 0.3 ± 0.05) 

was observed, but the integrity of the particle was still maintained. After brief agitation using 

sonication (30% amplitude, 30 s) the size measured shows minimal changes signifying that the 

increment in size overtime may be due to particle aggregation, which was then disrupted by 

sonication. Serum stability analysis of Gd-HEV showed stable absorbance through 90 minutes of 

study signifying that the particle does not aggregate in the serum environment (Figure 5.2F). It is 

significant to note that serum stability measures the serum-induced aggregation of particles, which 

happens immediately when putting particle in serum. Therefore, the steady absorbance observed 
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over a 90 minute period clearly reflects the stability of Gd-HEV in serum. To confirm this 

phenomenon, we used PLGA nanoparticle without surface coating to serve as a positive control. 

We observed a rapid increase in absorbance in its first 20 minutes of exposure to serum suggesting 

rapid corona formation and aggregation of the particles. The stability of Gd-HEV in the serum 

environment can be attributed to its biomimetic surface characteristic with transmembrane proteins 

derived from extracellular vesicles. These protein constructs of engineered Gd-HEV can 

communicate with the in vivo protein environment and convince the body that they are 

endogenous, thereby escaping rapid protein corona formation.266,267 Along with the stability, 

biomimicry can aid in particle retention in blood and tissue, ultimately allowing maximum time 

for the particle to show its effect. 

 

Figure 5.2 Physicochemical characterization of Gd-HEV. (A) Hydrodynamic size of Gd-HEV 

and Gd-Liposome, (B) zeta potential of Gd-HEV and Gd-Liposome showing surface charge 

characteristic, (C) transmission electron microscopy of small extracellular vesicles (sEV) and Gd-

HEV showing morphological characteristic of vesicles, (D) stability of Gd-HEV and Gd-Liposome 

in terms of hydrodynamic size, (E) polydispersity index (PDI) over the period of 30 days, and (F) 

serum stability of Gd-HEV in terms of absorbance at 560 nm over 90 min of study. PLGA was 

used as a positive control. 
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Protein characterization and evaluation of hybridization 

We moved forward to evaluate the retention of biomimicry in Gd-HEV with respect to 

naive EVs. SDS-PAGE analysis gave signature bands of different proteins present in EVs and Gd-

HEV (Figure 5.3A). Gd-HEV showed protein bands similar to that of EVs suggesting the retention 

of protein content through hybridization. These proteins are the main player in the functional 

aspect of EVs, as such, retention of these characteristic proteins helps to maintain the biomimicry 

in Gd-HEV. The specific proteins from these bands were extensively characterized in our recent 

publication where EVs showed the presence of characteristic EV marker proteins CD9, CD63, 

CD81, CD11b, and TSG101.250 Here, EVs and Gd-HEVs were characterized for the presence of 

one of the EVs marker protein, CD63, using dot blot. ɓ-Actin was used as a positive control. Both, 

EVs and Gd-HEV showed the presence of CD63 and ɓ-Actin (Figure 5.3C). Protein contents were 

further characterized spectroscopically using FTIR. Figure 5.3B represents the FTIR spectra of 

EVs and Gd-HEVs in terms of %Transmittance with respect to Wavenumbers (cm-1). Both EVs 

and Gd-HEV showed a characteristic peak at around 1043-1064, 1120-1242, 1400-1465, 1576-

1646, and 3726 cm-1. Peaks at 1043-1064 cm-1 and 1120-1242 cm-1 represents the stretching 

vibration of phosphodiester and ether groups of phospholipids and cholesterol.268,269 The sharp 

peak observed in the case of Gd-HEVs suggests the presence of phospholipid and cholesterol 

bonds that can be attributed to the hybridization of liposome with EVs. Peak around 1400-1465 

cm-1 is due to the bending vibration of lipid and protein hydrocarbon groups. Peak around 1576-

1646 cm-1 can be attributed to the presence of an amide bond arising from C=O stretching vibration 

and N-H bending vibration of the peptide bond. The broad peak observed around 3726 cm-1 can 

be attributed to N-H stretching vibration of the peptide bond along with the broad ïOH stretching 

vibration.268 Along with these peaks, Gd-HEV showed a specific peak at 1730, 2852, and 2923 

cm-1 which was not observed in the case of EVs. All these specific peaks can be attributed to lipids 
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present in Gd-HEV. The peak at 1730 cm-1 is due to the presence of ester groups of phospholipids 

and cholesterol while the peak at 2852 and 2923 cm-1 is due to the symmetric and antisymmetric 

stretching vibration of the lipid acyl -CH2 groups. While the presence of lipids is in EVs as well, 

Gd-HEV is engineered with synthetic lipids (synthetic lipids: EVs protein = 5:1). The extra 

hybridized synthetic lipid in EVs could explain the observed specific lipid IR peak in the case of 

Gd-HEV. The presence of specific protein and lipid peak in the case of Gd-HEV further validated 

the hybridization of EVs with synthetic liposomes. 

Hybridization was further evaluated using a fluorescent-based energy transfer (FRET) 

experiment. FRET is a powerful biophysical technique to monitor macromolecular interaction 

between fluorescent molecules.270 In FRET, an electronically excited fluorophore (FRET donor) 

transfers its energy to another chromophore (FRET acceptor) that has the absorption spectrum 

overlapped with the emission spectrum of the donor.271 By monitoring this transfer of energy 

between two FRET pairs-donors and acceptors, membrane fusion can be monitored in bio-

membranes.242,260,272ï274 Here, FRET liposome was prepared by integrating FRET donor NBD 

lipid and FRET acceptor RhB lipids in the liposomal construct as detailed in methods. When this 

FRET liposome is electronically excited at 440 nm to excite NBD lipid chromophore and emission 

spectra recorded, characteristic emission spectra as shown in Figure 5.3D is observed. The 

emission spectra have two maxima peak, with slight maxima at 525 nm and significant maxima 

peak at 595 nm suggesting energy transfer from FRET donor NBD (ɚem 525 nm) to FRET acceptor 

RhB (ɚem 595 nm). This liposome was then hybridized with EVs to formulate Gd-HEV and again 

the emission spectra were recorded. Emission spectra of Gd-HEV showed a decrement in maxima 

peak at 595 nm and increment in maxima peak at 525 nm compared to that of FRET liposome 

suggesting a decrease in energy transfer efficiency. FRET is distance-dependent and the decrease 



114 

in FRET efficiency suggests the increment in the distance between two fluorophores-NBD lipids 

and RhB lipids.275 This strongly suggests the insertion of EVs lipid and protein content in the 

liposomal lipid bilayer resulting in the increment of the distance between two fluorophores. Hence, 

FRET experiment validated the successful hybridization between Gd-Liposome and EVs, to 

fabricate Gd-HEV. 

 

Figure 5.3 Protein characterization and evaluation of hybridization. (A) SDS-PAGE analysis 

of EVs and Gd-HEV showing bands of different proteins along with their molecular weights, (B) 

FTIR analysis of EVs and Gd-HEV showing % transmittance peaks for lipids and proteins at 

different wavenumber, and (C) dot blot assay for the identification of EVs marker protein CD63. 

ɓ-Actin was used as a positive control. (D) FRET study showing emission spectra of FRET 

liposome and Gd-HEV (FRET liposome hybridized with EVs). FRET study was conducted using 

fluorescent donor NBD (ɚem = 525 nm) and fluorescent acceptor RhB (ɚem = 595 nm) at an 

excitation wavelength of 440 nm.  

 

 5.3.2 Gadolinium loading, release, and biocompatibility study 

The component Gd is from the Gd-lipid conjugate which was synthesized following our 

protocol.242,255,256,276 Gd lipid in Gd-HEV is responsible for the magnetic property of the particle. 

The amount of Gd-lipid in Gd-HEV can be crucial in maintaining the optimum magnetic property. 

To optimize optimum loading efficiency and wt% of Gd in Gd-HEV, three different formulations 
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of Gd-HEV were prepared by varying the molar ratio of Gd-Lipid and EggPC while keeping the 

amount of cholesterol constant. Gd-HEV-1 (20:50:30), Gd-HEV-2 (35:35:30), and Gd-HEV-3 

(50:20:30) were prepared with a different molar ratio of EggPC: Gd-Lipid: Cholesterol. All three 

formulations gave good loading efficiency, ranging from 87 to 99%, showing the high efficiency 

of hydrophobic insertion strategy to incorporate Gd-lipid in Gd-HEV (Figure 5.4A). In the case 

of Gd wt%, Gd-HEV-1 showed the highest wt% with 1.9%, compared to 1.3 wt% in Gd-HEV-2, 

and 0.86 wt% in Gd-HEV-3. The trend of observed wt% was in accordance with the input Gd-

Lipid amount in formulations. The overall wt% of three different formulations was not 

significantly different from each other. With similar loading efficiency and wt%, Gd-HEV 

formulations were analyzed in terms of stability over a period. Gd-HEV-3 gave the best stability 

in terms of size over a period with the average hydrodynamic size of 166±4 nm, compared to 

194±12 nm in Gd-HEV-1 and 188±9 nm in case of Gd-HEV-2 (Figure 5.S1). This suggests that 

with higher wt% of Gd in Gd-HEV, stability over a period is reduced. Based on these analyses, 

Gd-HEV-3 formulation was deemed to be prefeered, and so this formulation was used for the 

remainder of this study. 

 

Figure 5.4 Gadolinium loading and release study. (A) Optimization of Gd-HEV formulation in 

terms of loading efficiency. % gadolinium loading efficiency and gadolinium wt % of three 

different Gd-HEV formulations with varying the molar ratios of Gd-Lipid and EggPC. Cholesterol 

amount was kept constant in all formulations. (B) Cumulative gadolinium ion release % from Gd-

HEV and Magnevist® over a period of 72 h in PBS. 
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Safety issue of Gadolinium-based contrast agent  

Free Gd+3 ion is toxic heavy metal and major health concern in the application of Gd-based 

contrast agent as they can compete with Ca2+ ion and disrupts crucial calcium homeostasis. Ca2+ 

(114 pm) has a size similar to that of Gd3+ (107.8 pm), as a result, Gd3+ can compete with Ca2+ to 

bind with enzymes and affect voltage-gated calcium channels, causing adverse biological 

effects.277,278 In this scenario, retention of Gd+3 ion in the nanoparticulate formulation is paramount 

for the development of a safe gadolinium-based contrast agent. To evaluate the retention of Gd in 

Gd-HEV formulation, Gd release assay was carried out as described in methods (Figure 5.4B). 

Magnevist®, a widely used commercial Gd-based contrast agent was used as a control. Gd release 

assay in Gd-HEV showed a nominal release of free Gd+3 ion over a period, with non-significant 

release (less than 0.2%) up to 24 h, 1.5% release at 48 h, and 3.4% release at 72 h of study. This 

nominal release can be attributed to the macrocyclic structure of Gd-DOTA, a constituent of Gd-

Lipid in Gd-HEV. Here, the macrocyclic structure of DOTA helps to chelate Gd+3 from all 

directions with eight coordination sites.277,279 Further, the ionic radius of Gd+3 (107.8 pm) perfectly 

matches the cavity of DOTA, thereby caging Gd+3 in its macrocyclic structure.280 Due to this 

perfect fit, mono-ionic nature, and hydrophilicity of chelator DOTA, Gd-DOTA shows high 

thermodynamic and kinetic stability.280 The nominal release of free Gd+3 ion over a long period of 

72 h shows excellent compatibility of formulated Gd-HEV as a safe contrast agent.  

In the case of Magnevist®, less than 10% release was observed until 24 h. But at 48 h and 

72 h, 18% and 23% of free Gd+3 ion were observed, respectively. The high release observed in the 

case of Magnevist® can be attributed to the linear structure of the contrast agent, where the Gd+3 

ion is chelated from one side only leaving the opposite side open, making them more kinetically 

labile to escape the chelation 281. Such a high release of free Gd+3 ion as observed with Magnveist® 
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is a significant health concern. A recent report suggests potential gadolinium deposition in the 

brain from the use of linear contrast agents, and as a result, the European Union suspended the use 

of four linear contrast agents including Magnevist® in 2017.282 This scenario warrants the 

development of a safe biomimetic contrast agent. 

The safety of formulated contrast agents, Gd-HEV and Gd-Liposome were evaluated in 

vitro in terms of cellular biocompatibility in mouse osteosarcoma K7M2 and mouse normal 

fibroblast NIH/3T3 using MTT assay (Figure 5.5). The assay showed good biocompatibility of 

nanoformulations in both K7M2 and NIH/3T3 cells, with over 70% cell viability even at a high 

concentration (200 µg/mL) following 48 h incubation of cells with particles. At a concentration of 

50 µg/mL or below, the biocompatibility was more than 80%. This confirms the biocompatibility 

of Gd-HEV and Gd-liposome for both cancerous and non-cancerous cell lines. The observed high 

cellular viability and excellent retention of Gd in Gd-HEV make itself a safe biocompatible 

contrast agent. 

 

Figure 5.5 In vitro biocompatibility assay. Biocompatibility of Gd-liposome and Gd-HEV 

evaluated with (A) mouse osteosarcoma K7M2 and (B) mouse normal fibroblast NIH/3T3 after 

48 h incubation following MTT assay. 

 

 5.3.3 Evaluation of magnetic properties 

With the assurance of stability and safety of Gd-HEV, magnetic properties were evaluated 

for possible application in magnetic resonance imaging (MRI). Gd-HEV was characterized for 
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magnetic properties by measuring T1 as a function of aqueous nanoparticles with different Gd 

concentrations as described in methods. T1 weighted image of Gd-HEV at different millimolar 

concentration was taken using 3T clinical MRI.  Magnevist® was used as a control. The input 

concentration of Gd in both Magnevist and Gd-HEV was maintained the same. However, the 

concentration of Gd as determined by ICP-MS was slightly different between Gd-HEV and 

Magnevist®, as depicted in the T1 weighted image in Figure 5.6A. T1 weighted image showed 

enhancement of contrast in the case of Gd-HEV compared to Magnevist®, at a similar 

concentration. Both Gd-HEV and Magnevist® showed concentration-dependent contrast, with 

higher signal intensity at higher concentration. The higher contrast property of Gd-HEV was 

further supported by the T1 recovery curve. Figure 5.6B shows the %signal intensity of phantom 

images of Gd-HEV and Magnevist® at a particular concentration as a function of recovery time. 

Gd-HEV showed higher % signal intensity compared to Magnevist® at all recovery time point 

suggesting enhanced contrast property. Longitudinal relaxivity (r1) as calculated by the slope of 

linear fit of inverse of recovery time (s-1) with respect to different Gd concentration (mM) shows 

significant higher r1 of 9.87 mM-1s-1 for Gd-HEV compared to 3.98 mM-1s-1 for Magnevist® 

(Figure 5.6C, p-value = 0.001, linear regression analysis of slope) at clinical 3T scanner. Figure 

5.6D shows the r1 relaxivity of Gd-HEV as compared to Magnevist® at different concentrations, 

where Gd-HEV showed around 100% increment in r1 relaxivity compared to Magnevist® at similar 

Gd concentration. Observed significant contrast enhancement in the case of Gd-HEV where 

contrast agent Gd-DOTA is incorporated in a nanoparticulate formulation can be attributed to the 

reduction of the tumbling rate of paramagnetic metal complexes due to incorporation in a stable 

nanoparticulate formulation, thereby promoting effecting interaction between a water molecule 

and metal complex.283 A similar increment in longitudinal relaxivity r1 has been reported by Liang 
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et al, where naïve Gd-DOTA showed r1 relaxivity of 4.2 mM-1s-1 compared to 10.61 mM-1s-1 (3T 

MRI) when incorporated to polymeric nanoparticle system.283 Likewise, Aryal et al also reported 

an increment of r1 relaxivity of Gd-DOTA to 19 mM-1s-1 (3T MRI) after insertion in the lipid 

bilayer of the red blood cell membrane.242 

 

Figure 5.6 Magnetic characterization of Gd-HEV. (A) T1 weighted image of Gd-HEV and 

Magnevist® at different Gd concentration showing contrast enhancement in a 3T clinical MRI 

system (TR=400 ms, TE=10 ms, and slice thickness=2 mm), (B) T1 recovery curve of Gd-HEV 

(0.09 mM Gd), Magnevist (0.07 mM Gd), and water in terms of % signal intensity with respect to 

recovery time (ms) at specific Gd concentration showing different recovery characteristic, (C) 

linear fit of inverse of relative change in T1 recovery time ((æ 1/T1 (s
-1)) with respect to different 

Gd concentration (mM) in Gd-HEV and Magnevist® ( p-value = 0.001, linear regression analysis 

of slope). Slope of the fitted model gives longitudinal relaxivity (r1): 9.87 mM-1s-1 for Gd-HEV 

and 3.98 mM-1s-1 for Magnevist®, and (D) r1 relaxivity of Gd-HEV and Magnevist® at different 

concentration. Gd-HEV shows higher r1 relaxivity compared to Magnevist®. All data were 

obtained using a 3T clinical MRI. 

 

EVs protein construct does not significantly alter the longitudinal relaxivity (r1) 

To evaluate the effect of EVs transmembrane protein construct on the magnetic properties, 

the T1 weighted image of Gd-HEV and Gd-Liposome was taken using 3T clinical MRI and 

comparative analysis of magnetic properties was performed (Figure 5.S2). Here, Gd-Liposomes, 
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with the same structural framework as Gd-HEV but devoid of EVs cargo, act as control particles. 

Gd-Liposome showed a concentration-dependent contrast similar to that of Gd-HEV as shown by 

the T1 weighted image and T1 recovery curve. Longitudinal relaxivity r1 showed a slight increment 

in the case of Gd-HEV compared to Gd-Liposome, 9.86 vs 8.20 mM-1s-1, respectively. This 

observed change in longitudinal relaxivity r1 was statistically non-significant, as computed by 

linear regression analysis of slope and intercept with a p-value of 0.117 and 0.118, respectively. 

Longitudinal relaxivity computed at three different concentrations also showed higher relaxivity 

for Gd-HEV compared to Gd-Liposome, however, the increment was less than 2. These analyses 

showed that the incorporation of EVs construct in Gd-Liposome slightly increases the longitudinal 

relaxivity, but the increment is non-significant. This finding can be beneficial as EVs protein 

content is heterogeneous and depends upon the source of parent cells.246,284 In such a scenario, we 

can standardize the magnetic property using Gd-Liposome. Based on the need and application, 

different types of EVs could be integrated and functionalized in liposome while maintaining a 

similar magnetic property. It is, however, important to note that the engineering method and ratio 

of integration should be maintained same to envision a similar result. 

 5.3.4 In  vitro cellular interaction study 

The presence of EVs construct in Gd-HEV can have two main functionality- biomimicry 

and differential cellular interaction. The biomimicry functionality can help to escape immune 

clearance and increases the blood and tissue retention time of nanoconstructs.285ï289 The 

differential cellular interaction can help in the targeted efficacy of the nanoconstructs. EVs have 

been reported to share the characteristic of the parent cell and plays an important role in cellular 

communication.246,266,267 In our recent work of EVs, we reported the differential internalization 

behavior of engineered EVs derived from macrophage.250 Engineered EVs showed significant 
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higher internalization in the cancerous cells compared to non-cancer, which can be mainly 

attributed to the presence of EVs membrane proteins. In this study, we further explored the 

internalization behavior of engineered Gd-HEV by tracking its localization in early endosomes 

within cancer and non-cancer cell to envision the realistic differential cellular interaction of EVs. 

EVs are reported to internalize in the cell by various endocytosis pathways including clathrin-

mediated, caveolae-mediated, macropinocytosis, phagocytosis, and lipid raft-mediated uptake.290ï

292 After internalization, they are delivered to early endosome via endocytic vesicles where the fate 

of nanoparticles is determined.292 Provided these engineered EVs are of endosomal origin, they 

are expected to avoid the endosomal degradation.293,294  

Gd-HEV was labeled with RhB lipid via a hydrophobic insertion strategy to track its 

localization inside the cell.250,257,260,276 Cells were transfected by early endosome green fluorescent 

protein (GFP) to label early endosomes. Localization of RhB labeled Gd-HEV was analyzed in 

early endosome using confocal microscopy. Figure 5.7A shows the confocal micrographs of 

K7M2 and NIH/3T3 showing the internalization of RhB labeled Gd-HEV in cells and its 

localization at GFP labeled early endosome. Orange yellowish color represents the colocalization 

of red-colored nanoparticles with green colored early endosomes. A representative single-cell 

image of K7M2 and NIH/3T3 was analyzed for differential colocalization study which clearly 

showed a higher degree of colocalization in the case of K7M2 compared to that of NIH/3T3, as 

represented by an orange yellowish color (Figure 5.7B). The degree of colocalization was 

analyzed quantitatively in terms of Personôs R-value computed by the ImageJ® colocalization 

threshold plugin. Figure 5.7C shows a scatter plot of colocalization of Gd-HEV in early endosome 

in K7M2 and NIH/3T3 along with the Pearsonôs R-value. Higher Pearsonôs R-value of 0.69 in the 
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case of K7M2 compared to that of 0.25 in the case of NIH/3T3 clearly suggest higher 

 

Figure 5.7 In vitro cellular interaction assay of Gd-HEV. (A) Confocal microscopic image 

showing internalization of Gd-HEV and its localization in early endosome in mouse normal 

fibroblast (NIH/3T3) and mouse osteosarcoma (K7M2). Gd-HEV was labeled by Rhodamine B. 

Cells were transfected by CellLightTM Early Endosomes-GFP to label early endosomes and 

incubated with Gd-HEV for 3 h. Overlay figure shows the colocalization of rhodamine B labeled 

Gd-HEV in GFP labeled early endosome, (B) representative image of the overlay figure showing 

differential co-localization of Gd-HEV in K7M2 compared to that of NIH/3T3 signifying different 

cellular internalization behavior, (C) scatter plot of Gd-HEV colocalization in NIH/3T3 and K7M2 

with Pearsonôs R-value calculated using ImageJ colocalization threshold plugin, and (D) 

quantification of internalized Gd-HEV in terms of corrected total cell fluorescence (CTCF) in 

K7M2 and NIH/3T3. Quantification was done by ImageJ.  

 

colocalization activity of Gd-HEV in K7M2. Higher colocalization can be related to higher cellular 

internalization of Gd-HEV in K7M2, as confirmed by the quantitative cellular internalization 

analysis based upon the intensity of the red signal in the cell (Figure 5.7D). In vitro cellular 

interaction study showed the differential uptake and localization of Gd-HEV towards cancer cells 

(K7M2) compared to non-cancer (NIH/3T3). This selective cellular interaction of Gd-HEV can be 
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advantageous for the development of cancer-targeted diagnostics, drug delivery, and/or imaging 

contrast agents. 

Retention of EVs functionality through the reconstruction process 

One of the crucial aspects of the engineering or reconstruction of EVs based study is the 

retention of molecular functionality after the reconstruction process. To exploit the native 

advantages of EVs based systems in drug delivery and diagnostic imaging, the molecular 

functionality of EVs should be conserved. We have demonstrated the retention of protein content 

through the reconstruction process through our protein analysis. To further analyze the retention 

of molecular functionality of EVs, we explored the cellular internalization behavior and 

immunogenic stimulation of naïve EVs and EVs after reconstruction. In vitro cellular 

internalization assay of Gd-HEV, Gd-liposome, and naïve EV was performed by confocal 

microscopy on mouse osteosarcoma K7M2 and mouse normal fibroblast NIH/3T3. Here, Gd-

liposome acts as a control particle for Gd-HEV, which is devoid of EVs component. Gd-HEV 

showed enhanced cellular internalization compared to Gd-liposome and naïve EVs in K7M2 cells 

(Figure 5.8A and B). This enhancement in cellular internalization can be attributed to the 

combination of the liposomal component and EVs component in Gd-HEV, which can be only 

possible if the EVs functionality is retained. In the case of NIH/3T3, naïve EVs show minimal 

internalization and as a result, Gd-HEV internalization is similar compared to Gd-liposome. Here, 

EVs component in Gd-HEV does not contribute to the enhancement in internalization. The higher 

internalization behavior observed in Gd-HEV signifies the retention of EVs functionality. 

To further confirm the functionality of EVs in Gd-HEV, we carried out the molecular 

analysis in terms of immunogenicity of EVs using ELISA.75,76 EVs can communicate with the 

immune system and elicit an immune response, which can be used to track the functionality of 

EVs.295 Here, we used cross-species analysis to analyze the immune response of EVs. Because our 
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EVs are derived from mouse immune cells (macrophages), we expect a pro-inflammatory immune 

response when exposed to human immune cells (monocytes). ELISA analysis showed the 

 

 

Figure 5.8 Assessment of EVs functionality after reconstruction in terms of cellular 

internalization and immunogenic response. (A) Confocal microscopic image of mouse 

osteosarcoma K7M2 and mouse fibroblast NIH/3T3 showing internalization behavior of Gd-HEV, 

Gd-Liposome, and naïve EVs. Particles were labeled with Rhodamine B and treated for 3h. Nuclei 

were stained with DAPI, (B and C) quantification of cellular internalization of Gd-HEV, Gd-

Liposome, and naïve EVs in terms of corrected total cell fluorescence (CTCF) via ImageJ in K7M2 

and NIH/3T3 respectively, and (D) in vitro immunogenicity assay of various nanoparticles in 

human peripheral blood monocyte THP-1 assessed by evaluating the release of proinflammatory 

cytokines (Interleukins IL-6, IL-1ɓ, and tumor necrosis factor TNF-Ŭ) after 24 h incubation. 

Lipopolysaccharide (LPS, 6 µg/mL) was used as a positive control. 

 

production of pro-inflammatory cytokines specifically in EVs and Gd-HEV treatment (Figure 

5.8D). Gd-Liposome and Magnevist® did not induce significant cytokine production. Cytokine 

stimulation in THP-1 cells by EVs can be related to its immunogenic functionality. Interestingly, 

cytokine stimulation functionality was not only conserved in reconstructed Gd-HEV, but it was 

enhanced by almost double. Since Gd-liposome did not show cytokine stimulation, cytokine 
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stimulation in Gd-HEV is likely due to its EVs component. From this experiment, we are unable 

to explain the enhanced cytokine stimulation by Gd-HEV, but future work should be undertaken 

to further understand this phenomenon. Nonetheless, the immunogenic analysis confirms that the 

functionality of EVs has been retained through the reconstruction process in Gd-HEV.  

 5.3.5 In  vivo biodistribution and magnetic property analysis  

In vitro cellular interaction assay contributed strong evidence of the upregulated cellular 

interaction of Gd-HEV towards cancer cells. With this exciting finding, we went on to analyze the 

consequences of Gd-HEV within an in vivo environment. For this, NU/NU immunodeficient 

mouse was used as an animal model and in vivo biodistribution was studied using two different 

methods- fluorescent bioimaging and magnetic resonance imaging. For fluorescent bioimaging, 

Gd-HEV were labeled with near-infrared DiR dye by hydrophobic insertion strategy and injected 

in a mouse via tail vein injection. Gd-Liposome was used as particle control. Gd-HEV showed 

time-dependent localization in the tumor area when monitored up to 24 h post-injection, whereas 

in the case of Gd-liposome, no accumulation was seen in the tumor region (Figure 5.9A). 

Furthermore, organs were harvested after 24 h post-injection and imaged for fluorescence to assess 

the bioaccumulation of Gd-HEV and Gd-Liposome in different organs (Figure 5.9B). The 

fluorescence was quantified using ImageJ and a normalized fluorescence data was obtained by 

subtracting fluorescence of least fluorescent organ (brain) to picture relative differences of 

fluorescence in different organs with respect to different particles. Gd-HEV showed higher 

accumulation in the lungs, kidney, and tumor compared to its control particle Gd-Liposome. 

Overall, Gd-HEV showed enhanced bioaccumulation compared to Gd-Liposome, at equivalent 

liposome concentration. Since, Gd-HEV differs from Gd-liposome by EVs content, observed 

enhanced bioaccumulation in the case of Gd-HEV can be attributed to the EVs functionality. This 
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observation further supports the enhanced retention of Gd-HEV in the vasculature, thereby giving 

more time for enhanced bioaccumulation. Enhanced bioaccumulation observed in this study could 

potentially be exploited to target tumor microenvironment responsive drug/imaging agents to the 

tumor.  

 

Figure 5.9 In vivo study by fluorescence bioimaging. (A) Time-dependent fluorescent image of 

mice injected with near-infrared DiR dye-labeled Gd-HEV and Gd-Liposome, (B) 

bioaccumulation of Gd-HEV and Gd-liposome in organs of mice after 24 h post-injection, and (C) 

quantification of fluorescence in organs harvested from Gd-HEV and Gd-Liposome treated mice. 

Fluorescence data were normalized by subtracting fluorescence of the least fluorescent organ 

(brain) to picture relative differences of fluorescence in different organs with respect to different 

particles. 

 

Gd-HEV was further analyzed for biodistribution and magnetic property using magnetic 

resonance imaging (Figure 5.10). T1 weighted MR image of mice injected with Gd-HEV was 

taken following tail vein injection at a specific time point. Magnevist® was used as a control 

contrast agent. MR image was taken at real-time during injection to map the immediate route of 

contrast agent during the injection. To represent this real-time route of contrast agent in a single 

image, Z-stack images were merged into a single image using maximum intensity projection with 
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background subtraction (MIPAV® software). It is important to process the images accordingly as 

the vasculature system in mice can be at different Z-axis and a single image cannot adequately 

focus the whole vasculature system of mice. The maximum intensity MR image with background 

subtraction showed excellent contrast enhancement illuminating the blood vasculature in the case 

of Gd-HEV during dynamic imaging. The image shows the clear retention of Gd-HEV in blood 

vasculature with no detected extravasation to interstitial spaces and tissues. In the case of 

Magnevist®, however, contrast can be observed in the vasculature as well as in the surrounding 

tissue during dynamic imaging, suggesting immediate extravasation into tissue. Also, the intensity 

of contrast was high in Gd-HEV compared to Magnevist® with equivalent Gd concentration, which 

is in accordance with the magnetic characterization data that showed higher longitudinal relaxivity 

r1 of 9.87 mM-1s-1 for Gd-HEV. Most importantly, MR image taken after 15 min post-injection of 

Gd-HEV still showed excellent contrast in the blood vasculature with minimal extravasation in 

nearby tissues. Contrary to that in Magnevist® treatment, after 15 min post-injection, maximum 

contrast was observed accumulated in the urinary bladder, as depicted by the white arrow in Figure 

5.10A, which is due to rapid clearance by the renal system. This kind of rapid clearance of 

exogenous material by the renal system is one of the major challenges in small molecular 

extracellular fluid agents, which can be overcome by engineering with nanoparticulate delivery 

system.296ï298 Moreover, the accumulation of Magnevist® in the urinary bladder following rapid 

renal excretion can be linked to the cause of reported nephrogenic systemic fibrosis (NSF) with 

severe renal impairment in patients exposed with GBCAs during MRI.278,299 Here, Gd-HEV was 

successfully able to evade this rapid clearance thereby maintaining contrast in the blood 

vasculature. This immune evasion might be attributed to the biomimicry of Gd-HEV provided by 

the engineered EVs construct and the nanoparticulate size (~130 nm) that restricts Gd-HEV to 
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undergo glomerular filtration and escape from the renal system (particles> 8 nm do not undergo 

glomerular filtration).300 After 60 min post-injection, it appears as Gd-HEV still shows contrast in 

blood vasculature with no evidence for accumulation in the urinary bladder, which is presumably 

due to the dilution of Gd-HEV over the period in the body.  

Gd-HEV was analyzed for its contrast enhancement ability in the tumor area (Figure 

5.10B). T1 weighted image of Gd-HEV and Magnevist® at 15 min and 60 min post-injection was 

taken after tail vein injection in osteosarcoma tumor-bearing mice. Here, a sagittal view and a 

single slide of the image were chosen to focus the tumor area. The white arrow in Figure 5.10B 

represents the tumor area. Here also, Gd-HEV showed contrast enhancement compared to 

Magnevist which was more prominent at 60 min post-injection. Although compared to the 

surrounding tissue, Gd-HEV did not show much contrast enhancement in the tumor area, it was 

significantly high compared to control Magnevist®, at equivalent Gd concentration. This can be 

clinically advantageous as we can reduce the clinical dose of Gd based contrast agents like Gd-

HEV to get clinically relevant contrast in the diseased site.  

Organ-specific biodistribution of contrast agent was analyzed by quantitative 

determination of Gd present in each organ after 24 h post-injection by ICP-MS. Figure 5.10C 

shows the deposition of Gd-HEV and Magnevist® in seven different organs and blood in terms of 

percentage injected dose (ID) per weight of tissue (g). Magnevist® showed no significant retention 

in any organ except for kidney with 2.3 %ID per g tissue retention. This shows the elimination of 

Magnevist® from mice body within 24 h post-injection with some remaining in the kidney. Gd-

HEV, on the other hand, showed retention in heart (0.30%), lungs (1.1%), tumor (0.63%), kidney 

(0.94%), and blood (10%). We observed that blood showed significant high retention of 10% even 
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after 24 h post-injection suggesting the excellent biocompatibility and blood retention 

characteristic of Gd-HEV.  

Gd-HEV in vivo tumor specificity 

In vitro cellular interaction data confirmed Gd-HEV preferentially traffics to cancer cells. 

These data were further supported by in vivo fluorescence imaging which showed time-dependent 

accumulation of Gd-HEV in the tumor. These observations led to the expectation that Gd-HEV 

 

Figure 5.10 In vivo study by magnetic resonance imaging. (A) T1 weighted MRI of a mouse 

injected with Gd-HEV and Magnevist® showing T1 contrast enhancement. The image was taken 

at injection, 15 min, and 60 min post-injection using clinical 3T MRI. Images shown here are 

maximum intensity projection with background subtraction using MIPAV software, (B) T1 

weighted image of mice with sagittal view focusing tumor area as depicted by the white arrow, 

and (C) biodistribution of Gd-HEV and Magnevist in mice. Mice were euthanized and organs were 

collected after 24 h post-injection. Localization of Gd-HEV and Magnevist was quantified by 

tracking the amount of deposited Gd using ICP-MS. 

 

can be used as a tumor-targeting contrast agent for MRI. However, MR image of Gd-HEV injected 

mice did not show significant contrast enhancement in the tumor area compared to the surrounding 

region. The plausible explanation for this result can be due to the low accumulation of contrast 

agent in the tumor. Although in vivo fluorescence image showed the accumulation of Gd-HEV in 

the tumor, when quantitative analysis was performed by tracking the amount of Gd deposited in 
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tumors using ICP-MS, we observed that only 0.63% of the injected dose/g tissue was localized in 

the tumor, after 24 h post-injection. Such low localization may not be enough to provide significant 

contrast enhancement.  

In case of Magnevist®, the particle localization was negligible with only 0.1% localization. Though 

Gd-HEV showed about 6 times more localization in tumors compared to Magnevist®, the overall 

localization is still low to provide significant efficacy in contrast. Literature analysis suggests that 

this kind of low accumulation of nanoparticulate systems in the tumor is not unusual and is a major 

challenge in the drug delivery field.301,302 The increasingly complex tumor microenvironment 

makes it extremely difficult for the nanoparticulate system to reach the actual tumor site.303 The 

route for the particle to reach the tumor site is complex with lots of cellular traffic. Gd-HEV may 

have been hindered by this complex traffic and EVs construct did not significantly help to 

overcome this limitation. A possible explanation may include prolonged retention in the blood that 

hinders homing to tumor, therefore, reconstruction of Gd-HEV with the addition of tumor homing 

peptides could enhance tumor-specific delivery.  

Both in vivo fluorescence imaging and MRI showed higher accumulation of Gd-HEV in 

different organs compared to control particles. While we may be able to exploit this enhanced bio-

accumulation for diagnostic and therapeutic applications, it also requires the safety assurance of 

Gd-HEV retention in various organs. To address this concern, histologic analysis was performed 

by a board certified anatomic pathologist (BLP) to investigate the potential toxicity of Gd-HEV 

retention in various organs by hematoxylin and eosin (H&E) stained tissue sections. Untreated 

mice organs were used as controls. No significant lesions were observed in any organ sections, 

and no significant differences were observed between the tissue sections of organs treated with 

Gd-HEV and untreated organs (Figure 5.11). Treated and untreated mice showed mild incidental 
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changes in the lungs including alveolar collapse and hemorrhage, which is likely secondary to 

sampling. A section of the tumor (neoplasm) was also analyzed histologically; these were 

consistent with a dermal and subcutaneous anaplastic sarcoma with areas of necrosis and 

hemorrhage (Figure 5.S3). All sections examined (except the tumor) were within normal 

histologic limits, confirming that Gd-HEV accumulation in the heart and lungs does not induce 

any histological tissue damages. Because our hybrid platform is a cell-derived biomimetic 

platform, this result is expected. 

 

Figure 5.11 Histologic analysis of tissue sections of various organs of mice treated with Gd-

HEV and untreated control mice. (Scale bar: Heart-1000µm, Lungs-100µm, Liver-100µm, 

Kidney-200µm).    

 

 5.4 Conclusion 

This study has explored the reconstruction of EVs with gadolinium to develop a biomimetic 

contrast agent for contrast-enhanced MRI. The reconstruction process successfully incorporated 

EVs construct in Gd-HEV, with a high degree of colloidal stability and retention of protein 

characteristic and molecular functionality. Further, the incorporation of the lipid component in 

EVs along with the optimized EVs isolation method proposed in this study has increased the 

Gd-HEV treated mice-HeartControl mice-Heart Gd-HEV treated mice-LiverControl mice-Liver
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overall yield and availability of EVs to reconstruct Gd-HEV. Gd-HEV showed specificity to 

cancer cells both in vitro and in vivo, thereby exploring its application in cancer diagnosis and 

treatment monitoring. Moreover, Gd-HEV showed excellent contrast enhancement and enhanced 

retention ability in blood vasculature allowing for proficient diagnosis with minimal dose. Further 

incorporation of fluorescent tags in Gd-HEV allowed for fluorescent bioimaging applications. 

These findings innovated a proof-of-concept towards the reconstruction of EVs based 

nanoparticulate modalities for the development of biomimetic multimodal imaging agents. 
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Rigor and reproducibility of extracellular vesicles 

production and functionality 

 

Abstract 

Extracellular vesicles (EVs) research has exploded with breakthrough promises in drug 

delivery, disease diagnosis, and therapy due to its unique functional properties acquired from the 

origin. However, the translational scope of EVs in these areas is challenged by the innate 

heterogeneity in EVs secretions which depends upon the physiological condition of the parent cell. 

As such, the EV's proteomic profile, cargo content, and functionality largely rely on the state of 

the parent cell and the isolation protocol followed. Therefore, it is important to understand the 

factors influencing EV production heterogeneity and functionality to ensure functional 

reproducibility. Toward this direction, this study aims to explore the variation of EV production 

and functionality with varying cellular environmental factors, particularly focusing on the impact 

of varying nutrient stress in EV production and functionality. In this study, we explored four types 

of EVs isolated by varying incubation time (12, 24, 48, and 72 h) to represent varying nutrient 

stress, and two cell sources- mouse osteosarcoma K7M2 and mouse fibroblast NIH/3T3 to 

represent cancer and non-cancer cell. An optimized ultrafiltration-size exclusion chromatography 

(SEC) based technique was developed for simple, efficient, and reproducible EV isolation. Each 

EVs isolation and subsequent characterization were carried with 3-5 independent replicates to map 

the reproducibility. Size analysis from nanoparticle tracking analysis showed a reproducible 

average size distribution ranging from 130 to 220 nm, among various incubation time and cell line. 

SEC characterization showed EV enrichment in fractions six to nine, with a similar trend in five 

independent replicates among eight different EV samples with varied incubation time and cell 
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source. K7M2 cells produced more EVs, both in terms of number and protein content, compared 

to NIH/3T3 cells, which increased with incubation time, suggesting aggressive communication in 

cancer cells. The optimum incubation time with the best protein recovery was identified as 48 h. 

Importantly, we observed changes in EV functionality in terms of cell proliferation with 72 h EVs, 

suggesting differential functionality of stressed EVs. This rigorous study revealed the influence of 

experimental conditions adapted in EV production and functionality among cancer and non-cancer 

cells and add crucial information in the fundamental research of EVs. 

 6.1 Introduction  

Extracellular vesicles (EVs) are proteolipid vesicles secreted by cells into extracellular 

space which acts as a natural messenger in the cellular environment.35,36,53 Owing to their innate 

ability to transfer cellular cargo, EVs has been widely studied as drug delivery and diagnostic 

agent. Research has shown promising applications of EVs in targeted delivery, biomarkers, and 

imaging/diagnostic agents for early disease diagnosis and therapy.174,304ï306 In our previous work, 

we showed preferential internalization of immune cells- derived EVs in cancer cells both in-vitro 

and in-vivo.65 Further, by engineering magnetic resonance imaging (MRI) contrast agent- 

Gadolinium (Gd) in EVs, we demonstrated the potential of EVs as a contrast-enhanced cancer 

diagnostic agent.74 Several other groups have explored the drug delivery and diagnostic potential 

of EVs in different disease models. Qiao et al. and Ingato et al. demonstrated that cancer/tumor 

cell-derived exosomes (EVs) home to their cells of origin and can be used for tumor-targeted drug 

delivery.307,308 Izco et al. demonstrated systemic exosomal delivery of shRNA minicircles prevents 

parkinsonian pathology.309 Alvarez-Erviti showed delivery of siRNA to the mouse brain by 

systemic injection of targeted exosomes.92 Vandergriff et al. engineered cardiac homing exosomes 

for targeting exosomes to infarcted hearts for the treatment of myocardial infarction.310 All these 
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studies report exciting avenues of EVs in the field of drug delivery and disease diagnosis. 

However, the translational potential of EVs can be challenged by their innate heterogeneity, in 

part, EVs are secreted in different sizes and different origins which can directly depend upon the 

state of the parent cell. Therefore, it is important to understand the factors influencing EV 

production heterogeneity and functionality to make sure the functionality reported can be 

reproduced. Toward this direction, this study aims to explore EVs production and functionality 

with respect to different cellular environmental factors particularly focusing on the impact of 

varying nutrient stress. 

EVs biogenesis is directly influenced by the type and state of cells, as such the production 

amount, proteomic profile, and cargo content can vary depending upon cell type and its state- 

normal Vs stressed physiological conditions.311,312 EVs are routinely isolated from cell culture 

using serum-free/deprived media as one of the widely used options as EV extraction media. The 

use of serum-free media has two specific advantages: 1) being serum-free, it avoids the inevitable 

contamination of endogenous EVs present in serum, and 2) the serum nutrient deprivation leads to 

stress-induced production of EVs resulting in higher yield and activity.313,314 Haraszti et al. 

reported that the serum-deprived mesenchymal stem cells produce EVs (exosomes) up to 22-fold 

more effective at delivering small interfering RNA (siRNAs) to neurons compared to EVs derived 

from control cells.313 Likewise, Li sun et al. reported serum deprivation elevates levels of EVs 

(microvesicles) with different size distributions and selectively enriched proteins in human 

myeloma cells.314 These reports suggest the variations in EVs production and functionality with 

different cellular conditions and isolation parameters. With multiple isolation protocols, cell-type, 

and stress conditions, EVs production, and functionality can be varied widely, and therefore it is 

important to understand the effect of these variations in the functional outcome. Such 
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understanding can help to pinpoint key factors responsible for the variation and therefore can be 

crucial in maintaining the functional reproducibility in EV research and large scale production. 

Toward this direction, this study focuses on how different incubation time with serum deprived 

EV media affects the production and functionality of EVs derived from cancer cells (mouse 

osteosarcoma K7M2) and non-cancer cells (mouse fibroblast NIH/3T3).  

Studies using serum-deprived media for the extraction of EVs have reported varied 

incubation times ranging from 24 h to 72 h and there has not been a detailed study about how these 

incubation times impact the production and functionality of the EVs. With a longer stress 

environment, the biogenesis of EVs can be influenced including the number, proteomic profile, 

and the activity of EVs, and therefore it is important to analyze such variation which can be used 

to develop an optimum incubation time and isolation parameters. Higher incubation time may lead 

to better yield, however, can be limited by the lower cell viability with a longer period of stress 

environment. Also, variation may come with the same batch maintained at the same condition as 

well. To study these variations among cell cultures maintained at identical conditions, EVs were 

isolated and characterized from 3-5 independent experiments following an optimized isolation 

protocol. 

A centrifugation-ultrafiltration protocol optimized in our lab was further optimized with 

size exclusion chromatography (SEC) to maximize EV purity. We found a narrow variation in 

size, number, and protein content of EVs isolated from independent experiments maintained at the 

same condition, while there was significant variation in number and protein content with EVs 

isolated from varied incubation time. A positive correlation of EVs number and protein content 

with increasing incubation time was observed. Further, osteosarcoma (K7M2) cells-derived EVs 

showed a higher number and protein content compared to non-cancerous cell NIH/3T3. This study 
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successfully optimized an easy, cheap, ultracentrifugation-free, ultrafiltration-SEC-based EVs 

isolation method and characterized the variation of EVs production and functionality at the same 

and different physiological state of parent cells. The study reveals how the serum-deprived 

incubation time can affect the EV production and functionality among cancer and non-cancer cells 

and add a crucial fundamental foundation in the EVs research. 

 6.2 Materials and methods 

 6.2.1 Chemicals, reagents, and cell lines 

Mouse monoclonal antibody CD63 (MX-49.129.5), HSP70, Histone H3 (FL-136), and ɓ-

Actin were purchased from Santa Cruz Biotechnology. Sepharose® CL-2B and (3-(4,5-

dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide) (MTT) reagent were purchased from 

Sigma Aldrich.  Mouse osteosarcoma (K7M2), and mouse normal fibroblast (NIH/3T3) were 

purchased from ATCC, Manassas, USA. Cell lines were maintained in Dulbeccoôs Modified 

Eagleôs Medium (DMEM) supplemented with 10% (v/v) Fetal Bovine Serum (FBS) and 1% 

streptomycin at 37 ÁC in 5% CO2 environment.  

 6.2.2 Isolation of EVs from the cell culture supernatant 

Serum-free and phenol red-free Dulbeccoôs Modified Eagleôs Medium (DMEM) (Thermo 

Fisher Scientific) was used as EV extraction media. Cells were grown in a T75 flask using 

complete DMEM. When the cells were around 80% confluent, complete media was removed, 

washed with PBS, and 10 ml of EV extraction media was added. Cells were incubated for 12, 24, 

48, and 72 h to extract EVs at varying incubation times. After the respective incubation time, EV 

extraction media was collected and processed to isolate EVs. Cells in the cell culture flask were 

detached by trypsin treatment and stained by trypan blue for cell counting using an automatic cell 

counter. EV extraction/conditioned media was centrifuged at 300g and 4500g for 15 min each to 
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remove cell debris and heavier particles. Then, EV media was filtered with a 200 nm membrane 

filter to remove large vesicles and apoptotic bodies. The resultant filtrate was concentrated using 

a 10000 Dalton molecular weight amicon filter and centrifuged at 4000g for 15 min. Volume was 

concentrated from 10 mL to 1 mL. The one mL concentrated EV solution is subjected to Sepharose 

CL-2B size exclusion chromatography (SEC) to remove impurities and soluble proteins. EVs 

being relatively big should be able to escape the bead pore and elute while impurities and soluble 

proteins should be trapped in the pores of the bead. Therefore, vesicles should elute at an earlier 

time point thereby separating themselves from impurities.  

Small-scale SEC was prepared in the lab using a small chromatography column and 

Sepharose CL-2B. 5 ml Sepharose CL-2B was added in the column and washed with 2 ml PBS. 

The column was left for 5 min to settle down. The column was 7 cm long and 1 cm wide (inner 

diameter). 15 fractions with 500 µL elute was collected in about 20 minutes. The fractions were 

characterized with UV absorbance at 280 nm, sodium dodecyl sulfate polyacrylamide gel 

electrophoresis (SDS-PAGE), and dot blot to analyze fraction enriched with EVs. 4 fractions (F6-

F9/ F7-F10) enriched with EVs/proteins (based upon UV absorbance at 280 nm) was mixed and 

stored at -80 °C for further analysis. 

 6.2.3 Characterization of EVs 

EVs were characterized for size and concentration using nanoparticle tracking analysis 

(NTA, Malvern NanoSight LM10). Before NTA analysis, EVs were filtered using a 220 nm 

syringe filter. The NTA capture and analysis settings include blue405 laser, camera level 12, slide 

shutter 1200, slider gain 146, frame per second 25, detect threshold 2, and temperature maintained 

at 25 °C. For each measurement, 5 different captures were taken and analyzed. Protein 

characterization of EVs was done via Bradford assay, SDS-PAGE, and dot blot. For Bradford 
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Assay, 100 µL of EVs sample was mixed with 500 µL of Bradford reagent and incubated for 10 

min to read the absorbance at 595 nm. A standard absorbance graph was prepared using bovine 

serum albumin (BSA) as a standard protein. For SDS-PAGE, EVs fractions isolated from SEC 

were dried using lyophilizer and dissolved with 20 µL PBS. EVs sample was mixed with sample 

loading buffer with a 1:1 volume ratio. The mixture was incubated at 90 °C for 7 min, and 25 µL 

of each sample was loaded in the wells of 4ï20% Mini-PROTEAN® TGX Protein Gels. The gel 

was stained by Coomassie Brilliant Blue and imaged by Bio-Rad imager. For Dot blot, 3 µL of 

each sample was added to Polyvinylidene Fluoride (PVDF) membrane. The membrane was left to 

absorb the drop and blocked by blocking buffer for 30 min at room temperature. The primary 

antibody of interest (CD63, CD81, HSP70) was added and incubated overnight. Then, the 

membrane was washed with wash buffer and incubated with HRP conjugated anti-mouse IgG 

secondary antibody (Cell signaling). The membrane was further developed using Signal Fire ECL 

TM Reagent and immediately imaged by Bio-imager (Kodak). 

 6.2.4 Cell proliferation Assay 

Cell proliferation analysis K7M2 cell-derived EVs (K7M2-EVs) with various incubation 

times was carried out on K7M2 and NIH/3T3 cell lines using MTT assay. Briefly, 10,000 cells 

were seeded in 96 well plates for 24 h at 37 ÁC in 5% CO2 environment. After that, the media was 

changed with 100 µL fresh media. Then, 100 µL of 20 µg/mL K7M2-EVs isolated at four different 

incubation times (12, 24, 48, 72 h) were treated to each cell line for 48 h. In control cells, 100 µL 

of PBS was added. After 48 h incubation, media was removed and MTT solution (5 mg/10 mL 

serum-free media) was added and further incubated for 2.5 h. DMSO was added to dissolve the 

insoluble formazan crystal formed after MTT treatment, and absorbance was recorded at 550 nm 

using a microplate reader (BioTek, Synergy H1 Hybrid reader). Cell proliferation behavior after 
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the treatment of EVs compared to untreated control was analyzed by calculating cell viability 

percentage.  

 6.3 Result and Discussion 

 6.3.1 Reproducibility of EVs size among identical and varied incubation time and 

cell-lines 

 

Figure 6.1 Optimization of ultrafiltration -size exclusion chromatography based EV isolation 

method for rigor and reproducibility analysis. 

 

Variation in EVs size was evaluated at same and different incubation time with serum-

deprived media, by carrying out 3-5 independent experiments for each time point (Figure 6.1). 

Size analysis from nanoparticle tracking analysis (NTA) showed average size distribution of 

K7M2 cell-derived EVs (K7M2-EVs) from 156 nm to 220 nm across various incubation times: 

12, 24, 48, and 72 h. Likewise, NIH/3T3 cell-derived EVs (NIH/3T3-EVs) showed size 

distribution from 130 nm to 218 nm across various incubation times (Figure 6.2). The size of EVs 
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varied by as low as 20 nm to as high as 90 nm among three independent replicates at the same 

incubation and different incubation time, suggesting that the variation in EVs size distribution is 

independent of incubation time. The size analysis shows the reproducibility in EVs size at same 

and varied incubation time within an average size range of 130 to 220 nm, with around 20-90 nm 

of variation. The similarity of peak pattern of EVs size distribution among the same and different 

incubation time further support the reproducible size range of EVs among different incubation 

time and cell-lines while following experimental conditions adapter herein. 

 

Figure 6.2 Reproducibility of EVs size among identical and varied incubation time and cell-

lines. The size distribution of EVs at varied incubation times of 12, 24, 48, and 72 h, derived from 

K7M2 and NIH/3T3 cells. Each time point has three independent replicate analysis representing 

the average size, standard deviation, and overall distribution graph quantified by nanoparticle 

tracking analysis. 
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 6.3.2 Size exclusion chromatography for EVs enrichment and purification 

 

Figure 6.3 Characterization of size exclusion chromatography (SEC) based EVs enrichment 

and purification.  (A) UV absorbance of 15 SEC fractions at 280 nm representing five different 

independent replicates of K7M2-EVs, (B and C) SDS-PAGE and dot blot analysis showing 

enrichment of EVs marker proteins CD63, HSP70 in fractions 6 to 9, in K7M2-EVs. ɓ-Actin was 

used as housekeeping control and Histone H3 was used to analyze the extent of nuclear 

contamination in EVs. (D) UV absorbance of 15 SEC fractions at 280 nm representing five 

different independent replicates of NIH/3T3-EVs, and (E and F) SDS-PAGE, and dot blot analysis 

showing enrichment of EVs marker proteins CD63, HSP70 in fractions 6 to 9, in NIH/3T3. SEC 

showed a similar pattern of EV enrichment in fractions 6 to 9, in both K7M2-EVs and NIH/3T3 

EVs. 

 

EVs were isolated from the optimized ultrafiltration-size exclusion chromatography (SEC) 

based method as depicted in Figure 6.1. The ultrafiltration based method of EVs isolation has been 

demonstrated in our previous publications.65,74 Here, we further characterized and optimized small-

scale Sepharose® CL-2B based SEC. SEC was run to collect 15 fractions of 0.5 mL elute. Figure 

6.3 shows the characterization of SEC fractions by UV absorbance, SDS-PAGE, and dot blot. UV 

absorbance at 280 nm data shows peak absorbance from fractions 6 to 9, which showed a 

reproducible trend among five independent replicates (Figure 6.3A). Proteins in solution absorb 
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in ultraviolet range with absorbance maxima at 280 nm.315,316 The UV absorbance data shows that 

proteins are enriched in certain fractions with higher absorbance. To further confirm, these proteins 

are indeed from EVs, SDS-PAGE and dot blot were carried out. SDS-PAGE also showed major 

protein bands in F6-F9 supporting the UV data. Importantly, dot blot showed the enrichment of 

EVs marker proteins CD63 and HSP 70 at fractions F6-F9 (Figure 6.3C and F). ɓ-actin was used 

as housekeeping control while Histone H3, a nuclear protein was used to examine the extent of 

nuclear contamination in the EV sample. Negligible intensity observed in Histone H3 blot showed 

the isolation protocol followed lead to minimal nuclear contamination. 

These characterization data confirmed that the SEC successfully enriched EVs sample in 

F6-F9. The working principle of SEC is based upon size-dependent differential elution time of 

particles and has been reported for EVs purification and enrichment.317ï320 EVs with the size range 

of 130-220 nm are expected to have similar elution time and elute within the range of a narrow 

fraction. At the same time, small soluble impurities should be trapped in the small pore of SEC 

beads and therefore offer separation of EVs from soluble impurities. Here, we observed maximum 

EVs elution within fractions 6 to 9. To further examine the efficiency and reproducibility of SEC-

based EV enrichment in different cell lines, we followed the same procedure in EVs isolated from 

non-cancerous cell NIH/3T3 (Figure 6.3D, E, and F). UV absorbance data showed a peak from 

F6-F9, similar to that of K7M2-EVs. Further, SDS-PAGE and dot blot confirmed EVs enrichment 

in F6-F9, showing similar trends as that of K7M2-EVs. The observed similar trend of protein 

enrichment among independent replicates of EVs isolated from two different cell-lines suggests 

the adapted EVs isolation protocol herein is highly optimized for reproducibility and enrichment.  
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 6.3.3 Variation of EVs protein content with varied incubation time and cell-line 

EV protein content was quantified by Bradford assay and normalized with respect to the 

number of cells for comparative analysis. Figure 6.4 depicts how EV protein content varies with 

different incubation times and the trend of variation in EVs derived from a cancer cell and normal 

cell. EV protein content was analyzed before and after SEC in K7M2-EVs and NIH/3T3 EVs to 

analyze the impact of SEC in EV protein content and yield (Figure 6.4A and B).  

 

Figure 6.4 Variation of EVs protein content in K7M2-EVs vs NIH/3T3-EVs with varied 

incubation time. (A) K7M2- EVs protein content (µg) per million cells at varied incubation time 

( 12, 24, 48, and 72 h), before and after SEC, (B) K7M2- EVs protein content (µg) per million 

cells at varied incubation time ( 12, 24, 48, and 72 h), before and after SEC, (C) variation of EVs 

protein content quantified after SEC among different incubation time in K7M2-EVs and NIH/3T3 

EVs, and (D) protein recovery percentage after SEC in EVs incubated at the varied time and two 

different sources: K7M2-EVs and NIH/3T3 EVs (** = P-value < 0.005, * = P-value < 0.05, ns= 

non-significant, Unpaired t-test). 
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As expected, EV protein content (µg/million cells) decreased after SEC among all 

incubation time point samples (12, 24, 48, and 72 h) for both K7M2-EVs and NIH/3T3-EVs. This 

decrement can be attributed to the exclusion of soluble protein impurities after SEC, and, in part, 

to the procedural loss. K7M2-EVs showed an increment in protein content with incubation time, 

from 12h to 72 h, which showed a similar trend before and after SEC (Figure 6.4A). However, 

the increment in protein content from 48 h to 72 h after SEC was relatively low and statistically 

non-significant compared to the increment in protein content from 48 h to 72 h before SEC (* = 

P-value < 0.05, ns= non-significant, Unpaired t-test). This can be due to the increment in soluble 

impurities in EV-72h samples, possibly due to the reduced cell viability at higher incubation time 

leading to more floating dead cells. The reduction of protein recovery % after SEC at 72 h time 

point further supports this observation (Figure 6.4D). Interestingly, the EV protein content 

variation with varied incubation times follows a different trend in NIH/3T3-EVs, particularly 

before SEC (Figure 6.4B). Protein content before SEC shows increment from 12 h to 24 h, and a 

similar range in 24 h and 48 h, while increases sharply in 72 h. Here also, protein content after 

SEC do not increases in the same fold in 72 h sample, suggesting the sharp increase in protein 

content before SEC should be significantly contributed by soluble protein impurities rather than 

EVs. Again, lower cell viability at 72 h incubation time point leading to high floating dead cells 

may result in such observation. Figure 6.4C shows the comparison between EV protein content 

in K7M2-EVs and NIH/3T3-EVs at varied incubation time. In all incubation time points, from 12 

h to 72 h, K7M2-EVs showed higher protein content compared to NIH/3T3-EVs. The average 

protein content (µg/million cells) after SEC were 33 Vs 19 in 12 h, 73 Vs 25 in 24 h, 131 Vs 50 in 

48 h, and 140 Vs 97 in 72 h, in K7M2-EVs Vs NIH/3T3-EVs respectively. Figure 6.4D shows 

protein recovery % after the SEC in K7M2-EVs and NIH/3T3-EVs. K7M2-EVs showed higher 
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protein recovery % compared to NIH/3T3-EVs at all time points suggesting K7M2-EVs could 

have relatively fewer soluble impurities than NIH/3T3-EVs. Additionally, both EVs showed the 

highest recovery % in 48 h incubation time, an average of 72% for K7M2-EVs and 45% for 

NIH/3T3-EVs. These data conclude that EVs derived from cancer cell K7M2 show higher protein 

content compared to non-cancer NIH/3T3, and 48 h incubation time is optimum for best protein 

recovery while following the protocol discussed herein. One key difference between the K7M2-

EVs and 3T3-EVs was the expression of markers proteins, strikingly HSP70 was highly expressed 

in K7M2-EVs compared to 3T3-EVs (Figure 6.3C and F). It has been reported that HSP70 is 

specifically overexpressed in cancer cells-derived EVs compared to non-cancer cells and our data 

further support this point.321,322 This differential expression of HSP70 in cancer cell derived EVs 

can be exploited for the development of EV-based cancer biomarkers for early cancer diagnosis. 

 6.3.4 Variation of EVs concentration with varied incubation time and cell-line 

EV concentration was quantified using NTA and normalized with cell number for 

comparative analysis. Figure 6.5 shows the variation in EV concentration with varied incubation 

time in K7M2-EVs and NIH/3T3-EVs. Both EVs showed incubation time-dependent 

concentration (108/ml per million cells)- the higher the incubation time, the higher the concertation. 

However, the rate of increment of EVs concentration with incubation time was much higher in 

K7M2-EVs compared to NIH/3T3 (Figure 6.5A and B) suggesting aggressive cellular 

communication in cancer. K7M2-EVs average concentration (108/ml per million cells) ranges 

from 0.83 to 14.87 compared to 1.13 to 3.71 for NIH/3T3-EVs, from 12 h to 72 h time point. 

Except for the 12 h time point, the average EV concentration was higher in K7M2-EVs compared 

to NIH/3T3-EVs. The average EV concentration (108/ml per million cells) after SEC was 0.83 vs 

1.13 in 12 h, 3.04 vs 2.05 in 24 h, 8.39 vs 2.44 in 48 h, and 14.87 vs 3.71 in 72 h, in K7M2-EVs 
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vs NIH/3T3-EVs respectively. This observation agrees with the trend of higher EV protein content 

in K7M2-EVs compared to NIH/3T3-EVs. As expected, with higher protein content, higher 

concentration was observed and vice-versa. To quantitatively analyze the relation between EVs 

protein content and concentration, we did correlation analysis, which showed a positive correlation 

of EVs protein content with the total number of EVs, as confirmed by high Pearson r and Spearman 

r coefficient in both K7M2-EVs (Pearson r=0.899, Spearman r=0.946) and NIH/3T3-EVs (Pearson 

r=0.899, Spearman r=0.879) (Figure 6.5C and D). 

 

Figure 6.5 Variation of EVs concentration in K7M2-EVs vs NIH/3T3-EVs with varied 

incubation time. EV concentration (1x108 /million cells) at varied incubation time (12, 24, 48, 72 

h) in (A) K7M2-EVs and (B) NIH/3T3 EVs. (C and D) Correlation of K7M2-EVs and NIH/3T3-

EVs number with total protein content (µg). EVs number positively correlated with protein 

content, as represented by high Pearson r and Spearman r correlation coefficient. 
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 6.3.5 Variation in EVs functionality with varied incubation time  

We were able to characterize the variation in EVs size, protein content, and concentration 

with different incubation times and cell lines. To analyze whether these variations will have any 

functional impact, we decided to carry out a cell proliferation assay using MTT assay. EVs are 

reported to play role in cellular communication and may impact their proliferation rate. We treated 

the equivalent amount of K7M2-EVs with four different incubation times (12, 24, 48, and 72 h) to 

K7M2 and NIH/3T3 cells for 48 h to study the effect on cell proliferation. Cell viability data was 

used to analyze cell proliferation which showed an average of 100% or more cell viability 

compared to the untreated control, in both cell line (Figure 6.6) Importantly, 72 h-EVs showed 

significantly higher average cell viability compared to other time points, in both K7M2 cells 

(109%, P-value <0005) and NIH/3T3 cells (113%, P value<0.05), when compared to respective 

controls. This suggests that 72 h-EVs positively helped in cell proliferation in both K7M2 and 

NIH/3T3 cells resulting in a greater number of cells compared to the untreated control, while the 

rest of the EV samples have a neutral effect in cell proliferation and viability, similar to that of 

untreated controls. Here, all EVs samples, with an average of 100% or more cell viability shows 

good characteristic for a biocompatible and safe delivery agent.  

One important observation here is the slightly increased proliferation characteristic with 

72 h samples. This suggests that with the variation in incubation time, the functionality of EVs can 

be different. Although we used an equivalent amount of EV protein content (100 µl, 20 µg/mL), 

there were differences in functionality regarding cell proliferation. 72h-EVs are produced by most 

stressed cells in terms of nutrient deprivation among four different incubation time points analyzed 

in this study. In that regard, stressed EVs may better communicate with cells and influences cell 

proliferation here. A similar observation was described by Garcia et al. where the author reported 
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stronger pro-proliferative and pro-angiogenic effects of stressed EVs derived from nutrient-

deprived cells compared to normal EVs from control conditions.323,324 Further analysis on 

proteomics of EVs and cellular internalization study is required to confirm the mechanism behind 

the observed difference in functionality. Nevertheless, we found that the variation in incubation 

time may have a functional impact. Therefore, it is important to characterize probable variations 

in EVs isolation and processing to envision better reproducible and translational EVs research. 

 

Figure 6.6 Cell proliferation assay via MTT. Cell proliferation of (A) K7M2 and (B) NIH/3T3 

cells after 100 µl, 20 µg/ml K7M2-EVs (12, 24, 48, 72 h) treatment for 48 h, quantified in terms 

of % cell viability compared to untreated cells. (*** = P value 0.0003, (* = P value 0.0101, ns= 

non-significant, Mann Whitney t test). 
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cancer cell produces more EVs, both in terms of number and protein content, compared to the non-

cancer cell, which increases with incubation time. The optimum incubation time with the best 

protein recovery was 48 h. The size of EVs was independent of incubation time or cell types, 

varying within a range of 130-220 nm. Variation in cell proliferation characteristic of 72 h-EVs 

suggest differential functionality of highly stressed EVs. This study has successfully optimized a 

reproducible ultrafiltration-SEC-based EV enrichment method and explored the variation of EVs 

production and functionality among cancer and non-cancer cell. Such characterization can be 

important steps toward the fundamental understanding of rigor and reproducibility in EV 

production and function to realize the translational avenues of EVs research. 
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Summary and Future Outlook 

The lipid-based vesicular systems offer exciting opportunities for drug delivery owing to 

their colloidal stability, self-assembly, biocompatibility, ability to load hydrophobic to hydrophilic 

cargo, and a plethora of target-specific functionalizing potentials. In this regard, liposomes and 

EVs are two vesicles-based systems with structural similarities that are ideal for drug delivery. 

Liposomes are easy to prepare, control, and functionalize, while EVs have endogenous cell-

derived functionality. In this dissertation, we used liposomes, EVs, and their hybrids to exploit the 

advantages of both systems, while mitigating respective shortcoming. Our major goal of using 

these systems was to overcome two major challenges associated with nanoparticulate drug delivery 

system- 1) how to overcome endosome degradation of nanoparticles and maximize intracellular 

bioavailability and 2) how to overcome biological barriers for efficient and targeted delivery- rapid 

immune clearance, circulation stability, epithelial barriers, microenvironment barriers, cellular, 

and intracellular barriers. Toward this endeavor, we engineered a pH-responsive DC-liposome, 

Hybrid exosome (HE), and gadolinium-infused hybrid extracellular vesicles (Gd-HEV) by using 

fundamental chemistry and engineering approaches. 

DC-liposome showed pH-responsive cationic and fusogenic properties thereby avoiding 

endosomal degradation by membrane fusion (Chapter 3). Although the in-vitro results were 

promising, the challenge to overcome the biological barrier remains. To overcome this problem, a 

natural messenger of the cellular system, which has been optimized with years of evolution, EVs, 

was used. We optimized a simple, efficient, and reproducible EVs isolation method by combining 

centrifugation, ultrafiltration, and size exclusion-based chromatography. HE showed better overall 

yield, stability, and added functionality, with preferential interaction toward cancer cells, showing 

promises for tumor-targeted drug delivery (Chapter 4). Further, Gd-HEV showed optimum 
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stability, higher gadolinium retention, tumor-targeting property, and longer blood retention time 

for contrast-enhanced magnetic resonance imaging (Chapter 5). Overall, the engineered 

nanoparticles showed desirable characteristics viz. endosomal degradation via escape, longer 

retention time, good biocompatibility, efficient drug loading capacity, and tumor-targeting 

characteristic. Therefore, the demonstrated proof-of-concept and design consideration of vesicles-

based drug delivery systems add important understanding on the implications of these systems to 

achieve efficient tumor-targeted drug delivery. 

However, the translational potential of the proposed system remains challenging. The 

heterogeneous nature of EVs production and functionality depending on the physiological 

condition of the parent cell and diverse isolation parameters adds challenges in translational EVs 

research and demands more research in the field. We explored a part of this heterogeneity by 

characterizing the variation in size, protein content, concentration, and functionality of EVs among 

varied nutrient-stress conditions and cell lines- cancer vs non-cancer (Chapter 6). We found that 

EV protein content and the number increases with incubation time in serum-deprived condition, 

and cancer cell-derived EVs produces more EVs compared to non-cancer. These observations are 

evident that EVs production and functionality are dependent upon secreting cells. Therefore, it is 

important for the proper characterization of possible variation and detail reporting of isolation 

parameters to envision a reproducible and translational outcome. Given the exploding EV research 

with breakthrough promises in drug delivery, disease diagnosis, and therapy, future research 

should focus on accounting for the innate heterogeneity and variation in EV production and 

functionality. Further, exploring the molecular mechanism behind cellular communication can 

lead toward a better understanding of these systems to realize the translational potential of vesicle-

based nanocarriers for tumor-targeted drug delivery.     
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Supporting information for Chapter 3 

 

 

 

Figure 3.S1 In -vitro drug loading via passive method. Doxorubicin (DOX) loading efficiency 

and DOX content by weight percentage with respect to carrier in different initial input 

concentration of DOX (µg/mL). 
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Supporting information for Chapter 4  

 

 

 

 

Figure 4.S1 Confocal image of mouse fibroblast NIH/3T3 showing time dependent 

internalization of RhB labelled hybrid exosomes in 3T3, after 0, 1.5, 3, and 6 h treatment. 

Internalization was quantified in terms of Corrected Total Cell Fluorescence (CTCF) using ImageJ 

(*** = p<0.0001, N.S= Non-significant, t test). 
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Figure 4.S2 Confocal image of mouse breast cancer cells 4T1 showing time dependent 

internalization of RhB labelled hybrid exosomes in 3T3, after 0, 1.5, 3, and 6 h treatment. 

Internalization was quantified in terms of Corrected Total Cell Fluorescence (CTCF) using ImageJ 

(*** = p<0.0001, N.S= Non-significant, t test). 
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