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SUMMARY 

Cell-derived extracellular vesicles (EVs) are gaining prominence as biogenic drug delivery 

systems (DDS) because of their pivotal role in cellular communication and transport of biological 

molecules. EVs are a heterogeneous mixture of vesicles that are released into the extracellular 

space and originate from endosomal compartments or via plasma membrane budding. Based on 

the two biogenesis pathways and the physicochemical properties of EVs, they can be classified 

into exosomes, which are smaller than 200 nm, and ectosomes, with sizes ranging from 50 nm to 

several micrometers in diameter. The complex composition of EVs is contingent on the biogenesis 

pathway, the cell type and its physiological state. The lipid bilayer harbors a diverse array of 

membrane proteins, while the aqueous lumen of these vesicles incorporates soluble proteins and 

nucleic acids (NAs) like mRNA and miRNA. However, the natural NA incorporation into EVs is 

limited, resulting in only a few sequences per hundreds or thousands of vesicles. Researchers 

have pursued strategies to enhance NA cargo loading, involving engineering producer cells to 

augment the incorporation of cell-expressible NAs or post-isolation loading by destabilizing the 

EV membrane using physical forces or chemical reagents. Despite these efforts, both strategies 

currently face challenges in efficiently encapsulating therapeutic amounts of NAs into EVs without 

compromising their integrity and intrinsic biological activity. Additionally, the translation of EV-

based DDS is hampered by inefficient EV production processes from mammalian cell cultures 

and the non-specific isolation techniques that co-purify cellular impurities such as protein 

aggregates. This thesis aims to address these challenges by providing tools to 1) efficiently 

encapsulate NAs into EVs while preserving their complex composition and biological functionality 

and 2) to enhance and expedite the production of EVs derived from mesenchymal stem cells 

(MSCs), a clinically relevant source of therapeutic EVs.  

In this respect, Chapter 1  compares EVs and lipid nanoparticles (LNPs) as nucleic acid 

carriers, focusing on their fundamental characteristics, including their physicochemical properties 

and composition. The chapter also provides an in-depth review on the various techniques to load 

NAs into these nanocarriers. Chapter 2  outlines the existing challenges in achieving scalable EV 

production processes and introduces machine learning and modeling-based approaches in EV 

research and development. In Chapter 3  non-lamellar lipid liquid crystalline nanoparticles 

(LCNPs) are presented as a versatile platform for loading various NAs (i.e., siRNA, mRNA and 

RNA aptamers) into small EVs (< 200 nm). Our findings reveal that non-lamellar sponge phases 
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can trigger a controlled fusion processes between LCNPs and EVs, resulting in the formation of 

hybrid semi-synthetic EVs (HEVs). Interestingly, at acidic conditions the LCNPs exhibited inverted 

hexagonal phases, which led to aggregation with EVs. Advanced nanocharacterization tools 

demonstrated that EV membrane proteins and NAs were successfully transferred onto/into HEVs, 

with around 40% of the HEV population effectively loaded with the NA cargo. Notably, the intrinsic 

biological activity of MSC-derived EVs was preserved, and the in vitro transfection potency of 

these non-lamellar LNPs was enhanced post-hybridization with EVs. Chapter 4  describes a 3D 

cell culture process for the scalable production of MSC-EVs on microcarrier matrices. The 

production process parameters (i.e., microcarrier concentration, seeding density, impeller speed 

and centrifugation time) were altered with the goal to maximize the yield and bioactivity of MSC-

EVs while minimizing the amount of cellular impurities. A multi-objective batch Bayesian 

optimization (MOBBO) algorithm was applied to find trade-offs for developing an optimal EV 

production process. Chapter  5 concludes by discussing the key findings of this thesis and 

proposes future experiments focusing on mechanistic studies of the LCNP-EV fusion process and 

investigations on the in vivo fate of HEV particles. 
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ZUSAMMENFASSUNG 

Zell-abgeleitete extrazelluläre Vesikel (EV) gewinnen aufgrund ihrer wichtigen Rolle in der 

zellulären Kommunikation und dem Transport biologischer Moleküle zunehmend an Bedeutung 

als biogene Arzneistoffträgersysteme. EVs sind eine heterogene Mischung von Vesikeln, die in 

den extrazellulären Raum freigesetzt werden und ihren Ursprung in endosomalen 

Kompartimenten oder durch Knospung an der Plasmamembran haben. Aufgrund dieser beiden 

Biogenesewege und den physikochemischen Eigenschaften der EV können sie in Exosomen 

klassifiziert werden, die kleiner als 200 nm sind, und Ektosomen, die Durchmesser von 50 nm bis 

zu mehreren Mikrometern aufweisen. Die komplexe Zusammensetzung der EV hängt vom 

Biogeneseweg, dem Zelltyp und dem physiologischen Zustand der Zelle ab. Auf der 

Lipidmembran befindet sich eine Vielzahl von Membranproteinen, während sich im wässrige 

Lumen dieser Vesikel lösliche Proteine und Ribonukleinsäuren (RNS) wie mRNA und miRNA 

befinden. Die natürliche Inkorporation von RNS in EV ist jedoch niedrig, was zur Beladung von 

nur wenigen Sequenzen pro Hunderte oder Tausende von Vesikeln führt. Forscher verfolgen 

Strategien, um die Beladung mit RNS zu verbessern, darunter ist die Modifikation von EV-

Produzentenzellen zur Steigerung der Inkorporation von zellexprimierbarer RNS oder die 

Beladung nach der EV-Aufreinigung durch Destabilisierung der EV-Membran mittels 

physikalischer Kräfte oder chemischer Reagenzien. Trotz dieser Bemühungen stehen beide 

Strategien derzeit vor der Herausforderung, therapeutische Mengen RNS effizient in EV zu 

inkorporieren, ohne deren Integrität und intrinsische biologische Aktivität zu beeinträchtigen. 

Darüber hinaus wird die Entwicklung von EV-basierten Arzneistoffträgersysteme durch 

ineffiziente EV-Produktionsprozesse aus Säugetierzellkulturen verlangsamt. Zudem 

beeinträchtigen unspezifische Aufreinigungstechniken, welche zelluläre Verunreinigungen wie 

zum Bespiel Proteinaggregate mitisolieren, den Produktionsprozess. Die vorliegende Dissertation 

setzt sich zum Ziel diese Herausfoderungen zu adressieren und beschreibt neuartige Methoden, 

um 1) RNS effizient in EV zu inkorporieren und dabei ihre komplexe Zusammensetzung und 

biologische Funktionalität zu bewahren, und 2) die EV-Produktion von mesenchymalen 

Stammzellen zu verbessern und zu beschleunigen, welche eine hohe klinische Relevanz 

aufweisen. 

In diesem Kontext vergleicht Kapitel 1  EV und Lipidnanopartikeln (LNP) als 

Arzneistoffträgersysteme für RNS und beschreibt deren fundamentalen Charakteristika, 
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einschließlich ihrer physikochemischen Eigenschaften und Zusammensetzung. Des Weiteren 

werden verschiedene Techniken zur Beladung dieser Nanoträgersysteme mit RNS diskutiert. 

Kapitel 2  skizziert die bestehenden Herausforderungen bei der Umsetzung einer skalierbaren 

EV-Produktion und führt in die Benutzung des maschinellen Lernens und computergestützen 

Modellierungsansätzen in der EV-Forschung und Entwicklung ein. In Kapitel 3  werden nicht-

lamellare lipide flüssigkristalline Nanopartikel (LCNP) zur Beladung verschiedener RNS (z.B. 

siRNA, mRNA und RNA �$�S�W�D�P�H�U�H���� �L�Q�� �Ä�N�O�H�L�Q�H�� �(�9�´�� ������ �������� �Q�P���� �Y�R�U�J�H�V�W�H�O�O�W���� �8�Q�V�H�U�H�� �(�U�J�H�E�Q�L�V�V�H��

zeigen auf, dass nicht-lamellare schwammähnliche Phasen Fusionsprozesse zwischen LCNP 

und EV auslösen konnten, wodurch sich hybride halbsynthetische EV (HEV) ausbildeten. 

Interessanterweise zeigten die LCNP unter sauren Bedingungen invertierte hexagonale Phasen 

auf, was zu einer Aggregation mit EV führte. Moderne Nanocharakterisierungswerkzeuge 

zeigten, dass EV-Membranproteine und die RNS auf oder respektive in die HEV-Trägersysteme 

übertragen wurde, wobei etwa 40% der HEV-Population effektiv mit RNS beladen wurde. 

Bemerkenswerterweise wurde die intrinsische biologische Aktivität der Stammzell-EV dabei 

bewahrt. Zudem steigerte sich Transfektionspotenz der nicht-lamellaren LCNP-Trägersysteme 

nachdem sie mit EV hybridisiert wurden. Kapitel 4  beschreibt einen 3D-Zellkulturprozess für die 

skalierbare Produktion von Stammzell-EV auf Mikroträgern. Die Produktionsprozessparameter 

(z. B. Mikroträgerkonzentration, Ansaatdichte der Zellen, Rührerdrehzahl und Zentrifugationszeit) 

wurden verändert, um den Ertrag und die Bioaktivität von Stammzell-EV zu maximieren und 

gleichzeitig die Menge zellulärer Verunreinigung�H�Q�� �]�X�� �P�L�Q�L�P�L�H�U�H�Q���� �(�L�Q�� �ÄMulti-Objective Batch 

Bayesian Optimizatio�Q�³ (MOBBO)-Algorithmus wurde angewendet, um Lösungen zu finden 

welche den optimalen EV-Produktionsprozess am besten beschreiben. Kapitel 5  schliesst mit 

einer Diskussion der wichtigsten Erkenntnisse dieser Arbeit und schlägt zukünftige Experimente 

zu mechanistischen Studien des LCNP-EV-Fusionsprozesses und zu in vivo Untersuchungen 

von HEV-Partikeln vor. 
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A COMPARISON OF EVS AND LNPS AS NUCLEIC ACID 

CARRIERS  

 

In the iconic 1966 �P�R�Y�L�H���³�)�D�Q�W�D�V�W�L�F���9�R�\�D�J�H�´, a team of miniaturized scientists embarks on a 

journey through the human body aboard a submarine ship to reach the brain of a patient suffering 

from a life-threatening blood clot. Along their voyage, the minuscule capsule and its passengers 

encounter various obstacles, navigating through reticular fibers in the lymphatic system and 

dodging phagocytes in the bloodstream [1]. What was once science fiction has in some way 

become reality, as modern nanomedicine has revolutionized the lives of millions of patients by 

improving the compliance, safety, and efficacy of injected drugs [2]. 

Just like the submarine in the movie navigates through the body, nanocarrier-based delivery 

systems can, in some �F�D�V�H�V�����W�U�D�Q�V�S�R�U�W���W�K�H�L�U���³therapeutic passengers�  ́to disease sites. The ideal 

nanocarrier shields its drug cargo from premature degradation and elimination by the body�¶s 

defense systems, such as the mononuclear phagocyte system, while enhancing its bioavailability 

and potency [3, 4]. This is particularly crucial for high molecular weight drugs, such as nucleic 

acid (NA) molecules, which often suffer from poor bioavailability and typically require specific 

formulation approaches to be translated into pharmaceutical products. These NA molecules are 

often loaded into synthetic nanoparticles to facilitate their passage across cell membranes and 

reach the target cytosol or nucleus. Alternatively, natural vehicles like viral vectors are also 

exploited to package and deliver the NA-based cargo [5]. Lipid nanoparticles (LNPs) have 

emerged as prominent carriers for NA delivery, with several formulations approved and numerous 

clinical trials underway [6]. Their significance as therapeutic vaccines was exemplified during the 

COVID-19 pandemic, where millions received mRNA-loaded LNPs to induce an immune 
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response against the severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2). However, 

LNPs and other synthetic nanocarriers still face limitations in targeting specific tissues, hampering 

their clinical application for certain indications [7]. Unlike the pilots in the movie who control the 

vehicle�¶s trajectory, LNPs rely on passive transport by the circulatory system and often 

accumulate in well-perfused eliminating organs such as the liver, kidney, and spleen [3, 8]. To 

overcome this limitation, novel nanocarrier systems must be developed to enable more controlled 

delivery of the NA cargo to target organs beyond those mentioned above. 

One promising strategy involves harnessing extracellular vesicles (EVs), nanosized 

membrane-bound structures released by cells into the extracellular space. EVs are involved in 

paracrine and endocrine signaling and have been investigated for their potential tissue-homing 

abilities. This unique feature has sparked the interest of the drug delivery field to engineer organ-

selective biogenic delivery vehicles based on EVs [9, 10]. 

The following chapter provides an overview of the distinct characteristics of EVs and LNPs, 

elucidating their differences and commonalities. It delves into the primary challenges encountered 

in utilizing these systems for NA delivery, exploring them from a drug formulation and delivery 

perspective.  

 

1.1 Overview on the physicochemical properties and composition of EVs and LNPs  

EVs and LNPs are both lipid-based nanocarriers that are investigated as NA delivery 

systems. Their structure and composition, however, are different. In the following chapter, we 

discuss the main characteristics of EVs and LNPs with a specific focus on their physicochemical 

properties. 

 

1.1.1 EVs �± natural vesicles with complex compositions governed by cells  

�7�K�H���W�H�U�P���³�(�9�V�´ encompasses a heterogenous group of vesicles that are released into the 

extracellular space by both eukaryotic and prokaryotic cells [11]. While initially described as 

�³�S�O�D�W�H�O�H�W-�G�X�V�W�´���L�Q���W�K�H�����������V���D�Q�G���E�H�O�L�H�Y�H�G���W�R���E�H���D���F�H�O�O�X�O�D�U���Z�D�V�W�H���H�O�L�P�L�Q�D�W�L�R�Q���S�D�W�K�Z�D�\�����(�9�V���J�D�L�Q�H�G��

recognition in the 1990s as crucial regulators of the immune system [12-16]. Nowadays, EVs are 

acknowledged as widespread intercellular communicators involved in various physiological and 

pathological processes, ranging from cancer and cardiovascular diseases to wound healing and 
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stem-cell therapy [17-20]. Their role as carriers of NAs was discovered in 2007, when it was found 

that mast cell-derived EVs contain functional miRNA and mRNA, which can be delivered to 

recipient cells [21]. EVs exhibit not only a specific set of NAs but also a unique protein and lipid 

composition that is influenced by the parent cells, the cell�¶s physiological state, and the EV 

biogenesis pathway [22-24]. This results in a diverse array of vesicle populations with complex 

compositions and dynamic physicochemical properties. To standardize research practices, the 

�³minimal information for st�X�G�L�H�V���R�I�� �H�[�W�U�D�F�H�O�O�X�O�D�U���Y�H�V�L�F�O�H�V�´ (MISEV) guidelines were established, 

providing a framework for the global research community on EV isolation and analysis [25]. This 

chapter provides a brief overview of generally accepted EV characteristics, emphasizing their 

biogenesis, physicochemical properties and composition, isolation techniques as well as their 

biological functions. 

 

1.1.1.1 EV biogenesis  

�7�K�H���E�L�R�J�H�Q�H�V�L�V���R�I���(�9�V���H�Q�F�R�P�S�D�V�V�H�V���G�L�Y�H�U�V�H���F�H�O�O�X�O�D�U���P�H�F�K�D�Q�L�V�P�V�����D�V���U�H�Y�H�D�O�H�G���E�\���H�[�W�H�Q�V�L�Y�H��

�5�1�$���L�Q�W�H�U�I�H�U�H�Q�F�H�����5�1�$�L�����E�D�V�H�G���V�F�U�H�H�Q�V���>�����@�����7�R�G�D�\�����W�K�H���I�X�Q�G�D�P�H�Q�W�D�O���S�U�L�Q�F�L�S�O�H�V���R�I���(�9���E�L�R�O�R�J�\���D�U�H��

�U�H�O�D�W�L�Y�H�O�\�� �Z�H�O�O���H�V�W�D�E�O�L�V�K�H�G�� �D�Q�G�� �K�D�Y�H�� �E�H�H�Q�� �H�[�W�H�Q�V�L�Y�H�O�\�� �U�H�Y�L�H�Z�H�G�� �H�O�V�H�Z�K�H�U�H�� �>�������� �������� �����@���� �,�Q��

�H�V�V�H�Q�F�H���� �(�9�V�� �F�D�Q�� �E�H�� �F�D�W�H�J�R�U�L�]�H�G�� �L�Q�W�R�� �W�Z�R�� �V�X�E�S�R�S�X�O�D�W�L�R�Q�V���� �H�F�W�R�V�R�P�H�V�� ���R�U�� �P�L�F�U�R�Y�H�V�L�F�O�H�V���� �D�Q�G��

�H�[�R�V�R�P�H�V�����)�L�J�X�U�H�������������>�����@�� 
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Figure 1.1. Schematic overview of the EV biogenesis and composition.   

Cells release EVs into the extracellular space via two main pathways: (1) plasma membrane budding or (2) 
fusion of endosome-derived multivesicular bodies (MVBs) with the plasma membrane. These pathways 
lead to the formation of two types of EVs: (1) ectosomes and (2) exosomes [27]. The composition of EVs 
is unique to each parent cell and includes lipids, proteins, and nucleic acids. EV membranes are enriched 
with cholesterol, phosphatidylserine, and sphingomyelin. The membrane also contains various 
transmembrane proteins (e.g., tetraspanins and integrins) involved, i.a., in vesicle biogenesis and cell 
adhesion. The aqueous vesicle core carries soluble protein- and NA-based cargo [29]. Additionally, soluble 
proteins and NAs can be bound to the glycosylated surface of EVs, forming the EV corona [30]. EVs from 
mesenchymal stem cells (MSCs) are visualized using transmission electron microscopy (TEM) and 
cryogenic TEM (cryo-TEM), showcasing their "cup-shaped" morphology and circular electron-dense lipid 
bilayer, respectively; scale bars are 100 nm. The figure is inspired by Refs. [27, 31]. 

 

�(�[�R�V�R�P�H�V�� �R�U�L�J�L�Q�D�W�H�� �I�U�R�P�� �P�X�O�W�L�Y�H�V�L�F�X�O�D�U�� �E�R�G�L�H�V�� ���0�9�%�V������ �D�O�V�R�� �N�Q�R�Z�Q�� �D�V�� �P�X�O�W�L�Y�H�V�L�F�X�O�D�U��

�H�Q�G�R�V�R�P�H�V�� ���0�9�(�V������ �I�R�U�P�L�Q�J�� �W�K�U�R�X�J�K�� �W�K�H�� �L�Q�Z�D�U�G�� �E�X�G�G�L�Q�J�� �R�I�� �W�K�H�� �H�Q�G�R�V�R�P�D�O�� �P�H�P�E�U�D�Q�H�����7�K�H�V�H��

�L�Q�W�U�D�O�X�P�L�Q�D�O���Y�H�V�L�F�O�H�V�����,�/�9�V�������D�U�H���U�H�O�H�D�V�H�G���L�Q�W�R���W�K�H���H�[�W�U�D�F�H�O�O�X�O�D�U���V�S�D�F�H���X�S�R�Q���I�X�V�L�R�Q���R�I���0�9�%�V���Z�L�W�K��

�W�K�H���S�O�D�V�P�D���P�H�P�E�U�D�Q�H�����K�H�Q�F�H���W�K�H�L�U���Q�D�P�H���³�H�[�R�V�R�P�H�V� �́��>�������������@�����7�Z�R���P�D�M�R�U���S�D�W�K�Z�D�\�V���S�O�D�\���D���F�U�X�F�L�D�O��

�U�R�O�H���L�Q���0�9�%���I�R�U�P�D�W�L�R�Q���D�Q�G���F�D�U�J�R���V�R�U�W�L�Q�J�����7�K�H���H�Q�G�R�V�R�P�D�O���V�R�U�W�L�Q�J���F�R�P�S�O�H�[���U�H�T�X�L�U�H�G���I�R�U���W�U�D�Q�V�S�R�U�W��

���(�6�&�5�7�����S�U�R�W�H�L�Q���I�D�P�L�O�\���U�H�S�U�H�V�H�Q�W�V���R�Q�H���R�I���W�K�H���H�D�U�O�L�H�V�W���P�H�F�K�D�Q�L�V�P�V���L�G�H�Q�W�L�I�L�H�G���L�Q���0�9�%���E�L�R�J�H�Q�H�V�L�V����

�D�Q�G�� �L�V�� �D�O�V�R�� �L�P�S�O�L�F�D�W�H�G�� �L�Q�� �E�X�G�G�L�Q�J�� �S�U�R�F�H�V�V�H�V�� �R�Q�� �S�O�D�V�P�D�� �P�H�P�E�U�D�Q�H�V�� �>�����@���� �$�O�O�� �I�R�X�U�� �S�U�R�W�H�L�Q��

�F�R�P�S�O�H�[�H�V�����(�6�&�5�7�����������,�������,�,�����D�Q�G�����,�,�,�����D�U�H���L�Q�Y�R�O�Y�H�G���L�Q���0�9�%���E�L�R�J�H�Q�H�V�L�V���D�Q�G���F�D�U�J�R���O�R�D�G�L�Q�J���S�U�R�F�H�V�V�H�V��

�>�������� �����@�����(�6�&�5�7���,�� ���W�X�P�R�X�U�� �V�X�V�F�H�S�W�L�E�L�O�L�W�\�� �J�H�Q�H�� �������� ���7�6�*������������ �D�Q�G�� �(�6�&�5�7���,�,�� ���Y�D�F�X�R�O�D�U�� �S�U�R�W�H�L�Q��

�V�R�U�W�L�Q�J���D�V�V�R�F�L�D�W�H�G�� �S�U�R�W�H�L�Q�� ���������9�3�6�����������F�R�P�S�O�H�[�H�V���I�D�F�L�O�L�W�D�W�H�� �W�K�H�� �E�H�Q�G�L�Q�J�� �R�I�� �W�K�H�� �H�Q�G�R�V�R�P�D�O��

�P�H�P�E�U�D�Q�H�����Z�K�L�O�H���(�6�&�5�7���,�,�,�����F�K�D�U�J�H�G���P�X�O�W�L�Y�H�V�L�F�X�O�D�U���E�R�G�\���S�U�R�W�H�L�Q�����$�����&�+�0�3���$�������&�+�0�3���%���D�Q�G��

�&�+�0�3���&�����L�V���F�U�X�F�L�D�O���I�R�U���W�K�H���V�F�L�V�V�L�R�Q���R�I���,�/�9�V���I�U�R�P���W�K�H���H�Q�G�R�V�R�P�D�O���P�H�P�E�U�D�Q�H���L�Q�W�R���0�9�%�V���>�����@�����7�K�H��

�(�6�&�5�7�������F�R�P�S�O�H�[���L�V�� �Q�R�W���G�L�U�H�F�W�O�\���L�Q�Y�R�O�Y�H�G�� �L�Q�� �Y�H�V�L�F�O�H���E�X�G�G�L�Q�J�� �D�Q�G���V�F�L�V�V�L�R�Q���S�U�R�F�H�V�V�H�V���� �E�X�W�� �L�W�V��

�K�H�S�D�W�R�F�\�W�H���U�H�F�H�S�W�R�U���W�\�U�R�V�L�Q�H���N�L�Q�D�V�H���V�X�E�V�W�U�D�W�H�����+�5�6�����V�X�E�X�Q�L�W���P�D�\���S�O�D�\���D���U�R�O�H���L�Q���W�K�H���L�Q�L�W�L�D�O���V�W�D�J�H�V��

�R�I���F�D�U�J�R���V�R�U�W�L�Q�J���L�Q�W�R���,�/�9�V���E�\���L�Q�W�H�U�D�F�W�L�Q�J���Z�L�W�K���X�E�L�T�X�L�W�L�Q�D�W�H�G���S�U�R�W�H�L�Q�V���D�Q�G���F�O�D�W�K�U�L�Q���R�Q���H�D�U�O�\���H�Q�G�R�V�R�P�H��

�P�H�P�E�U�D�Q�H�V���>���������������������@�����7�K�H�U�H���L�V���D�O�V�R���D�Q���D�O�W�H�U�Q�D�W�L�Y�H���S�D�W�K�Z�D�\���I�R�U���W�K�H���U�H�F�U�X�L�W�P�H�Q�W���D�Q�G���V�R�U�W�L�Q�J���R�I��

�S�U�R�W�H�L�Q�V���L�Q�W�R���,�/�9�V�����L�Q�Y�R�O�Y�L�Q�J���V�\�Q�W�H�Q�L�Q���������V�\�Q�G�H�F�D�Q���������D�Q�G���$�/�*�����L�Q�W�H�U�D�F�W�L�Q�J���S�U�R�W�H�L�Q���;�����$�/�,�;�����>�����@����

�7�K�H�� �V�F�D�I�I�R�O�G�� �S�U�R�W�H�L�Q�� �V�\�Q�W�H�Q�L�Q������ �L�Q�W�H�U�D�F�W�V�� �Z�L�W�K�� �S�U�R�W�H�L�Q���E�D�V�H�G�� �F�D�U�J�R�� �D�Q�G�� �W�K�H�� �F�\�W�R�V�R�O�L�F�� �G�R�P�D�L�Q�� �R�I��

�V�\�Q�G�H�F�D�Q������ �R�Q�� �H�Q�G�R�V�R�P�D�O�� �P�H�P�E�U�D�Q�H�V���� �$�/�,�;���� �D�O�R�Q�J�� �Z�L�W�K�� �F�R�P�S�R�Q�H�Q�W�V�� �R�I�� �W�K�H�� �(�6�&�5�7���,�� �D�Q�G��

�(�6�&�5�7���,�,�,���S�U�R�W�H�L�Q���F�R�P�S�O�H�[�H�V�����D�U�H���U�H�F�U�X�L�W�H�G���W�R���I�D�F�L�O�L�W�D�W�H���L�Q�Z�D�U�G���E�X�G�G�L�Q�J���L�Q�W�R���,�/�9�V���R�I���W�K�H���V�\�Q�W�H�Q�L�Q��

�V�\�Q�G�H�F�D�Q���L�Q�W�H�U�D�F�W�L�R�Q���F�R�P�S�O�H�[���>�����@�����7�K�H���V�\�Q�W�H�Q�L�Q���$�/�,�;���S�D�W�K�Z�D�\���L�V���U�H�J�X�O�D�W�H�G���E�\���S�K�R�V�S�K�R�U�\�O�D�W�L�R�Q��

�W�K�U�R�X�J�K�� �W�K�H���S�U�R�W�H�L�Q���W�\�U�R�V�L�Q�H���N�L�Q�D�V�H�� �6�U�F���� �D�Q�G�� �G�H�S�H�Q�G�V�� �R�Q�� �W�K�H�� �D�F�W�L�Y�L�W�L�H�V�� �R�I�� �W�K�H�� �*�7�3�D�V�H�� �$�'�3��

�U�L�E�R�V�\�O�D�W�L�R�Q���I�D�F�W�R�U���������$�5�)�������D�Q�G���S�K�R�V�S�K�R�O�L�S�D�V�H���'�������3�/�'���������Z�K�L�F�K���K�\�G�U�R�O�\�]�H�V���S�K�R�V�S�K�D�W�L�G�\�O�F�K�R�O�L�Q�H��

�L�Q�W�R���S�K�R�V�S�K�D�W�L�G�L�F���D�F�L�G���>�������������@�����1�R�W�D�E�O�\�����S�K�R�V�S�K�D�W�L�G�L�F���D�F�L�G���D�Q�G���R�W�K�H�U���F�R�Q�H���V�K�D�S�H�G���O�L�S�L�G�V�����V�X�F�K���D�V��
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�F�H�U�D�P�L�G�H�����V�H�U�Y�H���D�V���H�V�V�H�Q�W�L�D�O���(�6�&�5�7���L�Q�G�H�S�H�Q�G�H�Q�W���P�H�G�L�D�W�R�U�V���R�I���,�/�9���I�R�U�P�D�W�L�R�Q���>�������������@�����,�Q�W�H�U�D�F�W�L�R�Q��

�R�I���S�U�R�W�H�L�Q�����D�Q�G���1�$���E�D�V�H�G���F�D�U�J�R�����H���J�������S�U�R�W�H�R�O�L�S�L�G���S�U�R�W�H�L�Q���D�Q�G���P�L�5�1�$�V�����R�F�F�X�U�V���W�K�U�R�X�J�K���O�L�S�L�G���U�D�I�W��

�O�L�N�H���G�R�P�D�L�Q�V���R�Q���H�Q�G�R�V�R�P�D�O���P�H�P�E�U�D�Q�H�V���>�����������@�����6�L�P�L�O�D�U���W�R���O�L�S�L�G�V�����S�U�R�W�H�L�Q�V���R�I���W�K�H���W�H�W�U�D�V�S�D�Q�L�Q���I�D�P�L�O�\��

�P�D�\���L�Q�G�X�F�H���,�/�9���I�R�U�P�D�W�L�R�Q���E�\���D�O�W�H�U�L�Q�J���P�H�P�E�U�D�Q�H���F�X�U�Y�D�W�X�U�H���>�������������@�����,�W���Z�D�V���V�K�R�Z�Q���W�K�D�W���W�H�W�U�D�V�S�D�Q�L�Q�V��

�F�D�Q���I�R�U�P���F�O�X�V�W�H�U�V�� �Z�L�W�K���Y�D�U�L�R�X�V���R�W�K�H�U�� �W�U�D�Q�V�P�H�P�E�U�D�Q�H���S�U�R�W�H�L�Q�V���R�Q�� �H�Q�G�R�V�R�P�H�� �D�Q�G�� �S�O�D�V�P�D��

�P�H�P�E�U�D�Q�H�V�����I�D�F�L�O�L�W�D�W�L�Q�J���W�K�H�L�U�� �V�R�U�W�L�Q�J���L�Q�W�R�� �,�/�9�V���>�������� �����@���� �,�Q�� �F�R�Q�W�U�D�V�W�� �W�R�� �H�[�R�V�R�P�H�V���� �H�F�W�R�V�R�P�H�V��

�G�L�U�H�F�W�O�\�� �E�X�G�� �I�U�R�P�� �W�K�H�� �S�O�D�V�P�D�� �P�H�P�E�U�D�Q�H�� �>�����@���� �6�L�P�L�O�D�U�� �S�U�R�W�H�L�Q���E�D�V�H�G�� �S�D�W�K�Z�D�\�V���� �L�Q�F�O�X�G�L�Q�J��

�F�R�P�S�R�Q�H�Q�W�V���R�I���(�6�&�5�7���S�U�R�W�H�L�Q���F�R�P�S�O�H�[�H�V���D�O�R�Q�J���Z�L�W�K���W�H�W�U�D�V�S�D�Q�L�Q�V�����D�U�H���L�Q�Y�R�O�Y�H�G���L�Q���W�K�H�L�U���I�R�U�P�D�W�L�R�Q��

�>�������� �����@�����$�Q�� �H�V�V�H�Q�W�L�D�O�� �H�Q�G�R�J�H�Q�R�X�V�� �H�I�I�H�F�W�R�U�� �S�U�R�W�H�L�Q�� �I�R�U�� �H�F�W�R�V�R�P�H�� �I�R�U�P�D�W�L�R�Q�� �L�V�� �D�U�U�H�V�W�L�Q�� �G�R�P�D�L�Q��

�F�R�Q�W�D�L�Q�L�Q�J���S�U�R�W�H�L�Q���������$�5�5�'�&���������Z�K�L�F�K���O�R�F�D�O�L�]�H�V���D�W���W�K�H���S�O�D�V�P�D���P�H�P�E�U�D�Q�H���D�Q�G���U�H�F�U�X�L�W�V���W�K�H���(�6�&�5�7��

�S�U�R�W�H�L�Q�V���7�6�*���������D�Q�G���9�3�6�����I�R�U���H�F�W�R�V�R�P�H���E�X�G�G�L�Q�J���>�����@�� 

�&�X�U�U�H�Q�W�O�\�����H�I�I�L�F�L�H�Q�W���V�H�S�D�U�D�W�L�R�Q���R�I���H�F�W�R�V�R�P�H�V���D�Q�G���H�[�R�V�R�P�H�V���U�H�P�D�L�Q�V���F�K�D�O�O�H�Q�J�L�Q�J���G�X�H���W�R���W�K�H�L�U��

�R�Y�H�U�O�D�S�S�L�Q�J�� �F�R�P�S�R�V�L�W�L�R�Q�V�� �D�Q�G�� �V�L�]�H�V���>�����@���� �&�R�Q�V�H�T�X�H�Q�W�O�\���� �Y�H�V�L�F�O�H�� �L�V�R�O�D�W�H�V�� �R�I�W�H�Q�� �F�R�P�S�U�L�V�H�� �E�R�W�K��

�V�X�E�S�R�S�X�O�D�W�L�R�Q�V�����1�H�Y�H�U�W�K�H�O�H�V�V�����W�K�H���L�G�H�Q�W�L�I�L�F�D�W�L�R�Q���R�I���Q�R�Y�H�O���H�[�R�V�R�P�H�����D�Q�G���H�F�W�R�V�R�P�H���V�S�H�F�L�I�L�F���V�X�U�I�D�F�H��

�P�D�U�N�H�U�V�� ���H���J�������/�$�0�3�����/�$�0�3���� �D�Q�G���%�6�*���6�/�&���$������ �K�R�O�G�V�� �S�U�R�P�L�V�H�� �I�R�U�� �W�K�H�� �G�H�Y�H�O�R�S�P�H�Q�W�� �R�I�� �P�R�U�H��

�V�H�O�H�F�W�L�Y�H���L�V�R�O�D�W�L�R�Q���W�H�F�K�Q�R�O�R�J�L�H�V���>�����@�����7�K�H�V�H���D�G�Y�D�Q�F�H�P�H�Q�W�V���D�U�H���F�U�X�F�L�D�O���I�R�U���G�L�V�W�L�Q�J�X�L�V�K�L�Q�J���E�H�W�Z�H�H�Q��

�(�9���V�X�E�S�R�S�X�O�D�W�L�R�Q�V���E�D�V�H�G���R�Q���W�K�H�L�U���E�L�R�J�H�Q�H�V�L�V���S�D�W�K�Z�D�\�V�� 

 

1.1.1.2 Physicochemical properties  and composition of EVs  

�(�F�W�R�V�R�P�H�V�����L�Q�F�O�X�G�L�Q�J���O�D�U�J�H���R�Q�F�R�V�R�P�H�V�����F�D�Q���Y�D�U�\�� �L�Q���V�L�]�H���I�U�R�P������ �Q�P���W�R�������� �—�P�����(�[�R�V�R�P�H�V��

�I�U�R�P���H�Q�G�R�V�R�P�D�O���R�U�L�J�L�Q���D�U�H���W�\�S�L�F�D�O�O�\���V�P�D�O�O�H�U���D�Q�G���K�D�Y�H���G�L�D�P�H�W�H�U�V���U�D�Q�J�L�Q�J���I�U�R�P���������W�R�����������Q�P�����>�����@����

�5�H�V�H�D�U�F�K�H�U�V�� �F�R�P�P�R�Q�O�\�� �X�V�H�� �Q�D�Q�R�S�D�U�W�L�F�O�H�� �W�U�D�F�N�L�Q�J�� �D�Q�D�O�\�V�L�V�� ���1�7�$���� �R�U�� �G�\�Q�D�P�L�F�� �O�L�J�K�W�� �V�F�D�W�W�H�U�L�Q�J��

���'�/�6���� �W�R�� �P�H�D�V�X�U�H�� �W�K�H�� �K�\�G�U�R�G�\�Q�D�P�L�F�� �G�L�D�P�H�W�H�U���>�������� �����@���� �,�P�D�J�L�Q�J�� �W�H�F�K�Q�L�T�X�H�V�� �V�X�F�K�� �D�V�� �H�O�H�F�W�U�R�Q��

�P�L�F�U�R�V�F�R�S�\�����(�0�����R�U���D�W�R�P�L�F���I�R�U�F�H���P�L�F�U�R�V�F�R�S�\�����$�)�0�����S�U�R�Y�L�G�H���L�Q�V�L�J�K�W�V���L�Q�W�R���W�K�H���W�U�X�H���V�L�]�H���S�U�R�I�L�O�H�V���D�Q�G��

�V�K�D�S�H�V���R�I���(�9�V���>�����@�����,�Q���W�U�D�Q�V�P�L�V�V�L�R�Q���H�O�H�F�W�U�R�Q���P�L�F�U�R�V�F�R�S�\�����7�(�0�������(�9�V���P�D�\���G�L�V�S�O�D�\���D���F�X�S���V�K�D�S�H�G��

�P�R�U�S�K�R�O�R�J�\�����)�L�J�X�U�H�� ������������ �D�W�W�U�L�E�X�W�H�G�� �W�R�� �W�K�H�� �V�W�D�L�Q�L�Q�J�� �S�U�R�F�H�V�V���W�K�D�W�� �L�Q�G�X�F�H�V�� �G�H�K�\�G�U�D�W�L�R�Q�� �D�Q�G��

�F�R�Q�V�H�T�X�H�Q�W�O�\���Y�H�V�L�F�O�H���V�K�U�L�Q�N�D�J�H���>�����@�����$�S�D�U�W���I�U�R�P���W�K�H���F�X�S���V�K�D�S�H�G���P�R�U�S�K�R�O�R�J�\�����L�W���L�V���F�K�D�O�O�H�Q�J�L�Q�J���W�R��

�G�L�V�W�L�Q�J�X�L�V�K���E�H�W�Z�H�H�Q���Y�H�V�L�F�O�H�V���D�Q�G���F�R���L�V�R�O�D�W�H�G���S�U�R�W�H�L�Q���D�J�J�U�H�J�D�W�H�V���R�U���O�L�S�R�S�U�R�W�H�L�Q���S�D�U�W�L�F�O�H�V���L�Q���7�(�0����

�&�U�\�R�J�H�Q�L�F���W�U�D�Q�V�P�L�V�V�L�R�Q���H�O�H�F�W�U�R�Q���P�L�F�U�R�V�F�R�S�\�����F�U�\�R���7�(�0�����H�Q�D�E�O�H�V���L�P�D�J�L�Q�J���R�I���(�9�V���L�Q���W�K�H�L�U���Q�D�W�L�Y�H��

�V�W�D�W�H���� �(�9�V�� �F�D�Q�� �E�H�� �F�O�H�D�U�O�\�� �G�L�V�W�L�Q�J�X�L�V�K�H�G�� �E�\�� �W�K�H�L�U���U�R�X�Q�G�� �V�K�D�S�H�� �D�Q�G���W�K�H�L�U���F�L�U�F�X�O�D�U���� �H�O�H�F�W�U�R�Q���G�H�Q�V�H��

�O�L�S�L�G���P�H�P�E�U�D�Q�H���L�Q���F�R�Q�W�U�D�V�W���W�R���W�K�H���D�T�X�H�R�X�V�����H�O�H�F�W�U�R�Q���O�X�F�H�Q�W���Y�H�V�L�F�O�H���F�R�U�H�����)�L�J�X�U�H�������������>�����@���� 

�7�K�H���O�L�S�L�G���F�R�P�S�R�V�L�W�L�R�Q���R�I���(�9���P�H�P�E�U�D�Q�H�V���P�D�L�Q�O�\���F�R�Q�V�L�V�W�V���R�I���S�K�R�V�S�K�D�W�L�G�\�O�F�K�R�O�L�Q�H�V�����a10-30%), 

�F�K�R�O�H�V�W�H�U�R�O�� ���a42%), phosphatidylserines (�a6-15%), and sphingomyelin (�a8-23%). 



A COMPARISON OF EVS AND LNPS AS NUCLEIC ACID CARRIERS 

6 
 

�3�K�R�V�S�K�D�W�L�G�\�O�H�W�K�D�Q�R�O�D�P�L�Q�H�V�����a1-15%), phosphatidylinositol lipids (�a0.1-5%), and ceramide (< 1%) 

�D�U�H���S�U�H�V�H�Q�W���D�W���O�R�Z�H�U���O�H�Y�H�O�V���>�����@�����&�R�P�S�D�U�H�G���W�R���W�K�H���S�D�U�H�Q�W���F�H�O�O�V�����/�O�R�U�H�Q�W�H���H�W���D�O�����U�H�S�R�U�W�H�G���D���W�Z�R���W�R��

�W�K�U�H�H�I�R�O�G���H�Q�U�L�F�K�P�H�Q�W���L�Q���S�K�R�V�S�K�D�W�L�G�\�O�V�H�U�L�Q�H�V�����V�S�K�L�Q�J�R�P�\�H�O�L�Q�����F�K�R�O�H�V�W�H�U�R�O�����D�Q�G���Q�H�J�D�W�L�Y�H�O�\���F�K�D�U�J�H�G��
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Figure 1.2. Schematic overview of common EV isolation techn iques.  

The techniques enrich EVs from contaminates, such as soluble proteins. Each method has its advantages 
and disadvantages concerning EV specificity, purity, as well as cost and time efficiency [60]. SEC: size 
exclusion chromatography; AIEX: anion exchange; PEG: poly(ethylene glycol). Created with 
BioRender.com.  
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1.1.2 LNPs �± synthetic nanoparticles with distinct structural properties  

�/�1�3�V�� �D�U�H�� �V�\�Q�W�K�H�W�L�F���� �O�L�S�L�G�L�F�� �Q�D�Q�R�S�D�U�W�L�F�O�H�V�� �Z�K�L�F�K���K�D�Y�H�� �V�W�U�X�F�W�X�U�D�O�O�\�� �H�Y�R�O�Y�H�G�� �I�U�R�P�� �F�D�W�L�R�Q�L�F��

�O�L�S�R�V�R�P�H�V�����V�P�D�O�O���O�L�S�L�G���Y�H�V�L�F�O�H�V���P�D�G�H���R�I���D�W���O�H�D�V�W���R�Q�H���O�L�S�L�G���E�L�O�D�\�H�U���V�X�U�U�R�X�Q�G�L�Q�J���D�Q���D�T�X�H�R�X�V���F�R�U�H����

�D�Q�G���O�L�S�R�S�O�H�[�H�V�����F�R�P�S�O�H�[�H�V���R�I���F�D�W�L�R�Q�L�F���O�L�S�L�G�V���Z�L�W�K���D�Q�L�R�Q�L�F���1�$�V�����>�������@�����8�Q�O�L�N�H���O�L�S�R�V�R�P�H�V�����/�1�3�V���K�D�Y�H��

�O�L�S�L�G�V���L�Q���W�K�H���F�R�U�H�����Y�L�V�L�E�O�H���D�V���G�D�U�N�H�U�����H�O�H�F�W�U�R�Q���G�H�Q�V�H���V�W�U�X�F�W�X�U�H�V���L�Q���F�U�\�R���7�(�0���>�������@�����$�G�G�L�W�L�R�Q�D�O�O�\�����/�1�3�V��
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�O�L�S�R�S�O�H�[�H�V���>�������@�� 

 

1.1.2.1 Ionizable lipids  
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�F�R�P�S�D�U�H�G���W�R���O�L�S�R�S�O�H�[�H�V���>���@�� 

 

 
Figure 1.3. Chemical structures of sel ected ionizable  lipids.  

DODAP: 1,2-dioleoyl-3-dimethylammonium-propane (pKa from Ref. [115]); DLinDMA: 1,2-dilinoleyloxy-
dimethyl-3-aminopropane (pKa from Ref. [115]); DLin-KC2-DMA: 2,2-dilinoleyl-4-dimethylaminoethyl-[1,3]-
dioxolane (pKa from Ref. [116]); DLin-MC3-DMA: heptatriaconta-6,9,28,31-tetraen-19-yl 4-
(dimethylamino)butanoate (pKa from Ref. [116]); L319: di((Z)-non-2-en-1-yl) 9-((4-
(dimethylamino)butanoyl)oxy)heptadecanedioate (pKa from Ref. [117]); SM-102: heptadecan-9-yl 8-((2-
hydroxyethyl)(6-oxo-6-(undecyloxy)hexyl)amino)octanoate (pKa from Ref. [114]); and ALC-0135: ((4-
hydroxybutyl)azanediyl)bis(hexane-6,1-diyl)bis(2-hexyldecanoate) (pKa from Ref. [114]). 
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Figure 1.4. Schematic representation of the endosomal escape of endocytosed LNPs .  

LNPs are taken up via endocytosis and end up inside endosomal compartments. As early endosomes 
mature into late endosomes, the pH is gradually decreased. This pH drop causes the ionizable lipid to get 
protonated, increasing its interaction with anionic lipids of the endosomal membrane. It is assumed that the 
lipid-lipid interaction/mixture induces the formation of non-bilayer structures such as fusogenic inverted 
hexagonal phases (HII) (1). Alternatively, late endosomes can also fuse with lysosomes, leading to 
enzymatic degradation of the LNP components (2). It should be noted that the ionizable lipids and the NA 
cargo can also be secreted back into the extracellular space [125]. Created with BioRender.com. 
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�K�L�J�K�H�U�� �L�R�Q�L�]�D�E�O�H�� �O�L�S�L�G�� �F�R�Q�W�H�Q�W�� ���t 50 mol%) and N/P ratios (�t 3) with enhanced transfection 
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1.1.2.2 PEGylated lipids  
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�F�L�U�F�X�O�D�W�R�U�\�� �K�D�O�I���O�L�Y�H�V�� �D�Q�G�� �K�L�J�K�H�U�� �O�L�Y�H�U�� �G�H�S�R�V�L�W�L�R�Q���� �Z�K�L�F�K�� �L�V�� �S�U�R�E�O�H�P�D�W�L�F�� �Z�K�H�Q�� �W�K�H�� �O�L�Y�H�U�� �L�V�� �Q�R�W�� �W�K�H��

�S�U�L�P�D�U�\���W�D�U�J�H�W���>�������@�� 
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1.1.2.3 Phospholipids and cholesterol  
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1.1.2.4 Structure o f LNPs  

�$�P�S�K�L�S�K�L�O�L�F���P�R�O�H�F�X�O�H�V�����O�L�N�H���O�L�S�L�G�V���D�Q�G���V�X�U�I�D�F�W�D�Q�W�V�����V�H�O�I���D�V�V�H�P�E�O�H���L�Q���V�R�O�X�W�L�R�Q���W�R���R�S�W�L�P�L�]�H���W�K�H�L�U��

�L�Q�W�H�U�D�F�W�L�R�Q�� �Z�L�W�K�� �W�K�H�� �V�X�U�U�R�X�Q�G�L�Q�J�� �D�T�X�H�R�X�V�� �V�R�O�Y�H�Q�W�����7�K�H�� �F�X�U�Y�D�W�X�U�H�� �R�I�� �D���V�H�O�I���D�V�V�H�P�E�O�H�G���O�L�S�L�G��

�P�R�Q�R�O�D�\�H�U���L�V���G�H�I�L�Q�H�G���E�\���L�W�V���P�H�D�Q���F�X�U�Y�D�W�X�U�H�����&�����D�Q�G���*�D�X�V�V�L�D�Q���F�X�U�Y�D�W�X�U�H�����. �����D�W���W�K�H��solute-solvent 

interface, as outlined in equations (1.1) and (1.2),�� 
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Figure 1.5. The LNP core -shell structure model and schematic illustration s of prevalent lyotropic 
liquid crystalline phases observed within NA -loaded lipid  nanocarriers.   

The core shell-model suggests an outer shell primarily composed of PEG moieties and an inner shell made 
up of phospholipids, cholesterol and a small proportion of the ionizable lipid. The core consists mainly of 
ionizable lipid and cholesterol. It is proposed that the NA is situated within aqueous channels surrounded 
by the ionizable lipid matrix, forming distorted hexagonal or inverse worm-like micellar phases [161, 162]. 
Reprinted (adapted) with permission from Ref. [160] under a Creative Commons CC-BY license.  
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Figure 1.6. Structural evolution of LNPs.  

(A) In the early 2000�¶s, LNP formulations like the stabilized antisense and plasmid lipid particles 
(SALPs/SPLPs) contained 15-20 mol% ionizable lipid and formed (multi-)lamellar liposomal structures [118, 
168]. (B) As time progressed, the ionizable lipid concentration was increased to 40-50 mol%, resulting in 
the formation of electron-dense particles with lipids in the core. In 2012, Leung and colleagues proposed a 
nanostructured arrangement with aqueous pockets for the LNP core using molecular modeling [111]. (C) 
Cryo-TEM studies by Kulkarni and colleagues in 2018 suggested an amorphous ionizable lipid core 
surrounded by a dense lipid bilayer, with siRNA stacked between the opposing lipid monolayers [150]. (D) 
In 2018 and 2021, two studies on mRNA-loaded LNPs indicated the presence of aqueous 
domains/channels within the LNP core [161, 162]. It was suggested that the lipid matrix of the core arranges 
�L�Q�W�R�� �D�� �³di�V�R�U�G�H�U�H�G�� �L�Q�Y�H�U�V�H�� �K�H�[�D�J�R�Q�D�O�´�� �R�U�� �³�L�Q�Y�H�U�V�H�� �Z�R�U�P-�O�L�N�H�´ structure, likely describing the same non-
lamellar/nanostructured arrangement. Based on the structural findings in both studies, the organization of 
lipid membranes could also be construed as intermediary liquid crystalline state, such as the inverse 
micellar (L2) or the sponge phase (L3). The figure is inspired by Ref. [113] and created with BioRender.com. 

 

1.2 Strategies to load NAs into EVs and LNPs  

The encapsulation of hydrophilic macromolecules, such as nucleic acids (NAs), within EVs 

and LNPs, is contingent upon the inherent structural properties of each nanocarrier (as discussed 

in Chapter 1.1 ). Since EVs are enclosed lipid bilayer compartments with a negative surface 

potential, loading negatively charged NAs into the aqueous core of EVs poses a more significant 

challenge compared to their incorporation into LNPs containing cationic ionizable lipids [31]. 

Indeed, achieving efficient intraluminal loading of NAs into EVs stands as a major obstacle in the 

successful translation of EV-based drug delivery systems [9]. Strategies for encapsulating 

exogenous NAs into EVs and LNPs diverge significantly, with the latter being more direct and 
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efficient. The subsequent chapters provide an overview of the principal distinctions and limitations 

of the most prevalent loading techniques. 

 

1.2.1 Loading of NAs into EVs  

Two strategic routes can be pursued for loading EVs with NA-based cargo (Figure  1.7). In 

the endogenous EV loading approach, cellular machineries of EV-producer cells are harnessed 

to incorporate NAs into EVs before their extracellular release [175]. This method often involves 

the engineering of specific proteins responsible for vesicle biogenesis and/or cargo sorting [176]. 

On the other hand, exogenous approaches temporarily destabilize the membranes of isolated 

EVs to actively or passively transfer the genetic cargo into the vesicle lumen [175, 177]. In the 

following sections, methods to load NAs into the lumen of EVs are described. Various studies 

have explored the non-covalent linkage of NAs to the surface of EV membranes through surface 

protein engineering (e.g., streptavidin functionalization) or chemical modification (e.g., 

cholesterolization of NAs) [178-181]. However, surface display of NAs on EVs carries inherent 

risks, as the genetic cargo is easily accessible to degrading enzymes, and could potentially be 

released from EV membranes, especially in high serum conditions found in vivo [182]. A detailed 

exploration of these approaches exceeds the scope of this chapter, and interested readers are 

directed to more comprehensive reviews on this topic [177, 183]. 
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Figure 1.7. Schematic illustration of endogenous and exogenous EV loading strategies for  NAs.  

(A) In the endogenous loading approach EV producer cells are engineered to co-express the NA cargo and 
a fusion protein. The fusion protein comprises an EV scaffold protein actively sorted into EVs and an NA-
binding protein recognizing a specific sequence motif on the NA cargo. Alternatively, the expressed NA 
cargo itself may contain EV-t�U�R�S�L�F���V�H�T�X�H�Q�F�H�V�����V�X�F�K���D�V���W�K�H���³EXOmotifs� .́ Overexpressing the NA cargo can 
also lead to its passive incorporation into EVs in a concentration-dependent manner. The figure is inspired 
by Ref. [176]. (B) In exogenous loading the membrane of isolated EVs is destabilized with various means 
(e.g., electroporation). The NA cargo is then transported into the EV lumen along the concentration gradient 
or actively pushed inside through physical or chemical stimuli [183]. The scheme does not depict the 
incorporation of NA-based cargo into EV membranes through surface functionalization of EVs or the NA 
cargo itself. Created with BioRender.com. 
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Table 1.1. Summary EV scaffold proteins for endogenous loading of EVs with NAs.  
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EV-

sorting 

protein  

NA-

binding 

protein/

motif  

NA 

cargo  

Enrichment 

(fold 

change) a 

Loading 

capacity  

(e.g., copy 

number/  

vesicle number 

or weight)  

Comments  Ref. 

LAMP2B  U1A 
Multi-

siRNA 
N.A. N.A. 

�x Incorporation of fluorescent NA cargo 
was verified qualitatively with flow 
cytometry 

[189] 

LAMP2B  

CD63 

HSPA8 

VSV-G 

MS2 mRNA 

~4× 

~6× 

~0× 

~42× 

N.A. 
�x Study highlighting the molecular weight 

of NAs as a limiting factor for 
endogenous loading 

[190] 

ARRDC1 Tat mRNA ~3× N.A. �x Proteins p53 and Cas9 were also loaded 
via ARRDC1 into microvesicles 

[191] 

CD9 HuR miRNA ~8.5× N.A. �x Functional delivery of miRNA mediated 
by EVs was verified in vitro and in vivo  

[192] 

CD63 L7Ae mRNA N.A. N.A. 
�x mRNA was functionally delivered to the 

brain via co-expression of LAMP2B 
fused to RVG targeting peptide in 
engineered EVs  

[193] 

CD9-ZFb 
ZF-DNA 

aptamer 
mRNA ~2.5× N.A. 

�x mRNA was functionally delivered to 
adipose tissue via co-expression of 
LAMP2B fused to an adipocyte-
targeting peptide in engineered EVs 

[194] 

a: Enrichment compared to control/non-targeted expression vector 

b CD9-ZF: CD9 fused to a zinc finger (ZF) motif which interacts with the DNA aptamer bound to the mRNA cargo 

N.A.: not available 
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1.2.1.2 Exogenous EV loading strategies  
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Table 1.2. Summary of the various exogenous loading strategies for NA loading into EVs.  

Loading  

method  

NA 

cargo  

Loading 

determination  

method  

Encap sulation 

efficiency (%)  

Loading capacity  

(e.g., copy 

number/vesicle 

number or weight)  

Post -loading 

purification  

method  

Ref. 

Electroporation siRNA 
Fluorescence-

based/labeled NA 
~35 N.A. Ultracentrifugation [208] 

Electroporation siRNA qPCR  N.A. N.A. RNase treatment [209] 

Electroporation siRNA qPCR <0.05 N.A. Ultracentrifugation [210] 

Electroporation siRNA RiboGreen assay ~16 N.A. RNase treatment [211] 

Electroporation siRNA 
Fluorescence-

based/labeled NA 
~2 

~3.7 × 1012 

�P�R�O�H�F�X�O�H�V�����J��

EV 

Density gradient 

ultracentrifugation 
[212] 

Electroporation siRNA 
Fluorescence-

based/labeled NA 
~3 N.A. ExoQuick [213] 

Electroporation 
dsDNA 

(250 bP) 
PicoGreen assay  ~2 

~600 

copies/EV 
DNase treatment [214] 

Electroporation miRNA qPCR N.A. N.A. 
RNase treatment 

& ExoQuick 
[215] 

Electroporation miRNA 

Fluorescence-

based/labeled NA 

& qPCR 

~30 
~5 

molecules/EV 

Ultracentrifugation 

& RNase 

treatment 

[216] 

Sonication 

siRNA, 

miRNA & 

ssDNA 

PicoGreen assay ~2 (siRNA) 
�a���������S�P�R�O�����J��

EV (siRNA) 
Ultrafiltration [217] 

Extrusion ASOa HPLC ~3.1 
~5.7% (mg 

ASO/mg EV) 

Ultracentrifugation 

or dialysis 
[218] 

Microfluidic 

mixing 
ASO HPLC ~2.2 

~3.3% (mg 

ASO/mg EV) 

Ultracentrifugation 

or dialysis 
[218] 

DRVb siRNA 
Fluorescence-

based/labeled NA 
~0.6 

~0.4 pmol/1011 

EVs 
Ultrafiltration [219] 

DACc siRNA 
Fluorescence-

based/labeled NA 
~6.5 

~3.8 pmol/1011 

EVs 
Ultrafiltration [219] 

DAC & CaP-

NPsd 
siRNA 

Fluorescence-

based/labeled NA 
~52 

~25 pmol/1011 

EVs 
Ultrafiltration [219] 

CaCl2 & heat 

shock  
miRNA qPCR N.A. N.A. RNase [220] 

pH gradient 

siRNA, 

miRNA & 

ssDNA 

PicoGreen assay 6.5 (siRNA) 

~4 × 10-8 

pmol/EV 

(siRNA) 

Ultrafiltration [221] 
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a ASO: antisense oligonucleotide 

b DRV: dehydration-rehydration vesicles 

c DAC: dual asymmetric centrifugation 

d CaP-NPs: stabilized calcium phosphate nanoparticles 

N.A.: not available 
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Figure 1.8. Electroporation of EVs with the Broccoli RNA apt amer.  

(A) Scheme of the Broccoli (69 nts, ~22,721 g/mol) fluorescence retention assay: mesenchymal stem cell 
(MSC)-derived EVs �����������J��EV proteins) �D�U�H���H�O�H�F�W�U�R�S�R�U�D�W�H�G���L�Q�������������/���R�I���D���������0���%�U�R�F�F�R�O�L���D�S�W�D�P�H�U���V�R�O�X�W�L�R�Q��
in Cytomix electroporation buffer without EDTA (10 mM K2HPO4/KH2PO4, 120 mM KCl, 0.15 mM CaCl2, 5 
mM MgCl2, 25 mM HEPES, adjusted to pH 7.6 with KOH). Electroporation was performed in aluminum 
cuvettes on a MicroPulserTM device (Bio-Rad, USA) at increasing field strengths (1 pulse for 1 ms) according 
to a previously optimized protocol [211] (1). Unloaded or aggregated Broccoli aptamer is inactivated via 
�L�Q�F�X�E�D�W�L�R�Q���Z�L�W�K���5�1�D�V�H���$�����������J���P�/��at 37 °C for 15 min) (2). After RNase inactivation (20 mM DTT at 60 °C 
�I�R�U���������P�L�Q�����D�Q�G���O�\�R�S�K�L�O�L�]�D�W�L�R�Q�����V�D�P�S�O�H�V���D�U�H���U�H�G�L�V�V�R�O�Y�H�G���L�Q�����������/�� �Z�D�W�H�U���F�R�Q�W�D�L�Q�L�Q�J�����������0���R�U��the aptamer-
selective dye DFHBI-1T for fluorescence readout. Binding of DFHBI-1T to intact Broccoli leads to a drastic 
increase of its quantum yield (3). The Broccoli fluorescence is normalized (in %) to the respective positive 
control without RNase treatment. (B) No fluorescence retention was observed after electroporating EVs 
with the Broccoli aptamer. (C) As assessed by DLS, MSC-EVs aggregated (*) at high fi�H�O�G���V�W�U�H�Q�J�W�K�V�����•������
kV/cm). One representative size distribution profile is shown.  
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1.2.2 Loading of NAs into LNPs  
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1.2.3 Combining both worlds: hybridization of E Vs with  NA-loaded  lipidic  nanocarriers  
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TOOLS IN UPSCALE EV PRODUCTION 

 

The intrinsic therapeutic activity of EVs and their involvement in various pathological 

conditions (i.a., cancer), has led to an important rise in research efforts in the field over the past 

two decades [277]. In regenerative medicine, the application of mesenchymal stem cell (MSC)-

derived EVs as cell-free therapies has gained traction, particularly in wound healing, 

cardiovascular and renal diseases, and immune system disorders [18, 20, 278-280]. This is 

highlighted by the ongoing clinical trials on EVs which predominantly focus on vesicles sourced 

from stem cells, such as those from bone marrow or umbilical cord [281]. However, the clinical 

translation of MSC-EV therapies faces challenges, notably the limited yield in current production 

processes [282]. For instance, in rodent studies, a local application for cutaneous wound healing 

typically involves 1010 to 1011 MSC-EVs per dose [19, 66]. Achieving such a dose often 

necessitates several days of MSC culture and processing of hundreds of milliliters of culture 

supernatant under standard T-flask culture conditions. For an in vivo study involving multiple 

animals and injections, this can scale up to several liters of cell culture medium. Moreover, the 

EV manufacturing life cycle lacks universally defined critical quality attributes [9]. Although MISEV 

guidelines and other consortia suggest monitoring bioactivity and ensuring the absence of 

impurities in the final EV product, such as non-EV particles, EV aggregates, and microbial 

contaminants, a thorough understanding of the cellular source, along with the composition and 

functional traits of the EVs is required to succeed in developing scalable EV manufacturing 

processes [25, 283]. This is crucial as each EV-based product is intricately linked to the 

characteristics of its specific cell source [29]. The inherent size heterogeneity and 

compositional/structural complexity in EVs (as discussed in Chapter 1 .1.1) also necessitates the 

development of characterization platforms that can effectively navigate the multifaceted nature of 

EVs and adhere to the International Council for Harmonization of Technical Requirements for 

Pharmaceuticals for Human Use (ICH) guidelines [284].
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The production of EVs encompasses both upstream and downstream processes (Figure 2.1 ) 

[282, 285]. The upstream process entails the selection of the EV source and the optimization of 

the cell culture conditions. Downstream processes focus on enriching EVs (refer to Chapter 

1.1.1.3 for EV isolation techniques) and establishing formulation and storage conditions to 

enhance EV stability [283, 285]. The subsequent chapter will delve into technological 

advancements in upstream EV manufacturing for MSCs, while interested readers are directed to 

relevant literature for insights into downstream manufacturing processes [282, 285]. 

 

 

Figure 2.1. Schematic illustration  of an  EV product manufacturing process .  

In upstream EV production process optimization, cell cultures are expanded, and culture conditions are 
fine-tuned to enhance both the quantity and quality of EVs. The choice of the EV source becomes crucial, 
considering that certain cell types exhibit higher EV secretion rates. Developing scalable upstream 
processes poses challenges, particularly when dealing with delicate or attached cells compared to more 
robust suspension cell lines. In downstream processes, EVs are enriched, contaminants are removed, and 
the optimal EV formulation is developed [282, 285]. The figure is inspired by Ref. [9] and created with 
BioRender.com.  

 

2.1 Tools for scalable  production of MSC -derived EVs  

A crucial consideration in EV manufacturing is the selection of the EV parent-cell source. EVs 

can be derived from prokaryotic or eukaryotic cells, as well as complex biofluids such as urine, 

blood, and food products like bovine milk [285]. Improvements in upstream processing are 



TOOLS IN UPSCALE EV PRODUCTION 

36 
 

especially relevant for mammalian cells that adhere to surfaces compared to suspension cultures 

[283]. For example, MSCs are commonly cultured on surfaces, and are sensitive to culture 

conditions as they impact their differentiation state and potentially alter the characteristics of the 

final EV product [286]. To mitigate this risk and minimize EV batch-to-batch variability, one 

approach is to use immortalized MSC cell lines or culture MSCs in suspension as spheroids [287, 

288]. Cha et al., for instance, explored the utilization of 3D MSC spheroids for EV production, 

resulting in a significant 100-fold increase in the number of EVs produced per cell compared to 

2D culture [288]. Another strategy to increase the EV yield is by increasing the cell growth surface 

area, prompting researchers to explore different strategies for scaling out or scaling up MSC 

culture. 

Scale-out cell culture platforms have a fixed growth surface area and rely on the 

parallelization of multiple cell culture units [282]. Examples include hyperflasks, the CELLine 

bioreactor and hollow fiber bioreactors (HFBRs) [289-291]. HFBRs, in particular, have gained 

attention for EV production. In the perfusion setup of HFBRs, cells grow on semipermeable hollow 

fibers, constantly supplied with fresh medium, while waste material is eliminated through a 

continuous flow. EVs are unable to cross the fiber membrane and become enriched over time in 

the bioreactor [285]. Studies have shown the effectiveness of HFBRs in increasing EV yield. For 

instance, using HFBRs for human embryonic kidney (HEK) cells, researchers observed a 40-fold 

increase in EV particles per mL of cell culture medium and a 10-fold increase in EV particles per 

total protein content compared to conventional T-flask culture [291]. Similar increases were 

reported for MSCs, with studies noting a 20-fold and 7-fold increase in EV yield, as measured by 

the total protein content and the particle-to-protein ratio in EV isolates [292, 293]. The 3D culture 

environment in HFBRs may alter MSC-EV properties, but it could also lead to enhancements of 

their therapeutic potential [294]. For example, renoprotective effects and chondrocyte proliferation 

and migration were improved after treatment with HFBR-derived MSC-EVs compared to EVs 

derived from T-flask culture [292, 293]. The EV yield in HFBRs can be further optimized by 

adjusting the harvesting regime and culture medium composition (e.g., ethanol-conditioned 

medium for endothelial cells) [295, 296]. For instance, Mendt et al. employed HFBR to produce 

clinical-grade MSC-EVs, demonstrating that patient-derived MSCs can be cultured for up to 9 

days in serum-free medium [295]. When they retrieved the culture medium every 48 h after initial 

seeding for 6 consecutive harvests, a linear increase in vesicle-to-protein ratio was observed, 

while EV quality was maintained. It was also observed that the quality of isolated EVs from HFBR 

can be significantly enhanced by selecting the proper downstream isolation technique. Watson et 

al. reported a scalable EV production process by combining HFBR culture with TFF and 
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preparative SEC [297]. The process yielded bioactive EVs with higher purity compared to 

conventional UC isolation. 

Scaling up MSC-EV production can also be achieved by cultivating MSCs in suspension on 

microcarrier beads using stirred-tank bioreactors, which are well-established in MSC cell culture 

expansion and the production of antibodies and viral vectors [298-300]. This method allows for 

scalability to thousands of liters, and essential factors like nutrient/metabolite concentrations, 

oxygen/carbon dioxide content, and temperature can be controlled using built-in sensors [286]. 

Quality aspects of released EVs may be monitored as well, incorporating techniques like an in-

line Raman spectroscopy [301, 302]. Stirred-tank bioreactors also offer the advantage of 

operating as closed systems, significantly reducing contamination risks [286]. Haraszti et al. 

utilized lab-scale spinner flask cultures of MSCs (250 mL) on microcarriers and isolated EVs using 

TFF or UC methods [303]. The combination of bioreactor processes with TFF increased the EV 

yield (particle-to-cell ratio) by 140-fold compared to standard T-flask culture with UC isolation. 

However, EV marker expression favored UC over tangential flow filtration. In contrast, de Almeida 

Fuzeta et al. reported a mild 3-fold increase in EV yield (particle-to-cell ratio) when comparing 

static T-flask culture with microcarrier culture in Vertical-�:�K�H�H�O�Œ���E�L�R�U�H�D�F�W�R�U�V [304]. Stirred-tank 

bioreactors may also allow for expedited MSC-EV manufacturing through batch-refeed protocols, 

simulating perfusion culture systems [305]. This method involves regular removal of the culture 

medium and cells and replacement with fresh growth medium. It enabled EV production from 

HEK293F suspension cells over 13 consecutive days, resulting in a 3-fold increase in space-time 

yields of CD63 and CD81 EV subpopulations compared to standard batch culture [305]. For 

MSCs, fresh microcarriers would need to be added in the medium replenishment step and it needs 

to be verified that the cells migrate from one bead to another [306]. It was also proposed that the 

EV yield can be enhanced by inducing turbulence in stirred-tank bioreactor cultures of MSCs 

[307]. However, high shear stress conditions in spinner flaks can negatively impact MSC viability, 

as well as the integrity of microcarrier materials, which potentially alters the final EV batch [308]. 

There are several other reports that suggest the use of physical (e.g., ultrasound, heat shock and 

light irradiation) or chemical (e.g., hypoxia, glucose deprivation and low pH conditions) stimuli to 

increase EV yields as reviewed in detail elsewhere [282]. Whether this affects the EV biogenesis 

pathways and potentially alters the composition of the final EV-based products remains oftentimes 

insufficiently described. 
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2.2 The digital age : machine learni ng and modeling -based tools  in EV research and 

development  

In a recent review by Greenberg and colleagues, it was proposed that the field of EVs could 

significantly benefit from artificial intelligence (AI)-based algorithms to address complex research 

questions [309]. Modeling-based approaches have the potential to enhance our understanding of 

manufacturing processes and quality control for EV-based products [310]. We will briefly present 

here recent examples in the field, with a focus on machine learning (ML) and Design of 

Experiments (DoE) approaches. 

As mentioned earlier, one of the primary challenges in the field is the inherent heterogeneity 

and compositional complexity of EVs, which often limits our understanding of the EV components 

involved in (patho-)physiological processes [47]. Consequently, multiomics analyses are 

becoming increasingly popular, generating vast amounts of data, which are available in EV-

specific databases like Vesiclepedia and ExoCarta [311, 312]. ML can aid in analyzing these 

extensive omics datasets to identify new EV-mediated biological pathways, link them to specific 

phenotypes, and potentially contribute to the development of new therapeutic approaches [313, 

314]. For instance, Ramos et al. combined omics datasets with ML-based approaches to identify 

the role of the EV marker protein CD81, in collaboration with CD44, as a promoter of breast cancer 

stemness and metastasis formation [315]. To validate their ML-based protein-protein interaction 

findings, the researchers conducted a series of in vitro and in vivo experiments. These 

experiments demonstrated that CD81+ EVs could promote mammosphere formation in vitro, and 

CD81 knockouts compromised tumor initiation and growth in a mouse model of triple-negative 

breast cancer. The primary application of ML is however in the field of EV diagnostics, and it has 

been successfully employed in conjunction with various techniques such as Raman spectroscopy, 

time-of-flight secondary ion mass spectrometry, Fourier-transform infrared spectroscopy, and 

microflow cytometry [316-320]. These applications aim to detect, classify, and quantify EVs from 

biofluids and differentially conditioned cell samples. ML has also found utility in image-based 

analysis of EVs using TEM [321]. 

Statistical models such as DoE have recently been introduced to the field of EVs to explore 

and predict optimal conditions in both upstream and downstream EV processes. For instance, 

Keysberg et al. conducted a screening of various cell culture conditions (including temperature, 

hypoxia/normoxia, redox stress, and shaking speed) to enhance EV production from a suspension 

culture of HEK293F cells using DoE [322]. The DoE-based analysis revealed that redox stress 

and hypoxic conditions did not significantly increase EV yield, while an increase in shaking speed 



  Chapter 2 

39 
 

positively affected EV release. Hyperthermia, especially at 40 °C under normoxic conditions, had 

the most pronounced effect, leading to a 2 to 3-fold increase in EV yield. Subsequent multiomics 

analyses of heat-treated cells and their secreted EVs identified upregulated genes and proteins 

related to heat shock proteins, vesicle biogenesis, and trafficking. The researchers further 

overexpressed 44 different genes found in the multomics screens, and found that six genes 

(CHMP1A, CHMP3, CHMP5, VPS28, CD82, and EZR) resulted in an enhanced EV yield and 

overall EV titer in the culture medium. In another study, DoE was employed to optimize 

downstream elution conditions for EVs captured on antibody-coated magnetic beads. The 

objective was to minimize intraluminal protein cargo loss in EVs by varying buffer compositions 

(pH and triethylamine concentration) and incubation time [323]. Additionally, DoE-based 

approaches were applied to investigate the factors influencing EV uptake in various cell lines 

[324]. 

 

2.3 Aim of  the thesis  

The goal of this doctoral thesis is to develop tools for efficient exogenous loading of NAs into 

EVs, and to improve the production of MSC-derived EVs in a scalable 3D culture system. 

 

In Chapter 3 , a novel lipid-based transfection system for EVs is introduced. Various lipid-

based nanocarriers were prepared and characterized by different techniques to understand the 

relationship between their physicochemical properties and their aggregation/fusion behavior with 

EVs. The importance of sponge phases in the fusion process between synthetic LNPs and EVs 

was revealed. A semi-synthetic hybrid EV (HEV) was engineered. Selected EV membrane 

proteins were shown to be transferred to HEV surfaces and remained functional after 

hybridization. The HEVs were loaded with different types of RNA cargo and the vesicles were 

found to improve the transfection activity in vitro compared to the lipidic carrier. 

 

Chapter 4  focuses on the optimization of a scalable 3D culture process for MSC-EV 

production under the guidance of a multi-objective batch Bayesian optimization (MOBBO) 

algorithm. Various parameters, including impeller speed, seeding density, microcarrier 

concentration, and centrifugation time, were simultaneously varied with the objective to increase 

the productivity and improve the quality of the MSC-EV product. 
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In Chapter 5 , we outline the key discoveries of this thesis, contextualize them within the 

current trends in the field, and suggest future experiments to advance the development of the 

tools described in this thesis.
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3.1 Introduction  

In recent years, RNA therapeutics, such as mRNA-based vaccines and siRNA drugs, have 

received increasing interest, resulting in the approval of groundbreaking medicines like the 

COVID-19 vaccines, patisiran/Onpattro® or nusinersen/Spinraza® [325]. While oligonucleotides 

�F�D�Q���E�H���F�K�H�P�L�F�D�O�O�\���P�R�G�L�I�L�H�G���W�R���H�Q�K�D�Q�F�H���W�K�H�L�U���³�G�U�X�J-�O�L�N�H�Q�H�V�V�´�����D�Q�G���D�U�H���R�I�W�H�Q���D�G�P�L�Q�L�V�W�H�U�H�G���Q�D�N�H�G��

or conjugated with targeting motifs (e.g., N-acetylgalactosamine), larger nucleic acids (NAs) such 

as mRNA typically require encapsulation inside a nanocarrier to facilitate their intracellular 

delivery [5, 130, 326]. Lipid nanoparticles (LNPs) have emerged as clinically relevant drug delivery 

systems for NAs owing to their ease of manufacturing, high NA encapsulation efficiencies, 

generally good safety profile and ability to increase transfection [327]. However, the LNP field 

currently faces two obstacles that are slowing down its advancement. One limitation is that 

systemically injected LNPs lack tissue-specific targeting, accumulating mainly in organs of the 

mononuclear phagocyte system (e.g., liver), necessitating the administration of high doses when 

other tissues are treated [126, 326]. Second, LNPs have been linked to unwanted immune 

reactions and accelerated blood clearance after repeated administrations, underlining the need 

for the development of safer and more efficacious LNP formulations [7, 130, 132, 143, 145, 328]. 

Extracellular vesicles (EVs), which are naturally occurring cell-produced vesicles, may offer 

a promising avenue to address some of the limitations of LNPs [9]. They transport biomolecules 

such as proteins and NAs through the extracellular space and serve as important mediators of 

cell-cell communication [22, 27, 82]. Clinical trials with EVs (e.g., from mesenchymal stem cells 

(MSCs)) have highlighted their good tolerability [329-332], and there is evidence that EVs can 

deliver NAs more safely and effectively compared to LNPs [199, 205, 333, 334]. Nevertheless, 

achieving efficient loading of therapeutic doses of highly charged NAs into the lumen of small EVs 

(< 200 nm) remains challenging. 

Genetic manipulation of EV producer cell lines is a widely used method to introduce protein 

or NAs into EVs [175]. However, this approach has limitations when working with native EVs 

obtained from primary cells or patient-derived biofluids, and is restricted to cell-expressible NAs, 

excluding chemically modified NAs [9, 31]. Post-isolation loading methods are, therefore, more 

versatile. They usually temporarily disrupt EV membranes through physical or chemical stimuli, 

and include electroporation [208-210], sonication [217], extrusion [218], dual asymmetric 

centrifugation [219], transmembrane pH gradients [221], and heat shocks [220]. Other strategies 

include hydrophobic modification of NAs (e.g., with cholesterol) [179, 180, 335] for surface 

attachment onto EVs or interaction/hybridization with other nanocarriers (e.g., complexes or 
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liposomes) containing lipid-, polymer- or protein-based materials (e.g., 1,2-dioleoyl-3-

trimethylammonium-propane (DOTAP), LipofectamineTM, Exo-FectTM and poly(ethylenimine) 

(PEI)) [181, 259, 260, 263, 264, 267, 270, 274, 276]. Despite over a decade of research on 

exogenous loading of EVs, a lack of standardized reporting of protocols and insufficient 

characterization of the engineered EV-based products have hindered their clinical translation 

[336]. In fact, it has now been shown that several exogenous loading techniques and reagents 

can negatively affect the physical and functional properties of EVs [182, 210, 213, 229].  

Motivated by the existing limitations of both fields, we report an exogenous loading strategy 

for EVs that accomplishes two primary goals: (1) avoids the use of harsh mechanical or chemical 

treatments; thereby preserving at least partially the functional and biological properties of EVs; 

(2) efficiently encapsulates NAs within EVs. In this context, we propose the use of non-lamellar 

liquid crystalline lipid nanoparticles (LCNPs) to transfect native MSC-derived EVs with various 

types of NA cargos, such as siRNA, mRNA and RNA aptamers. Using single-particle 

characterization techniques, we study the correlation between the physicochemical 

properties/topology of lipid nanocarriers and their propensity to fuse/aggregate with small EVs. 

With a state-of-the-art optofluidic platform we demonstrate that MSC-EV membrane proteins are 

located on surfaces of the formed hybrid EVs (HEVs). Finally, we show that the hybridization with 

EVs can increase the knockdown/expression efficiencies of siRNA- and mRNA-loaded LCNPs, 

particularly under challenging cell culture conditions. 

 

3.2 Materials and m ethods  

3.2.1 Materials  

The human bone marrow stromal cell line HS-5 and HeLa cells were acquired from ATCC 

(USA). HeLa-GFP cells were kindly provided by Dr. Tom Edwardson (Department of Chemistry 

and Applied Biosciences, ETH Zurich, Switzerland) and were initially purchased from Cell Biolabs, 

Inc. (USA). HeLa-Gal8-mRuby3 cell line was a kind gift from Dr. Simone Berger (Department of 

Pharmacy, LMU Munich, Germany). The pET28c-F30-Broccoli plasmid was a kind gift from Dr. 

Samie Jaffrey (Department of Pharmacology, Cornell University, USA) (Addgene plasmid # 

66788). Dulbecco's modified eagle medium (DMEM), phenol red-free DMEM, fetal bovine serum 

(FBS), GlutaMAXTM supplement, penicillin-streptomycin (10,000 U/mL), minimal essential 

medium (MEM) non-essential amino acids (NEAA) solution (100x), Opti-MEMTM, trypsin-EDTA 

(0.25%), UltraPureTM DNase/RNase-free distilled water, UltraPureTM agarose, phosphate buffered 
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saline (PBS), Dulbecco's phosphate buffered saline (DPBS), HEPES 1 M solution, ethanol 

absolute, methanol, Hoechst 33342 and blasticidin S hydrochloride (from Streptomyces 

Griseochromogenes) were purchased from Thermo Fisher Scientific (USA). Sodium chloride 

(NaCl), sodium acetate, sodium acetate solution 3 M, uranyl acetate, sodium fluoride (NaF), 

sodium orthovanadate (Na3VO4), sodium dodecyl sulfate (SDS), sodium hydroxide (NaOH), 

potassium chloride (KCl), ammonium persulfate, phenylmethanesulfonyl fluoride (PMSF), boric 

acid, tris(hydroxymethyl)aminomethane (Tris) base, ethylenediaminetetraacetic acid (EDTA), 

urea, TritonTM X-100, Tween® 20, guanosine-5'-�P�R�Q�R�S�K�R�V�S�K�D�W�H�� ���*�0�3������ ��-mercaptoethanol, 

isopropanol, tetramethylethylenediamine (TEMED), trimethylamine, adenosine 5'-���.����-

methylene)diphosphate (APCP), methanol-free paraformaldehyde (PFA), skim milk powder, 

bovine serum albumin (BSA) and RNase A from bovine pancreas were purchased from Sigma-

Aldrich (USA). Kolliphor® HS 15 was obtained from BASF (Germany). Magnesium chloride 

(MgCl2) and ammonium molybdate tetrahydrate was purchased from abcr GmbH (Germany). 

Bromphenol blue was purchased from Alfa Aeser (USA). Malachite green was from Bender & 

Hobein GmbH (Switzerland). Adenosine-5'-monophosphate (AMP) was purchased from Acros 

Organics (Belgium). Glycerol, hydrochloric acid (HCl) 37% and acetic acid glacial were obtained 

from VWR Chemicals (USA). Tris/acetate/EDTA (TAE) buffer 50x was purchased from 

AppliChem GmbH (Germany). cOmpleteTM EDTA-free protease inhibitor cocktail was from Roche 

(Switzerland). Acrylamide bis-acrylamide 30% solution, 29:1 was from Bio-Rad (USA). DFHBI-1T 

was purchased from Tocris Bioscience (UK). DLin-MC3-DMA was purchased from 

MedChemExpress (USA). DOPE and linagliptin were purchased from AdipoGen Life Sciences 

(USA). DOPC and hexafluoroisopropanol was purchased from Fluorochem (UK). Atto 488 DOPE 

was purchased from ATTO-TEC GmbH (Germany). DOTMA was purchased from Larodan AB 

(Sweden). Detailed product-specific information of the various NA sequences and antibodies used 

in this study are found in Table  A3.1 and Table A3.2, respectively. 

 

3.2.2 In vitro transcription of Broccoli RNA aptamer  

The Broccoli RNA aptamer was synthesized by in vitro transcription. Initially, DNA templates 

were generated from the pET28c-F30-Broccoli template plasmid using PCR and utilizing the 

Phusion® high-fidelity DNA polymerase (NEB, UK), forward primer 5�¶-ATA CCC ACG CCG AAA 

CAA-3�¶ and reverse primer 5�¶-MGMGG AGC CCA CAC TCT ACT-3�¶ (where MG represents 2�¶-O-

methoxyethyl (MOE)-modified guanine). The PCR products were subsequently purified using the 

QIAquick PCR Purification Kit (Qiagen, Germany). In vitro transcription was performed overnight 
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at 37 °C with the MEGAshortscriptTM T7 Transcription Kit (Thermo Fisher Scientific) adding 5 mM 

GMP and 4 U/µL RNaseOUTTM recombinant ribonuclease inhibitor (Thermo Fisher Scientific) to 

the transcription reaction. In vitro-transcribed RNA was treated with TURBOTM DNase (Thermo 

Fisher Scientific) and purified using an 8% denaturating polyacrylamide gel prepared in 

Tris/borate/EDTA (TBE) buffer (100 mM Tris, 90 mM boric acid and 1 mM EDTA) containing 8 M 

urea. Electrophoresis was conducted at an electric field strength of 15 V/cm, and RNA bands 

were visualized using UV shadowing. RNA bands were excised from the gel, crushed with a pipet 

tip and the RNA was extracted overnight at 4 °C in water containing 0.3 M sodium acetate. The 

gel extracts were filtered through glass wool and the RNA was purified by isopropanol 

precipitation and dissolved in water. The quality and purity of the Broccoli RNA aptamer were 

confirmed by measuring A260/A280 and A260/A230 ratios, with both ratios approximating a value 

of 2.0. Additionally, Broccoli RNA aptamers were analyzed with liquid chromatography mass 

spectrometry (LC-MS). LC-MS) was performed on an Acquity OST C18 column (Waters, USA) 

using an Agilent 1200/6130 system (Agilent Technologies, USA). The aptamer samples were 

separated by a 0.4 M hexafluoroisopropanol and 15 mM trimethylamine in water (solvent A) and 

methanol (solvent B) gradient (5-80 % B in 10 min) at a flow rate of 0.3 mL/min. Detailed 

sequence-specific information and physical properties can be found in Table A3.1 .  

 

3.2.3 Cell culture  

The bone marrow-derived mesenchymal stem cell line HS-5, HeLa, and HeLa-Gal-8-mRuby3 

[337, 338] cells were cultured in DMEM supplemented with 10% (v/v) FBS, 100 U/mL penicillin 

and 100 µg/mL streptomycin. HeLa-GFP cells were cultured in phenol red-free DMEM 

supplemented with 0.1 mM MEM NEAA, 2 mM GlutaMAXTM supplement, 100 U/mL penicillin, 100 

µg/mL streptomycin and 10 µg/mL blasticidin. To maintain the quality of cell cultures, subculturing 

was performed with low passage numbers (< 20), and routine mycoplasma contamination checks 

were conducted using the MycoAlertTM Mycoplasma Detection Kit (Lonza, Switzerland). 

 

3.2.4 3D culture of HS -5 cells  

EV production from HS-5 cells was conducted using a 3D culture method previously 

described [339]. In brief, 118 × 106 HS-5 cells were seeded onto 4.5 g of Corning® enhanced 

attachment microcarriers (Corning, USA) in a total volume of 300 mL full medium inside 500 mL 
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Corning® reusable glass spinner flasks (Corning). To promote cell attachment, an intermittent 

stirring protocol was applied overnight (5 min on at 30 rpm and 60 min off). Subsequently, the 

impeller speed was set to 35 rpm. After 48 h, the microcarriers were washed twice with PBS and 

400 mL serum- and phenol red-free medium was added to the spinner flasks. The culture 

supernatant was collected after an additional 48 h of culture in serum-free medium. 

 

3.2.5 EV isolation from cell culture supernatant  

EVs from cell culture supernatant were isolated according to previously published protocols 

[66, 339]. Briefly, the supernatant was first processed by centrifugation at 500 and 2000 × g for 5 

min each and 10,000 × g for 20 min using a SorvallTM LYNX 6000 centrifuge equipped with a 

FiberliteTM F12-6 × 500 LEX fixed-angle rotor (both Thermo Fisher Scientific). All centrifugation 

steps were performed at 4 °C. The clarified cell culture supernatant was then filtered through a 

0.2-µm membrane before proceeding with ultracentrifugation (UC). UC was performed using an 

Optima XE-90 centrifuge and a Type 45 Ti fixed-angle titanium rotor (both Beckman Coulter, 

USA). After the first UC run (70 min at 4 °C and 100,000 × g), EV pellets were washed with PBS 

or HEPES-buffered saline (HEBS) (20 mM HEPES, 150 mM NaCl, pH 7.4) and pooled together. 

A second UC run was performed with identical conditions. EVs were suspended in appropriate 

volumes of ice-cold PBS/HEBS and stored in high concentrations (~1 × 1012 particles/mL) at -20 

°C for further analysis. 

 

3.2.6 EV characterization  

3.2.6.1 Nanoparticle tracking analysis  

EV concentration and size distribution were determined with nanoparticle tracking analysis 

(NTA) using a ZetaView® PMX 120-Z instrument (Particle Metrix GmbH, Germany), featuring a 

405-nm laser and a COMOS camera. The measurements were conducted at 25 °C with sensitivity 

and shutter settings at 85 and 150, respectively. Videos were recorded at 11 different positions, 

each with two readings, and a frame rate of 30/s. To ensure accurate measurements, samples 

were diluted in PBS to achieve a concentration of at least 100 events per visual field. Zeta ��������

potential measurements were carried out with the same acquisition settings in the pulsed mode. 
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3.2.6.2 Transmission electron microscopy  

For transmission electron microscope (TEM) imaging, 5 µL of EV suspensions in PBS (~1 × 

1011 particles/mL) were adsorbed onto glow-discharged 300-mesh copper grids. The grids 

underwent a 30-s glow discharge at 25 mA using a PELCO easiGlowTM glow discharge cleaning 

system (Ted Pella, USA). Subsequently, the grids were stained with a 2% (w/v) uranyl acetate 

solution and blotted with filter paper. Finally, they were rinsed with distilled water, blotted again 

with filter paper, and dried under ambient conditions. EV samples were imaged with a Tecnai F20 

field emission gun (FEG) microscope (Field Electron and Ion Company, USA) operating at a 200-

kV acceleration voltage. The microscope was equipped with a combination of CCD (Gatan ORIUS 

SC200 2K, AMETEK Inc., USA) and direct electron detector (Falcon II 4K, Thermo Fisher 

Scientific). 

 

3.2.6.3 Western blotting  

EV-specific proteins (CD73, CD26, CD63, CD9 and TSG101) as well as contamination 

markers (Grp94 and Calregulin) were detected via western blotting. To obtain EV lysates, EV 

suspensions were diluted 5:1 (v/v) with 5x lysis buffer (comprising 100 mM Tris, 750 mM NaCl, 

25 mM EDTA, 5% (v/v) TritonTM X-100, 125 mM NaF, 5 mM PMSF, 5 mM Na3VO4, and 

5x cOmpleteTM EDTA-free protease inhibitor cocktail). For cell lysates, cell pellets (approximately 

20 × 106 cells) were incubated with 100 µL of 1x lysis buffer. Protein concentration was determined 

using the Micro BCATM Protein Assay Kit (Thermo Fisher Scientific) following the manufacturer�¶s 

instructions. Lysates were combined 5:1 (v/v) with 5x Laemmli sample buffer (containing 0.25 M 

Tris, 10% (w/v) SDS, 30% (v/v) glycerol, and 0.02% (w/v) bromophenol blue), with or without 

�U�H�G�X�F�L�Q�J�� �D�J�H�Q�W�� �������� ���Y���Y���� ��-mercaptoethanol), boiled at 95 °C for 10 min and centrifuged at 

10,000 × g for 1 min. Protein samples (5-10 µg) were resolved on a 12% SDS polyacrylamide gel 

at 80 V for approximately 1.5 h. The transfer to polyvinylidene difluoride (PVDF) membranes was 

performed with a Trans-Blot® TurboTM system (at 25 V for 10 min, Bio-Rad). Blocking was 

conducted for 2 h using Tris-buffered saline (20 mM Tris, 150 mM NaCl) with 0.1% (v/v) Tween® 

20 (TBS-T) and 5% (w/v) skim milk powder. Primary antibodies were incubated overnight at 4 °C. 

Following extensive TBS-T washing, secondary horseradish peroxidase (HRP)-conjugated 

antibodies in TBS-T were added for 2 h at room temperature. Antibody concentrations are 

provided in Table A3.2 . Blots were developed by incubating them with western blotting luminol 
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reagent (Santa Cruz Biotechnology, USA) for 2 min and immediately imaged using a ChemiDoc 

MP instrument (Bio-Rad). 

 

3.2.7 Preparation of NA-loaded LCNPs  

NA-loaded LCNPs and formulation variations were produced using a microfluidic micromixer. 

Specifically, DLin-MC3-DMA or DOTMA, along with helper lipids (DOPE or DOPC), and the 

surfactant Kolliphor® HS 15, were mixed at a molar ratio of 60:18:22 (cationic ionizable lipid/helper 

lipid/surfactant) in ethanol to achieve a final concentration of 20 mM (~12 mg/mL). NAs (siRNA, 

mRNA, and RNA aptamer) were dissolved in 125 mM sodium acetate buffer at pH 4 [131, 340]. 

Detailed sequence-specific information and physical properties of the various NAs employed in 

this study can be found in Table A3.1 . For particles containing fluorescent lipids, 1 mol% of DOPE 

was replaced by Atto 488-labeled DOPE. A staggered microfluidic diffusion mixing chip with a Y-

shaped sample inlet (Fluidic 186, Microfluidic ChipShop, Germany) and a dual syringe pump 

system (Nemesys®, CETONI GmbH, Germany) were employed to combine the organic and 

aqueous phases at a volumetric flow rate ratio of 1.5:1 (buffer to ethanol) and a total flow rate of 

0.05 mL/min. Following mixing, the ethanol concentration reached 40% (v/v), which was 

subsequently removed by dialysis against a 1000-fold volume excess of PBS, HEBS, or Broccoli 

aptamer buffer (20 mM HEPES, 150 mM KCl, and 1 mM MgCl2) for a minimum of 4 h using 20-

kDa molecular weight cut-off dialysis units (Thermo Fisher Scientific). For pH variation 

experiments the sample buffer was adjusted with 62.5 mM HCl or NaOH solution after dialysis 

and monitored with an InLab MicroTM pH electrode (Mettler Toledo, USA). Unless otherwise 

specified, all formulations containing NAs were prepared with nitrogen-to-phosphate (N/P) ratios 

of 25, corresponding to a siRNA concentration of approximately 0.15 mg/mL and an 

mRNA/aptamer concentration of roughly 0.16 mg/mL in the final formulations. 

 

3.2.8 LCNP characterization  

3.2.8.1 Size and zeta potential measurements  

The hydrodynamic diameter (dh������ �S�R�O�\�G�L�V�S�H�U�V�L�W�\�� �L�Q�G�H�[�� ���3�'�,���� �D�Q�G�� ��-potential of LCNPs and 

formulation variations were assessed using dynamic light scattering (DLS) with a Malvern 

Zetasizer Advance Pro instrument (Malvern Panalytical, UK) operating at a scattering angle of 
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179° and at a temperature of 25 °C. Samples were diluted 1:10 (v/v) with PBS and the dh and PDI 

�Z�H�U�H�� �P�H�D�V�X�U�H�G�� �H�L�W�K�H�U�� �D�W�� �S�+�� �������� �R�U�� ������ �7�K�H�� ��-potential was determined via laser Doppler 

anemometry employing the same instrument. Samples were diluted 1:50 with 1 mM KCl solution 

at pH 7.4 or 5 before each measurement. Particle concentration and size distribution of LCNPs 

and formulation variations were also determined using the NTA instrument as described above. 

 

3.2.8.2 Small -angle X -ray scattering  

For small-angle X-ray scattering (SAXS) measurements, �D�� �V�D�P�S�O�H�� �Y�R�O�X�P�H�� �R�I�� ������ ���/�� �Z�D�V��

added to borosilicate glass capillary tubes (length 80 mm and wall thickness 0.01 mm, Hilgenberg 

GmbH, Germany) using hypodermic stainless-steel needles. Subsequently, the capillaries were 

hermetically sealed using 2-K-epoxy resin adhesive (resin to hardener ratio of 1:1 (v/v), UHU® 

Plus). Capillaries were inserted into a specialized sample holder and measurements were 

performed using an in-house SAXS setup (Xeuss 3.0) equipped with a Genix 3D source (both 

Xenocs, France). The X-�U�D�\���H�Q�H�U�J�\���Z�D�V�������������N�9��������� �������������c�����&�X�.�.�������D�Q�G���W�K�H���S�K�R�Won flux at the 

sample position was > 107 counts/s. The beam size on the sample was approximately 0.5 × 0.5 

mm2 FWHM. The sample-to-detector distance, calibrated using a silver behenate standard, was 

500 mm and the scattered signal was collected on a Dectris Eiger 1M detector (1028 × 1062 

pixels, pixel size 75 × 75 µm2, Dectris Ltd., Switzerland). In total, the signal was recorded for 

> 8400 s. SAXS data are shown in the q-range from 0.2 to 6.9 nm-1, corresponding to real length 

scales from 1.05 to 39.25 nm. 

Detector data were masked, azimuthally integrated, normalized to absolute intensity (cm-1) 

and background subtracted using XSACT 2.6 software package (Xenocs). The integrated 

intensity I(q) is plotted against the magnitude of the scattering vector q calculated with 

equation (3.1) 

�M��
L��
�8���� ���æ�Ü�á��

��
                   (Eq. 3.1) 

where �� is the scattering angle and �� is the wavelength of the incident X-rays. In case of 

indexing of sharp peaks, this procedure was carried out on the I(q) profiles before subtraction of 

the buffer background data, which appeared flat in the relevant q-range, to reduce the appearance 

of noise. Model intensities for the broad peak models were calculated using the open-source 

scattering analysis software SasView 5.0.5 (https://www.sasview.org/). 

https://www.sasview.org/
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3.2.8.3 Electrophoretic mobility shift assay  

For gel electrophoretic mobility shift assay (EMSA) experiments, 0.1 µg of naked siRNA or 

siRNA encapsulated within LCNPs were mixed with PBS to reach a final volume of 40 µL and 10 

µL of a 70% (v/v) glycerol solution in PBS was added. The mixtures were then loaded onto a 0.5% 

(w/v) agarose gel and run for 30 min at 70 V in 0.5x TAE buffer (20 mM Tris-base, 10 mM acetic 

acid, and 0.5 mM EDTA). Subsequently, the gel was stained for 45 min with a 1:10,000 (v/v) 

dilution of SYBRTM Gold Nucleic Acid Gel Stain (Thermo Fischer Scientific) in 0.5x TAE buffer and 

visualized using the ChemiDoc MP imaging system. To investigate the protection of the siRNA 

cargo from nuclease degradation, a similar experiment was conducted in the presence of RNase 

A. Specifically, 5 µg/mL RNase A was added to the samples, with or without 1% (v/v) TritonTM X-

100 and incubated for 1 h at 37 °C before loading onto the gel. 

 

3.2.8.4 Determination of the loading efficiency  

The loading efficiency (LE) of NAs within the various lipidic nanocarriers was determined with 

the Quant-itTM RiboGreen RNA Assay Kit (Thermo Fisher Scientific) according to manufacturer�¶s 

instruction. Briefly, the mean fluorescence intensities of unecapsulated NAs (MFIu) were 

determined and subtracted from the total fluorescence intensities (MFIt) measured after lysing the 

nanocarriers with 1% TritonTM X-100. Fluorescence measurements were carried out on a Tecan 

Spark® plate reader (Tecan, Switzerland) with excitation set to 480 ± 10 nm and emission set to 

520 ± 10 nm. A calibration curve from 20 ng/m�/���W�R���������J���P�/���Z�D�V���X�V�H�G���W�R���G�H�W�H�U�P�L�Q�H���W�K�H absolute 

NA concentration and LE (in %) was calculated according to equation (3.2):  

�.�' ���:�¨ �;��
L��
�:�Æ�¿�Â�ß�?�Æ�¿�Â�à�;

�Æ�¿�Â�ß
��
H���s�r�r                  (Eq. 3.2) 

 

3.2.8.5 Cell viability  

Cell viability was assessed using the CellTiter 96® AQueous One Solution Cell Proliferation 

(MTS) Assay (Promega, Switzerland). One day before treatment, 2,500 HeLa cells were seeded 

into 96-well plates and were incubated overnight at 37 °C and 5% CO2. Subsequently, the cells 

were treated with �H�V�F�D�O�D�W�L�Q�J���F�R�Q�F�H�Q�W�U�D�W�L�R�Q�V���R�I���/�&�1�3�V�����U�D�Q�J�L�Q�J���I�U�R�P�������������W�R�������������J���P�/�������H�L�W�K�H�U��

unloaded or loaded with siRNA (N/P ratio of 25). PBS and 1% (v/v) TritonTM X-100 were used as 

controls. After 4 and 24 h of incubation, the cells were washed twice with PBS, and the medium 
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�Z�D�V���U�H�S�O�D�F�H�G���Z�L�W�K�������������/���R�I���'�0�(�0�����7�Z�H�Q�W�\�����/���R�I���W�K�H���0�7�6���U�H�D�J�H�Q�W���Z�D�V���D�G�G�H�G���W�R���H�D�F�K���Z�H�O�O�����$�I�W�H�U��

1 h of incubation at 37 °C and 5% CO2, the absorbance was measured at 490 nm using the Tecan 

Spark® plate reader. Cell viability (in %) was determined by comparing the treated conditions to 

an untreated control. 

 

3.2.9 Preparation of HEVs  

HEV formation was consistently carried out using a freshly prepared LCNP suspensions. 

HEVs were prepared by combining specified particle number ratios (4:1, 1:1 and 1:4) of EVs and 

LCNPs as determined by NTA. The mixtures were thoroughly vortexed and incubated at different 

temperatures (4, 25 and 37 °C) and for different durations (ranging from 5 min to 4 h). In 

experiments involving pH variations, a 62.5 mM HCl or NaOH solution was used to amend the 

sample buffer pH and was readjusted to pH 7.4 before measurements. Unless specified 

otherwise, HEVs were formed at a pH of 7.4 and a temperature of 37 °C, with an EV:LCNP 

number ratio of 1:1, over a 30-min incubation time.  

 

3.2.10 HEV characterization  

3.2.10.1 Dynamic and static light scattering time -course experiments  

Hybridization kinetics were evaluated through dynamic and static light scattering (DLS/SLS) 

time-course experiments, employing a DynaPro Plate Reader III (Wyatt Technology, USA). The 

experiments were performed under temperature-controlled conditions (4, 25, and 37 °C) within 

sealed 384-well microplates (Aurora Microplates, USA). Instrument settings were configured as 

follows: laser auto-attenuation was enabled, and each well was subjected to 4 acquisitions, each 

lasting 3 s. Measurements at 4 °C were performed under a nitrogen atmosphere. Before each 

measurement, the microplate was pre-�L�Q�F�X�E�D�W�H�G�� �Z�L�W�K�� ������ ���/�� �R�I�� �D�� �I�U�H�V�K�O�\�� �S�U�H�S�D�U�H�G�� �/�&�1�3��

suspension (~9 × 108 particles/mL) for at least 30 min until a stable particle concentration reading 

was achieved. Subsequently, 10 µL of an equivalent particle amount (except for ratio variation 

experiments) of EVs was added, and the measurement (particle concentration and dh) was 

continued for 60 min. The total particle amount was kept constant at ~4.9 × 107 particles/well. 
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3.2.10.2 Cryogenic transmission electron microscopy  

For cryogenic transmission electron microscopy (cryo-TEM), �������� ���/�� �R�I�� �+�(�9���� �/�&�1�3�� �R�U�� �(�9��

suspensions in PBS (~1 × 1012 particles/mL) were deposited on 300-mesh lacey carbon-coated 

copper grids (Quantifoil Micro Tools GmbH, Germany). The grids were previously glow-

discharged for 45 s using an Emitech K100X glow discharge system (Quorum Technologies Ltd., 

UK). Excess liquid was removed by blotting for 2 s at 100% relative humidity before immersion of 

the grids into a mixture of liquid ethane and propane using a Vitrobot Mark IV (Thermo Fisher 

Scientific). For the automated specimen loading procedure, the vitrified grids were clipped into 

AutoGrid specimen carriers (Thermo Fisher Scientific). 

The prepared grids were then examined in bright-field mode using a TFS Titan Krios (Thermo 

Fisher Scientific) operated at 300 kV acceleration voltage and equipped with a Gatan Quantum 

LS Energy Filter (GIF) using a 20 eV slit width and a Gatan K2 Summit direct electron detector 

(AMETEK Inc.). The microscope was maintained at a temperature of approximately -180 °C 

during observations. Micrographs were acquired in an energy filtered TEM (EFTEM) operation 

mode using the TFS EPU software (up to 105,000x magnification, at most ~40 e/Å2 total electron 

dose, K2 camera in a linear mode, within 2-�������P���G�H�I�R�F�X�V���U�D�Q�J�H������ Images were processed using 

Fiji software [341]. 

 

3.2.10.3 Nano-flow cytometry  

EVs were labeled using either a 5 µM solution of CellTraceTM Far Red (Thermo Fisher 

Scientific) or 5(6)-carboxyfluorescein diacetate N-succinimidyl ester (CFDA-SE) (Chemodex AG, 

Switzerland) in PBS as previously described [185]. In brief, EVs were mixed with the respective 

dyes and incubated overnight at 4 °C. Subsequently, the mixtures were incubated at 37 °C for 15 

min to facilitate acetate hydrolysis of the dye. Unbound dye was removed using dialysis against 

a 1000-fold excess of PBS or Broccoli aptamer buffer at 4 °C overnight with the Pur-A-LyzerTM 

Mini 6000 Dialysis Kit (Sigma-Aldrich). Different NPs, formulated either with fluorescently tagged 

NAs or lipids (FAM-siRNA, Cy5-mRNA, or Atto 488 DOPE) or with the Broccoli aptamer, were 

then mixed with fluorescently labeled EVs at a particle number ratio of 1:1 (~7 × 1011 particles/mL). 

The formation of HEVs was evaluated using a Flow NanoAnalyzer N30 instrument (NanoFCM 

Co., Ltd., UK). For comparison, the Exo-FectTM Exosome Transfection Kit (System Biosciences, 

USA) was used following manufacturer�¶s instruction, with an equivalent amount of FAM-siRNA 
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���a���� ���0������ �&�R�Q�W�U�R�O�� �H�[�S�H�U�L�P�H�Q�W�V�� �Z�H�U�H�� �F�R�Q�G�X�F�W�H�G�� �E�\�� �F�R�L�Q�F�X�E�D�W�L�Q�J�� �Z�L�W�K�� �D�Q�� �H�T�X�L�Y�D�O�H�Q�W�� �D�P�R�X�Q�W�� �R�I��

�Q�D�N�H�G���I�O�X�R�U�H�V�F�H�Q�W���1�$�V�����a�������0���I�R�U���)�$�0-s�L�5�1�$�����a�����������0���I�R�U���&�\��-mRNA and ~�������0���I�R�U���%�U�R�F�F�R�O�L��

aptamer), and using non-fluorescent EVs and NPs or by excluding the Broccoli aptamer-selective 

dye DFHBI-1T from the Broccoli aptamer detection buffer (20 mM HEPES, 150 mM KCl, 1 mM 

MgCl2, and 20 µM DFHBI-1T).  

Events were recorded for 1 min on three different channels: 488/10, 525/40 and 670/30 with 

a single-photon counting avalanche photodiode detector (SPCM APD). Channel settings were 

aligned using 250 nm fluorescent silica QC beads and size calibration curves were generated 

using the S17M-MV size standard (150-1000 nm) (all NanoFCM Co., Ltd.). For experiments 

involving FAM-siRNA, Atto 488 DOPE, and Broccoli aptamer, the blue 488-nm laser was set to 

10/50 mW, and the red 638-nm laser was set to 40/100 mW, with a SS decay of 0.2%. For Cy5-

mRNA experiments, the 488-nm laser was adjusted to 20/50 mW and the 638-nm laser to 20/100 

mW. In most cases, samples were diluted 1:50 (v/v) with PBS or aptamer detection buffer, except 

for the samples that were incubated with Exo-FectTM reagent or naked FAM-siRNA, which were 

diluted 1:80 (v/v) with PBS due to higher fluorescence background signals. Data analysis was 

performed using the NanoFCM Professional Suite software (version 1.8, NanoFCM Co., Ltd.), 

with manual threshold adjustments for each experiment to ensure comparability between tested 

conditions and measurement days. Threshold settings are detailed in Table A3.3 . Subsequent 

data analysis was conducted using FlowJoTM software (version 10.4.2, BD Biosciences, USA).  

 

3.2.10.4 Single -particle immunoaffinity pull -down as says  

Single-particle level quantification of the surface-protein expression profiles of EVs and HEVs 

as well as determination of FAM-siRNA colocalization in these particles were performed on an 

optofluidic platform based on a negative pressure-driven microfluidic biosensing chip, and imaged 

on a custom-built time-multiplexed single molecule fluorescence and interferometric scattering 

microscope (Figure A3.8  and see details in Appendix ). Briefly, NPs expressing the targeted 

surface proteins were immobilized to the surface via an antibody-functionalized supported lipid 

bilayer immunoaffinity assay prepared directly within the microfluidic chip. HEVs, LCNPs and EVs 

at a concentration of 1-2 × 1010 particles/mL were introduced to the immunoassay functionalized 

chip at a flow rate of 5 mL/min for 10 min. After rinsing unbound particles with buffer, the sensor 

was imaged sequentially in fluorescent and label-free channels across an area of 0.1 mm2. Single 

particles from each imaging channel were then colocalized from which the total amount of 
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immobilized particles and corresponding fluorescent fraction were determined (Figure A3.9  and 

see details in App endix ). 

 

3.2.10.5 CD73 and CD26 enzymatic activity  

The enzymatic activities of two EV membrane proteins, CD73 and CD26, were evaluated 

following HEV formation and compared to EVs that underwent transfection with the Exo-FectTM 

reagent or were treated with enzyme inhibitors (40 µM APCP for CD73 or 1 µM linagliptin for 

CD26). HEV formation was carried out at both 4 and 37 °C for 30 min in HEBS (pH 7.4) at an 

EV:LCNP particle number ratio of 1:1. 

For CD73 activity measurements, an absorbance-based malachite green assay was 

employed, as previously described [66, 229]�����%�U�L�H�I�O�\���������������J���R�I���(�9���S�U�R�W�H�L�Q�V���D�V���G�H�W�H�U�P�L�Q�H�G���E�\���W�K�H��

Micro BCATM Kit, were suspended in 60 µL of 10 mM Tris buffer (pH 7.4) and transferred in a 96-

well plate. Subsequently, 30 µL of an 800 µM AMP solution in 10 mM Tris buffer was added to 

the wells, and the mixtures were incubated for 10 min at 25 °C. The enzymatic reaction was 

terminated by adding 40 µL of a color reagent (0.034% (w/v) malachite green, 1.55% (w/v) 

ammonium molybdate tetrahydrate, and 0.0625% (v/v) Tween® 20). The color reaction was 

allowed to develop for 1 h at 25 °C, and absorbance was measured at 620 nm using the Tecan 

Infinite® M200 plate reader (Tecan). Background-corrected absorbance values were normalized 

with values obtained from EVs subjected to identical hybridization conditions. 

CD26/DPP4 enzymatic activity was assessed using the commercially available DPPIV-GloTM 

Protease Assay Kit (Promega), following manufacturer�¶�V�� �L�Q�V�W�U�X�F�W�L�R�Q�V���� �,�Q�� �E�U�L�H�I���� ���������� ���J�� �R�I�� �(�9��

proteins in 25 µL of HEBS were loaded into white 384-well plates and mixed 1:1 (v/v) with DPPIV-

GloTM reagent. Luminescence was measured after 30 min of incubation at 25 °C using the Tecan 

Infinite® M200 Pro plate reader (Tecan). Background-corrected values were normalized to the 

luminescence signals obtained from EVs subjected to identical hybridization conditions.  

 

3.2.10.6 Nuclease protection assays  

To investigate the protection of exogenous NA cargo against nuclease degradation, 0.5 µg 

of naked Broccoli RNA aptamer or loaded in either LCNPs or HEVs were mixed with 5 µg/mL of 

RNase A in Broccoli aptamer buffer to reach a total volume of 27 µL. After the addition of 3 µL of 
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10x Broccoli aptamer detection buffer (20 mM HEPES, 150 mM KCl, 1 mM MgCl2, and 200 µM 

DFHBI-1T), fluorescence signals were recorded at 37 °C within a sealed, black 384-well plate 

using the Tecan Spark® microplate reader. Measurements were taken every hour for a total of 

24 h, with excitation and emission settings at 472 ± 5 nm and 507 ± 5 nm, respectively. 

To assess the protection of endogenous NA cargo within EVs, approximately 7 × 1011 EVs 

alone or hybridized with empty LCNPs (1:1 particle number ratio; at 37 °C for 30 min) were treated 

�Z�L�W�K�� ���� �—�J���P�/�� �5�1�D�V�H�� �$�� �D�W�� ������ �ƒ�&�� �I�R�U�� ���� �K���� �5�1�$�� �Z�D�V�� �W�K�H�Q�� �L�V�R�O�D�W�H�G�� �X�V�L�Q�J�� �W�K�H�� �P�L�U�9�D�Q�D�Œ�� �P�L�5�1�$��

Isolation Kit (Thermo Fisher Scientific), following manufacturer�¶s instructions, and eluted with 50 

���/���R�I���X�O�W�U�D�S�X�U�H���Z�D�W�H�U�����7�K�H���V�D�P�S�O�H�V���Z�H�U�H���V�X�E�V�H�T�X�H�Q�W�O�\���V�Q�D�S-frozen, lyophilized (Alpha 2-4 LSC, 

�&�K�U�L�V�W�����*�H�U�P�D�Q�\�������D�Q�G���U�H�G�L�V�V�R�O�Y�H�G���L�Q���������/���R�I���X�O�W�U�D�S�X�U�H���Z�D�W�H�U�����7�K�H���T�X�D�O�L�W�\���R�I���W�K�H���H�[�W�U�D�F�W�H�G���5�1�$��

was assessed via automated electrophoresis using the RNA ScreenTape assay on an Agilent 

2200 TapeStation system and analyzed with the TapeStation Analysis software (all Agilent 

Technologies, USA). 

 

3.2.11 Uptake and endosomal escape of HEVs and LCNPs  

Uptake studies were conducted in both HeLa cells and HeLa cells stably expressing the 

galectin-8 mRuby3 fusion protein (HeLa-Gal8-mRuby3). 

For flow cytometry experiments, 15,000 HeLa cells were seeded in 48-well plates. After 

overnight incubation at 37 °C and 5% CO2, cells were incubated with HEVs/LCNPs dual-labeled 

with Atto 488 DOPE and Cy5-siRNA. The final siRNA concentration per well was 20 nM (~4 × 

1011 particles/mL). After 4 and 24 h of incubation, medium was removed, and cells were washed 

twice with FBS to remove unspecific binding. Cells were washed with PBS and subsequently 

trypsinized and resuspended in full DMEM. After centrifugation at 300 × g for 5 min, cells were 

washed once more with PBS and stained with the Zombie VioletTM Fixable Viability Kit (Biolegend, 

USA) for 15 min following manufacturer�¶s instructions. The cells were pelleted at 300 × g for 10 

�P�L�Q���D�Q�G���U�H�V�X�V�S�H�Q�G�H�G���L�Q�������������/���R�I���L�F�H-cold flow cytometry buffer (PBS with 0.5% (w/v) BSA and 

2 mM EDTA). The median fluorescence intensity (MFI) of 10,000 cells was measured with the 

CytoFLEX S flow cytometry instrument (Beckman Coulter). The gain settings were set to 50 for 

the FITC channel (blue 488-nm laser), 50 for the PB450 channel (violet 405-nm laser) and 250 

for the APC channel (red 638-nm laser). The FlowJoTM software was used for gating and data 

analysis. 
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For confocal microscopy, 70,000 HeLa cells, or HeLa-Gal8-mRuby3 cells were seeded in 24-

well plates on sterile 12 mm coverslips. Following an overnight incubation at 37 °C and 5% CO2, 

cells were incubated with Cy5-siRNA-loaded HEVs or LCNPs for 4 h with a final siRNA 

concentration of 100 nM per well (~1.6 × 1011 particles/mL). Free Cy5-siRNA (equivalent 

concentration) and PBS were employed as negative controls. CellTraceTM Far Red-labeled EVs 

�Z�H�U�H�� �D�G�G�H�G�� �D�W�� �D�� �F�R�Q�F�H�Q�W�U�D�W�L�R�Q�� �R�I�� ������ ���J��of EV proteins per well (~3.4 × 1010 particles/mL). 

Subsequently, cells were washed thrice with PBS and fixed with a 2% (w/v) methanol-free PFA 

solution in PBS for 30 min at 25 °C. To visualize cell nuclei, Hoechst 33342 stain was applied for 

8 min at 25 °C, while actin filaments were stained with Phalloidin iFluor488 (Abcam, UK) for 90 

min at 25 °C. Coverslips were mounted using Mowiol® 4-88 (Sigma-Aldrich) and imaged on a 

Leica SP8 confocal microscope with a HC PL APO 63x/1.40 OIL CS2 objective (all Leica 

Microsystems, Germany). Images were processed using Fiji software. 

 

3.2.12 GFP knockdown experiments with HEVs and LCNPs  

For siRNA transfection experiments, 30,000 HeLa-GFP cells per well were seeded in a 24-

well plate. Following a 24 h incubation at 37 °C and 5% CO2, cells were treated with LCNPs or 

HEVs containing siRNA targeting the green fluorescent protein (GFP) mRNA (siGFP) or a 

scrambled control siRNA (siCTRL). Additionally, a positive control was prepared using 

LipofectamineTM RNAiMAX (Thermo Fisher Scientific) and siGFP according to manufacturer�¶s 

instructions. Wells treated with PBS and naked siGFP served as negative controls. Samples were 

prepared in 100 µL of Opti-MEMTM and added to 400 µL of 10% (v/v) FBS-containing DMEM, 

resulting in a final siRNA concentration of 10 nM per well (~2.5 × 1010 particles/mL) and an FBS 

concentration of 8% (v/v). After 48 h of incubation, GFP expression was qualitatively assessed 

using fluorescence microscopy with a Leica DMI6000 B epifluorescence microscope (Leica 

Microsystems) at 10x magnification, gain settings set to 2, and an exposure time of 1 ms. 

Subsequently, cells were washed twice with PBS, trypsinized and resuspended in full DMEM. 

Cells were then centrifuged at 300 × g for 5 min, and cell pellets were washed with PBS before 

being treated with the Zombie NIRTM Fixable Viability Kit (Biolegend) following the manufacturer�¶s 

instructions. After 15 min incubation, cells were pelleted at 300 × g for 10 min and resuspended 

in 120 µL ice-cold flow cytometry buffer for analysis. The GFP expression of 10,000 cells was 

analyzed using a CytoFLEX S flow cytometry instrument (Beckman Coulter) with gain settings 

adjusted to 2 for the FITC channel (blue 488-nm laser) and 10 for the APC-A750 channel (red 

638-nm laser). The MFI was normalized (in %) to values obtained from untreated HeLa-GFP cells 
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and the data analysis was performed with the FlowJoTM software. Additional experiments were 

performed under challenging cell culture conditions, increasing the FBS concentration to 80% 

(v/v) FBS and reducing the contact time with cells to 4 h. GFP expression was analyzed 48 h after 

initial sample addition using flow cytometry as outlined above. 

 

3.2.13 Luciferase expression experiments with HEVs and LCNPs  

For firefly luciferase (FLuc) mRNA transfection experiments, 5,000 HeLa cells per well were 

seeded in 96-well plates. After 24 h of incubation at 37 °C and 5% CO2, the culture medium was 

replaced with either 90 µL of DMEM containing 10% (v/v) FBS or pure FBS. Subsequently, 10 to 

���������/�����G�H�S�H�Q�G�L�Q�J���R�Q���W�K�H���(�9���E�D�W�F�K�����R�I���)�/�X�F-mRNA-loaded LCNPs and HEVs in PBS were added. 

The actual mRNA concentration in the LCNP formulations was determined using the Quant-�L�W�Œ��

RiboGreen RNA Assay Kit before each experiment. The final FBS concentration in the wells was 

approximately 9 or 90 % (v/v), with mRNA doses ranging from 0.1 to 100 ng/well (corresponding 

to concentrations of ~0.3 pM to 0.3 nM and ~1.8 × 108 to 1.8 × 1011 particles/mL). A positive 

control was prepared using LipofectamineTM MessengerMAXTM (Thermo Fisher Scientific) with 

FLuc-mRNA, following the manufacturer�¶s instructions, with the only difference being that particle 

formation was carried out in PBS instead of OptiMEMTM. PBS and naked FLuc-mRNA served as 

negative controls. After 24 h of incubation, the cells were washed twice with DPBS, and luciferase 

expression was assessed using the PierceTM Firefly Luciferase Glow Assay Kit (Thermo Fisher 

Scientific). In brief, cell lysates were prepared with 40 µL of 1x cell lysis buffer, and 5 µL of the 

lysates were transferred into a white 384-well plate. Then, 25 µL of the working reagent (firefly 

glow assay buffer with 1x D-luciferin and 1x PierceTM firefly signal enhancer) was added, and 

luminescence was measured after 10 min of incubation at 25 °C using the Tecan Spark® 

microplate reader. Luminescence readings were normalized to the amount of loaded protein, as 

determined with the Micro BCATM Protein Assay Kit, and the background signal of untreated cells 

was subtracted from the treatment conditions. 

 

3.2.14 Statistical analysis  

All experimental findings in this study are from at least 3 independent experiments and data 

is presented as mean +/- standard deviation (s.d.), as indicated in each figure legend. Statistical 

�V�L�J�Q�L�I�L�F�D�Q�F�H�� �E�H�W�Z�H�H�Q�� �W�Z�R�� �J�U�R�X�S�V�� �Z�D�V�� �F�D�O�F�X�O�D�W�H�G�� �Z�L�W�K�� �D�Q�� �X�Q�S�D�L�U�H�G�� �6�W�X�G�H�Q�W�¶�V�� �W-test. For mRNA 
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transfection experiments, the comparison between HEV and LCNP conditions was conducted 

�Z�L�W�K���D�Q���X�Q�S�D�L�U�H�G���6�W�X�G�H�Q�W�¶�V���W-test, excluding the positive and negative controls from the statistical 

analysis. Statistically significant differences between multiple groups were calculated by one-way 

or two-�Z�D�\���$�1�2�9�$���I�R�O�O�R�Z�H�G���E�\���7�X�N�H�\�¶�V���S�R�V�W-hoc test. Statistical analyses and curve fitting was 

performed using GraphPad Prism software (version 8.2.0, GraphPad Software Inc., USA). A p 

value of < 0.05 was considered statistically significant. 

 

3.3 Results and d iscussion  

3.3.1 Production and characterization of LCNP s  

Inspired by early studies in the 1990�¶s and 2000�¶s exploring non-lamellar phases and their 

role in promoting fusion stalk and endosomal escape in cationic liposomes, we engineered a type 

of non-lamellar LNP [123, 342-345]. We hypothesized that non-lamellar lyotropic liquid crystalline 

(LLC) domains in LNPs may induce fusion processes with EVs. To create the LCNPs, the 

ionizable DLin-MC3-DMA (MC3) was combined with the helper lipid DOPE, a lipid known to 

induce inverted hexagonal (HII) phases by lowering the spontaneous membrane curvature (C0) 

[345]. To obtain stable nanostructures in an aqueous environment, the non-ionic surfactant 

Kolliphor® HS 15 (HS15) was added to the mixture. HS15 was selected instead of traditional PEG-

lipids, as the latter could potentially interfere with the fusion process between LCNPs and EVs 

[346]. The LCNPs were produced via microfluidics by mixing the lipid/surfactant combination in 

ethanol with the NA-containing aqueous phase. An siRNA targeting GFP mRNA (siGFP) was first 

loaded into LCNPs. SAXS and cryo-TEM were employed to probe the structural properties of 

LCNPs and assess the effect of replacing the inverse cone-shaped DOPE with the cylindrical lipid 

DOPC or the inverse cone-shaped MC3 with the cylindrical fixed cationic lipid DOTMA (Figure 

3.1). 
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Figure 3.1. Formulation composition and microfluidic production process of LCNPs .  

The organic phase is composed of a tertiary mixture including the ionizable lipid MC3 (60 mol%), along with 
nearly equimolar proportions of the helper lipid DOPE (18 mol%) and the non-ionic surfactant HS15 (22 
mol%) in ethanol. The cylindrical lipids DOPC and DOTMA were employed as substitutes for the inverted 
cone-shaped lipids DOPE and MC3, respectively. The aqueous phase contains the NAs (i.e., siRNA, mRNA 
and RNA aptamer) dissolved in an acetate buffer (125 mM, pH 4). LCNPs are produced via microfluidic 
mixing of the lipid/surfactant-containing organic phase with the NA-containing aqueous phase utilizing a 
staggered diffusion mixer chip and a high-precision syringe pump (0.05 mL/min). The cryo-TEM image 
shows a representative siRNA-loaded LCNP (N/P 25); scale bar 100 nm. Created with BioRender.com. 

 

LCNPs loaded with the siRNA at an N/P ratio of 25 had a hydrodynamic diameter (dh) of 115 

nm at pH 7.4 as determined with DLS (Figure 3.2A ). Without the siRNA, LCNPs exhibited a dh of 

100 nm. In both cases, the dh increased by approximately 40 nm under acidic conditions (pH 5). 

�6�L�P�L�O�D�U�O�\���� ��-potentials increased at pH 5 (Figure 3.2A ). At pH 7.4, siRNA-loaded LCNPs 

maintained a net positive charge (~+13 mV), which can be explained by the low charge shielding 

provided by HS15 compared to PEG-lipids with longer ethylene oxide segments, and the relatively 

high N/P ratio used to load the LCNPs. To confirm the incorporation of siRNA into LCNPs, EMSA 

were conducted at different N/P ratios. Gel images revealed that the siRNA cargo is mostly loaded 

in the particles as it remained trapped in the wells (Figure A3.1A ). RiboGreen assays confirmed 

that at least 90% of siRNA was encapsulated inside the LCNPs at all N/P tested ratios, except 

the N/P ratio of 6 where it was lower (~83%) (Figure A3.1B ). It was also confirmed with EMSA 

that the siRNA was shielded from RNase-mediated degradation when encapsulated in LCNPs, 
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while naked siRNA or siRNA released from LCNPs was not (Figure A3.1C ). In addition, no 

changes in the dh and PDI of siRNA-loaded LCNPs were observed over a week (Figure A3.1D ). 

Next, we investigated the structural properties of LCNPs with SAXS. LCNPs exhibited a pH-

dependent structure-switching behavior (Figure 3.2B ). SAXS scans of unloaded LCNPs at pH 5 

displayed the formation of a well-defined HII phase with a q-�S�R�V�L�W�L�R�Q�� �U�D�W�L�R�� �R�I�� �����¥��:2. The 

characteristic repeat distance (d) and the center-to-center distance (�r) were estimated to be 

6.93 nm and 8.01 nm, respectively. Upon introducing siRNA at an N/P ratio of 25, structural 

disorder increased, as indicated by reduced peak intensities, which eventually vanished at higher 

siRNA concentrations (N/P 6). Further, we observed the presence of an additional peak at a 

similar q value of 0.01 nm-1 for N/P 25 and N/P 6, suggesting the formation of a second population 

with smaller characteristic spacing (Figure 3.2B ). At pH 7.4, the higher-order peaks disappeared 

but the first structure peak persisted, whether or not siRNA was present. This observation 

suggests that a sponge (L3) phase formed at pH 7.4 (Figu re 3.2B). Interestingly, such L3 phases 

were recently identified within LNP cores, mixtures of MC3 (50 mol%) and cholesterol (38.5 mol%) 

[161]. The peak position of the first structure peak was determined with a Lorentzian broad peak 

model, and it was observed that the peaks shifted to higher q values the more siRNA was added 

(Figure A3.2 ). In addition, the structure of LCNPs loaded with mRNA (N/P 25) was analyzed 

using SAXS, considering that the size and molecular structure of the loaded NA cargo could 

influence the nanostructural properties of LCNPs. A broad peak at low q (0.75 nm-1) suggested 

that L3 phases were preserved in mRNA-loaded LCNPs at pH 7.4 (Figure A3.3 ; refer to Appendix  

for a detailed discussion on physicochemical properties of these LCNPs). Cryo-TEM images of 

LCNPs corroborated the SAXS analysis. At both tested buffer pH values, LCNPs exhibited an 

electron-dense core in the presence or absence of siRNA (Figure 3.2C ). In contrast to 

conventional siRNA-loaded LNPs [150, 151], we observed circular patterns of non-lamellar 

phases at pH 5, whether with or without siRNA, and suggests the potential formation of HII phases 

(Figure 3.2C ). Notably, these patterns were more disordered at pH 7.4 particularly in the 

presence of loaded siRNA, and LCNPs exhibited irregular spherical shapes similar to other L3-

based nanoparticles (NPs) (Figure 3.2C ) [134, 347]. 
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Figure 3.2. Physicochemical properties of LCNPs.   

LCNPs with a lipid/surfactant composition of MC3/DOPE/HS15 (60/18/22 mol%) exhibit pH-dependent 
structural changes. (A) dh �D�Q�G����-potential of LCNPs at pH 5 and 7.4 with (N/P 25) or without siRNA (n = 3). 
(B) SAXS scans of LCNPs as a function of siRNA concentration (N/P ratio) and buffer pH (5 and 7.4). (C) 
Representative cryo-TEM images of LCNPs at pH 5 and 7.4 with (N/P 25) or without siRNA; scale bars 100 
nm. Data are expressed as mean + s.d. of n independent experiments. Statistical significance was 
calculated from an ordinary two-�Z�D�\���$�1�2�9�$���Z�L�W�K���7�X�N�H�\�¶�V���S�R�V�W-hoc test; *p < 0.05, **p < 0.01 and ***p < 
0.001. 

 

In addition, we investigated whether a structural transformation occured when cone-shaped 

lipids were substituted with cylindrical lipids. Therefore, DOPE was replaced by DOPC or MC3 by 

DOTMA. Further, differently from MC3, DOTMA is a fixed cationic lipid. A summary of the 

physicochemical properties of these DOPC- and DOTMA-based NPs are provided in Figure 

A3.4A. Like LCNPs, DOPC-NPs showed different structures at pH 5 and 7.4 which can be 

attributed to the altered charge state of MC3 and stronger interactions with the NA cargo at acidic 

pH. Structure peaks in SAXS plots of DOPC-NPs suggested that multivesicular liposomes formed 

at pH 7.4. These structures became more irregular when loaded with siRNA (Figure A3.4B , and 

corresponding discussion in Appendix ). Cryo-TEM images of unloaded DOPC-NPs at pH 7.4 

clearly showed the formation of raspberry-shaped multivesicular systems (Figure A3.4C ). Upon 

adding siRNA at pH 7.4, multi-vesicular/lamellar domains were found adjunct to domains with 
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non-lamellar arrangements (Figure A3.4C ). At pH 5, SAXS analysis revealed that DOPC-NPs 

exhibited hexagonal phases characterized by three sharp peaks with a q-�S�R�V�L�W�L�R�Q���U�D�W�L�R���R�I�������¥����������

particularly when siRNA was added to the system (Figure A3.4B ). Cryo-TEM images showed 

that DOPC-NPs formed well-defined non-lamellar structures at pH 5 (Figure A3. 4C). 

As for DOTMA-NPS, we observed a series of broad oscillations with SAXS, suggesting 

bilayer formation with a low degree of multilamellarity both at pH 5 and 7.4 with or without siRNA 

(Figure A3.4D , and corresponding discussion in Appendix ). Multi- and unilamellar liposomes 

smaller than LCNPs and DOPC-NPs (< 100 nm) were observed by cryo-TEM (Figure A3.4E ). In 

line with the SAXS data, the structure of DOTMA-NPs did not change with respect to buffer pH 

variations and the presence of siRNA cargo. 

 

3.3.2 Characterization of EVs and hybridization kinetics  

First, MSC-derived EVs were isolated from 3D cell cultures as previously reported by our 

group and characterized following the guidelines of the International Society for Extracellular 

Vesicles (ISEV) [25, 66, 339]. In brief, MSC-EVs had a mean modal diameter of approximately 

127 nm and a mean dh of approximately 160 nm as determined by NTA and DLS, respectively. 

�7�K�H�� ��-potential was found to be around -28 mV. (Figure 3.3A ). The vesicular structure was 

confirmed by TEM and cryo-TEM (Figure 3.3B ). Western blotting revealed the enrichment of EV-

specific membrane markers, such as CD63 and CD9, in the vesicle isolates while cellular 

impurities like calregulin and Grp94 were absent (Figure 3.3C ). Moreover, the MSC-specific 

membrane proteins CD73 and CD26 (DPP4) were highly enriched within EVs (Figure 3.3C ). 
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Figure 3.3. Characterization of MSC -derived EVs.  

(A) Size distribution profiles of EVs as characterized by NTA (top) and DLS (bottom) (n = 3). Data is 
expressed as mean ± s.d. of n independent experiments. (B) Representative TEM (top) and cryo-TEM 
image (bottom) of EVs; scale bars 1 ��m (top) and 100 nm (bottom). (C) Expression levels of EV marker 
proteins (CD9, CD63 and TSG101), MSC-specific membrane proteins (CD73 and CD26) and cellular 
impurity markers (calregulin and Grp94) in cell and EV lysates analyzed by western blotting. GAPDH serves 
as loading control. One representative blot is shown. 

 

Subsequently, we investigated the kinetics of HEV formation by monitoring particle 

concentration and dh over a 60-min time course in a 384-well microplate reader setup using SLS 

and DLS, respectively. We hypothesized that the hybridization of LCNPs with EVs should result 

in a decrease in the overall particle count and an increase in the overall size. When different 

number ratios of EVs were added to LCNPs (i.e., 4:1, 1:1 and 1:4), particle concentrations 

decayed exponentially, stabilizing after approximately 30 min (Figure 3.4A ). In contrast, the dh 

increased over 30 min and plateaued at approximately 190 nm at all tested ratios (Figure 3.4A ). 

Furthermore, we explored the impact of temperature (Figure 3.4B ) and buffer pH (Figure 3.4C ) 

on HEV formation kinetics at an EV:LCNP number ratio of 1:1. As expected, the kinetics slowed 

down when the temperature was reduced from 37 to 4 °C, while no significant differences were 

noted in dh under the tested temperature conditions (Figure 3.4B ). With respect to pH, no 
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differences were observed in fusion kinetics when HEVs were formed under basic conditions (pH 

9) compared to pH 7.4 (Figure 3.4C ). In contrast, as the pH was lowered (�G 6), dh dramatically 

increased reaching 350 nm at pH 5, and the particle concentrations could not be assessed 

anymore after the first 4 min as multimodal particle populations were detected, suggesting the 

formation of larger aggregates (Figure 3.4C ). 

 

Figure 3.4. �'�/�6���6�/�6���W�L�P�H���F�R�X�U�V�H���H�[�S�H�U�L�P�H�Q�W�V�� 

�3�D�U�W�L�F�O�H���F�R�Q�F�H�Q�W�U�D�W�L�R�Q���D�Q�G���G�K���R�I���P�L�[�W�X�U�H�V���R�I���(�9�V���D�Q�G���V�L�5�1�$���O�R�D�G�H�G���/�&�1�3�V�����1���3�����������P�H�D�V�X�U�H�G���R�Y�H�U���D��������
�P�L�Q���W�L�P�H���F�R�X�U�V�H���E�\���6�/�6���D�Q�G���'�/�6�����U�H�V�S�H�F�W�L�Y�H�O�\�������$�����D�V���I�X�Q�F�W�L�R�Q���R�I���(�9���/�&�1�3���Q�X�P�E�H�U���U�D�W�L�R�����������������������D�Q�G��������������
���%�����D�V���D���I�X�Q�F�W�L�R�Q���R�I���W�H�P�S�H�U�D�W�X�U�H�����������������D�Q�G���������ƒ�&�����D�W���D�����������(�9���/�&�1�3���S�D�U�W�L�F�O�H���Q�X�P�E�H�U���U�D�W�L�R�����D�Q�G�����&�����D�V���D��
�I�X�Q�F�W�L�R�Q�� �R�I�� �S�+���������� ���������� ���� �D�Q�G�������� �D�W�� �D���������� �(�9���/�&�1�3�� �S�D�U�W�L�F�O�H���Q�X�P�E�H�U���U�D�W�L�R�����Q�� � �� ������������ �'�D�W�D���L�V�� �H�[�S�U�H�V�V�H�G�� �D�V��
�P�H�D�Q�������V���G�����R�I���Q���L�Q�G�H�S�H�Q�G�H�Q�W���H�[�S�H�U�L�P�H�Q�W�V���� 

 

To elucidate the structural properties of the HEV formation, cryo-TEM imaging was 

performed. EVs and LCNPs were combined and imaged after 5 and 30 min and 4 h of incubation 

(pH 7.4, 37 °C). When examined separately, EVs had an electron-lucent aqueous core 

(highlighted in blue) delimited by a circular, electron-dense lipid bilayer and siRNA-loaded LCNPs 

had an electron-dense core (highlighted in orange) with a more irregular surface and shape 
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(Figure 3.5A ). Membrane proteins on EV lipid bilayers appeared as darker, electron-dense spots 

(white arrows). Upon mixing and grid preparation (~5 min), hemi-fused vesicles appeared, 

suggesting that fusion processes within EVs can be instantly triggered by LCNPs (Figure 3.5B ). 

EV membrane proteins were visible in hemi-fused HEVs (white arrows), excluding the possibility 

that the structures are blebs typically found in mRNA-loaded LNPs [163, 348]. Hemi-fused HEVs 

remained visible after 30 min of incubation (Figure 3.5B ). After 4 h, only a few unfused EVs and 

hemi-fused HEVs were still visible (Figure 3.5B ). Instead, we also observed larger fully-fused 

electron-dense structures (> 200 nm). The surface-bound membrane proteins were still visible as 

small black dots on these structures (white arrows), suggesting that EV membrane proteins are 

located on HEV surfaces post-hybridization (Figure 3.5B ). 

 

Figure 3.5. Cryo -TEM imaging of HEV formation.  

(A) Representative cryo-TEM images of MSC-EVs and siRNA-loaded LCNPs (N/P 25); scale bars 100 nm. 
EVs are characterized by an electron-lucent aqueous core (highlighted in blue) and LCNPs have a darker, 
electron-dense lipid core (highlighted in orange). EV membrane proteins are visible as darker, electron-
dense spots (white arrows). (B) Time-dependent cryo-TEM images of mixtures of EVs and siRNA-loaded 
LCNPs (N/P 25) at a particle number ratio of 1:4 at 37 °C and pH 7.4; scale bars 100 nm. After 5 and 30 
min, hemi-fused HEVs are visible (LCNP part highlighted in orange and EV part highlighted in blue). The 
presence of membrane proteins (white arrows) on the lipid bilayers of EVs rules out the possibility that the 
hemi-fused particles are phase separation phenomena within LCNPs. After 4 h of incubation mostly fully 
hybridized HEVs are visible. EV membrane proteins appear as dark electron-dense spots on the surface 
of HEVs (white arrows). 
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The presence of larger aggregates became apparent in cryo-TEM when EVs were mixed with 

LCNPs at pH 5 (Figure A3.5A ), in line with our DLS results (Figure 3.4C ). Similarly, DOTMA-

NPs induced the formation of larger aggregate structures, whereas DOPC-NPs appeared to have 

minimal interaction with EVs as visualized by cryo-TEM (Figure A3.5A ). However, owing to the 

more electron-lucent nature of DOPC-NPs compared to LCNPs, the possibility of hybrid formation 

or interaction with the EV membranes could not be ruled out. The formation of hemi-fused HEVs 

could also be observed when mRNA-loaded LCNPs and EVs were coincubated (Figure A3.5B ).  

 

3.3.3 Topology of lipid nanocarriers influences their interactions with EV membranes  

Nano-flow cytometry (NanoFCM) measurements were then conducted to characterize the 

HEV formation at the single-particle level. For this approach, EVs were labeled using CellTraceTM 

Far Red, a dye capable of permeating membranes and binding covalently to intraluminal amines. 

The labeled EVs were then combined with LCNPs, and DOPC-, as well as DOTMA-NPs loaded 

with the fluorescent FAM-siRNA at a particle number ratio of 1:1. The commercial Exo-FectTM 

transfection regent was used as a benchmark for comparison. As part of the negative controls, 

unlabeled EVs were mixed with the various NP formulations containing non-fluorescent siRNA. 

Additionally, labeled EVs were co-incubated with an equal quantity of naked FAM-siRNA. 

Bivariate plots of single-stained EVs and NPs clearly showed distinct single-positive 

populations for CellTraceTM Far Red (highlighted by the red square inset) and FAM-siRNA 

(highlighted by the dark green square inset), respectively (Figure 3.6A ). We observed that not all 

NPs were loaded with fluorescent siRNA (e.g., for LCNPs at pH 7.4 ~38%) (Figure A3.6 ). This 

may stem from rearrangements in the lipid matrix during the pH adjustment step or the relatively 

high N/P ratio of 25, resulting in loaded and unloaded LCNPs [170]. Notably, for the Exo-FectTM 

transfection reagent no FAM-siRNA positive events were detected. As reported previously, this 

discrepancy may stem from the relatively low particle concentration found in Exo-FectTM-siRNA-

transfection-mixtures, which in our case was three orders of magnitude lower compared to our 

NPs (e.g., 4.9 × 1010 particles/mL for Exo-FectTM vs. 1.5 × 1013 particles/mL for LCNPs) [213]. 

When different FAM-siRNA-loaded NP formulations were mixed with CellTraceTM-labeled EVs, a 

double-positive population appeared, indicating the formation of HEVs (highlighted by the lime 

green square inset) (Figure 3.6A ). This double-positive population was not present when, for 

example, naked FAM-siRNA was coincubated with labeled EVs or in the case of the Exo-FectTM 

transfection reagent (Figure 3.6A ). 
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Figure 3.6. Topology and physicochemical properties of lipid nanocarriers affect  HEV formation . 

CellTraceTM Far Red-labeled EVs are combined at a particle number ratio of 1:1 with the different FAM-
siRNA-loaded (N/P 25) lipidic NPs (LCNPs, DOPC- and DOTMA-NPs) or with the Exo-FectTM reagent 
(~2 ���0���)�$�0-siRNA; 10 min at 37 °C). After 30 min of incubation at 37 °C the formation of HEVs is assessed 
by NanoFCM. (A) Representative bivariate dot plots of FAM-siRNA+ particles (x-axis) vs. CellTraceTM+ 
particles (y-axis). Particle species are labeled from left to right: mixtures of unlabeled EVs and NPs are 
used as labeling controls. CellTraceTM-labeled EVs with the red square insets highlight the CellTraceTM+ 
particle populations. Different FAM-siRNA-loaded NPs with the dark green square insets highlight the FAM-
siRNA+ particle populations. Coincubation of naked FAM-�V�L�5�1�$�����a�������0�����Z�L�W�K���&�H�O�O�7�U�D�F�HTM-labeled EVs with 
the lime green square insets highlight the double-positive (CellTraceTM+/FAM-siRNA+) particle populations. 
Coincubation of FAM-siRNA-loaded NPs with CellTraceTM-labeled EVs with the lime green square insets 
highlight the double-positive (CellTraceTM+/FAM-siRNA+) particle population. Hybridization conditions are 
labeled from 1 to 5: (1) LCNPs pH 7.4; (2) LCNPs pH 5; (3) DOPC-NPs pH 7.4; (4) DOTMA-NPs pH 7.4; 
(5) Exo-FectTM pH 7.4. (B) Percentages of the double-positive particles (CellTraceTM+/FAM-siRNA+) are 
shown relative to the respective total CellTraceTM+ particle populations after coincubation with naked FAM-
siRNA, FAM-siRNA-loaded NPs or Exo-FectTM (n = 3). (C) d50 of the individual particle populations: 
CellTraceTM+ EVs; FAM-siRNA+ NPs; and CellTraceTM+/FAM-siRNA+ HEVs (n = 3). Data is expressed as 
mean + s.d. of n independent experiments. Statistical significance was calculated from an ordinary one-
�Z�D�\�� �$�1�2�9�$�� �Z�L�W�K�� �7�X�N�H�\�¶�V�� �S�R�V�W-hoc test; *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, ns = not 
significant; # = vs. respective experimental condition; ## = vs. 1 ***p < 0.001, vs. 2 & 4 ****p < 0.0001. 

 

Comparing the percentages of double-positive particle counts relative to the total single-

positive CellTraceTM population, a clear trend could be observed (Figure 3.6B ). HEV formation 

with highly positively charged NPs, like LCNPs under acidic conditions or DOTMA-NPs, resulted 

in the highest colocalizations of approximately 57 and 53%, respectively (Figure 3.6B ). The 

interaction between LCNPs and EVs decreased to 40% at pH 7.4 and to 12% when multi-

vesicular/lamellar DOPC-NPs were used instead (Figure 3.6B ). This suggests that surface 

charge, lipid compositions and thus the NP topology may influence the interaction of NPs with EV 

membranes. When EVs were coincubated with free FAM-siRNA or with the Exo-FectTM reagent, 

the double-positive population was at background levels below 7% (Figure 3.6B ). 

The size profiles of individual particle populations were also determined with NanoFCM. 

Single-positive EV and FAM-siRNA-loaded NP populations had median diameters (d50) ranging 

from 50 to 200 nm (Figure 3.6C ). In the double-positive HEV populations, we observed a size 

shift towards larger particles. The d50 increased to 290 and 240 nm upon mixing EVs with LCNPs 

or DOPC-NPs at pH 7.4, respectively. At pH 5, a drastic size shift to 560 nm was observed when 

EVs were incubated with LCNPs and the d50 reached 380 nm when DOTMA-NPs were used 

instead (Figure 3.6C ). This observation aligns well with DLS and cryo-TEM results, confirming 
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that highly positively charged NPs form larger structures potentially induced by aggregation with 

EVs (Figure  3.4C and Figure A3.5A). 

To further confirm the integration of LCNP lipids into HEVs, 1 mol% of DOPE was substituted 

with Atto 488-labeled DOPE. Also in this case, a double-positive population appeared when EVs 

were mixed with LCNPs (highlighted by the lime green square inset) (Figure A3.7A ). This double-

positive population accounted for 45% of the total CellTraceTM+ population at pH 7.4 and 75% at 

pH 5 (Figure A3.7B ). Moreover, the size of HEVs increased from 170 to 490 nm when the pH 

decreased from 7.4 to 5 in line with our previous observations (Figure A3.7C ). 

To validate the LCNP platform for EV loading, we also evaluated HEV formation using 

different NA cargos, including mRNA and an RNA aptamer. Cy5-labeled mRNA was loaded into 

LCNPs and combined with carboxyfluorescein succinimidyl ester (CFSE)-stained EVs. Similar to 

the siRNA experiments, a double-positive population appeared, constituting 41% of the total 

CFSE-positive population (highlighted by the pink square inset) (Figure A3.7D ). Furthermore, we 

utilized the RNA aptamer Broccoli for the in situ detection of HEV formation [349, 350]. The 

membrane-permeable dye DFHBI-1T diffuses into both HEVs and LCNPs and specifically binds 

to the Broccoli aptamer. The formation of Broccoli-loaded HEVs was only detected when 

CellTraceTM-labeled EVs were mixed with Broccoli-loaded LCNPs in presence of the DFHBI-1T 

dye (highlighted by the lime green square inset) (Figure A3.7E ), amounting to 15% of the total 

CellTraceTM+ population (Figure A3.7E ). The detection of double-positive events may have been 

affected by dilution of the freely diffusing dye inside the flow cell, potentially leading to a reduced 

detection rate compared to experiments with covalently labeled NAs. 

 

3.3.4 Detection of EV membrane proteins on HEV surfaces using an optofluidic platform  

To investigate whether EV membrane proteins are present on HEV surfaces, and whether 

particular subpopulations of EVs preferentially interact with LCNPs, we applied a state-of-the-art 

optofluidic platform based on an integrated microfluidic chip that combines immunoaffinity pull-

down assays with correlative single molecule interferometric scattering and fluorescence 

microscopy (Figure A3.8 , see details Appendix ). The microfluidic chip integrated all steps of the 

immunoassay, encompassing surface functionalization using supported lipid bilayers, antibody 

conjugation, and EV/HEV sensing. Conceptually this platform isolates EV subpopulations on the 

sensor substrate by immobilizing EVs expressing specific surface markers, and then distinguishes 

between HEVs loaded with fluorescent NA cargo and native EVs by correlating the scattered and 
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fluorescence signals from each pulled-down vesicle (Figure 3.7A ). For correlative label-free and 

fluorescence mapping, we sequentially imaged the EV/HEV mixtures on the same camera by 

alternating between off- and on-resonant fluorescence excitations, respectively. Particles visible 

in both imaging modalities in the presence of specific EV-markers were assigned as NA-loaded 

HEVs. LCNPs were immobilized on the surface of the sensor, via their higher non-specific binding 

to the functionalized substrate compared to EVs and HEVs. This difference in non-specific binding 

between particle species can be attributed to residual electrostatic interactions between the 

negatively charged groups of the functionalized surface, caused by the biotin and neutravidin 

�P�R�L�H�W�L�H�V�����Z�L�W�K���W�K�H���Q�H�W���S�R�V�L�W�L�Y�H����-potential of LCNPs (Figure 3.2A ). 

Figure 3.7B  shows representative zoom-in images (12 µm × 12 µm) of the three different 

particle types under the two different imaging modalities. As expected, EVs exhibited scattering 

signals but no fluorescent ones. LCNPs showed weaker scattering signals compared to the EVs, 

but also displayed a fraction of coincident fluorescent signatures. This can be attributed to the fact 

that not all LCNPs were loaded with FAM-siRNA, as demonstrated by NanoFCM (Figure A3.6 ). 

HEVs exhibited stronger scattering signals compared to EVs that also coincided with a fraction of 

fluorescent ones, indicating the successful hybridization of EVs with LCNPs (Figure A3.9 ). 

To establish the molecular signature of HEVs and compare it to their native EV source, we 

selected a panel of antibodies targeting various EV- and MSC-specific membrane proteins as 

capture probes. Multiplexing of the immunoaffinity assays was achieved by functionalizing 

spatially separated sensing channels with different antibodies targeting the known EV markers 

CD9 and CD63, along with MSC-specific surface markers CD73 and CD26. To determine the 

intrinsic level of non-specific binding for each particle species, we used IgG1 as an isotype control. 

For each sensing channel replica, we imaged a total surface area of 0.1 mm2 and analyzed 

between 103-104 particles per biomarker. To obtain the relative expression levels of EVs/HEVs 

positively identified with each surface marker, we normalized the total EVs and HEVs with respect 

to the MSC-specific protein CD73. For EV samples, we observed the following trend in the relative 

expression profile of membrane proteins CD26 >> CD73 > CD9 > CD63 > IgG, quantified in terms 

of the number of pulled down particles (Figure 3.7C ). Notably, the expression profile did not 

change after HEV formation, generated with a 4:1 excess of LCNPs over EVs. This suggests that 

the membrane proteins are located on the HEV surfaces in agreement with our cryo-TEM 

observations (Figure  3.7C and Figure 3.5B).  

Taking advantage of the multiplexing capabilities of the microfluidic-based platform, we could 

determine the association of the FAM-siRNA cargo with HEVs for several specific EV 
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subpopulations within a single experiment at single-particle resolution. Therefore, the number of 

double-positive events from superimposed fluorescent and label-free interferometric scattering 

signals were quantified via image analysis. The number of colocalizations fell within the range of 

30 to 40% for all tetraspanin markers, with no statistically significant difference between them 

(Figure 3.7D ). This suggests that LCNPs do not preferentially fuse to any specific EV 

subpopulation. In agreement with the NanoFCM data, control experiments with LCNPs utilizing 

non-specific electrostatic interactions for immobilization revealed that only 30% were loaded with 

the fluorescent siRNA (Figure 3.7D ). Since only 30% of LCNPs contained FAM-siRNA, and the 

HEVs were prepared with a 4:1 excess of LCNPs to EVs for hybridization, we infer that nearly all 

the fluorescent NA cargo was transferred to EVs. 

 

 



LOADING OF EVS WITH NUCLEIC ACIDS VIA HYBRIDIZATION WITH SPONGE-LIKE LNPS 

72 
 

Figure 3.7. In-depth chara cterization of HEVs: surface protein expression, colocalizaton with 
fluorescent NA cargo, and enzymatic activity post -hybridization.   

Native MSC-EVs are mixed at a particle number ratio of 1:4 with FAM-siRNA-loaded (N/P 25) LCNPs and 
after 30 min of incubation at 37 °C particle populations are analyzed with an optofluidic platform. (A) 
Conceptual schematic of the correlative label-free and fluorescence optofluidic platform used to 
simultaneously determine the FAM-siRNA loading of each particle population and surface protein 
expression profile. Left: synchronization scheme between the channels controlling sample scanning, label 
free excitation/detection and fluorescence excitation/detection. Right: particle assignment table resulting 
from the pull-down immunoaffinity assay. (B) Representative images of each particle type under the two 
�G�H�W�H�F�W�L�R�Q���V�F�K�H�P�H�V�����V�F�D�O�H���E�D�U�V���������P������C) Relative EV-specific surface protein expression levels for EVs and 
HEVs normalized to the number of CD73+-pulled down particles (n = 3-5). (D) Fluorescent fraction resulting 
from correlative scattering and fluorescence signals for EVs and HEVs expressing a particular surface 
protein, and for non-specifically bound LCNPs (n = 3-5). Data is represented as the median over n 
independent experiments ± s.d. (E) A malachite green assay was employed to determine the activity of the 
EV membrane protein CD73 after HEV formation (1:1 particle number ratio; 30 min at 4 and 37 °C), 
treatment with the Exo-FectTM reagent (10 min at 37 °C) and the CD73 inhib�L�W�R�U�������������0���$�3�&�3�������Q��� ����-6). 
Enzyme activity was normalized to EVs subjected to identical hybridization conditions. (F) A protease assay 
was employed to assess the activity of the EV membrane protein CD26 after HEV formation (1:1 particle 
number ratio; 30 min at 4 and 37 °C), treatment with the Exo-FectTM reagent (10 min at 37 °C) and the 
�&�'������ �L�Q�K�L�E�L�W�R�U�� ������ ���0�� �O�L�Q�D�J�O�L�S�W�L�Q���� ���Q�� � �� �������� �(�Q�]�\�P�H�� �D�F�W�L�Y�L�W�\�� �Z�D�V�� �Q�R�U�P�D�O�L�]�H�G�� �W�R�� �(�9�V�� �V�X�E�M�H�F�W�H�G�� �W�R�� �L�G�H�Q�W�L�F�D�O��
hybridization conditions. Data is expressed as mean ± s.d. of n independent experiments. Statistical 
significance was calculated from an ordinary one-�Z�D�\���$�1�2�9�$���Z�L�W�K���7�X�N�H�\�¶�V���S�R�V�W-hoc test; *p < 0.05, **p < 
0.01, ***p < 0.001; # = vs. HEV (37 °C) ***p < 0.001, vs. HEV (4 °C) ****p < 0.0001; ## = vs. HEV (37 °C) 
****p < 0.0001, vs. HEV (4 °C) ***p < 0.001. 

 

3.3.5 Biological activity of membrane proteins and NA cargo integrity is retained post -

hybridization  

Since we could confirm the retention of the MSC-EV-specific membrane proteins CD73 and 

CD26 on HEV surfaces, we measured their enzymatic activity post-hybridization using a 

colorimetric and a luminescence-based plate assay, respectively. The CD73 activity was not 

affected after HEV formation. In contrast, it decreased significantly when EVs were treated with 

the Exo-FectTM reagent �R�U�� �W�K�H�� �L�Q�K�L�E�L�W�R�U�� �F�R�Q�W�U�R�O�� �������� ���0�� �$�3�&�3����(Figure 3.7E ). This confirms 

previous results of altered EV membrane integrity after treatment with Exo-FectTM [213]. Likewise, 

we did not observe a reduction of the CD26 enzymatic activity, while the Exo-FectTM reagent and 

�W�K�H���L�Q�K�L�E�L�W�R�U���F�R�Q�W�U�R�O�����������0���O�L�Q�D�J�O�L�S�W�L�Q�����L�P�S�D�L�U�H�G��it (Figure 3.7F ). 

To evaluate the integrity of exogenously loaded NA cargo in HEVs and endogenous NA cargo 

in EVs, we employed two different strategies. First, HEVs loaded with the Broccoli aptamer were 

co-incubated with RNase A at 37 °C for 24 h, and the fluorescence signal was tracked in the 

presence of the aptamer-selective dye DFHBI-1T. In case the aptamer is released from HEVs, it 
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would be susceptible to RNase-mediated cleavage, resulting in reduced interaction with DFHBI-

1T, and a subsequent decline of the fluorescence signal over time (Figure A3.10A ). In Broccoli-

loaded HEVs the fluorescence signal remained stable over 24 h both in the presence and absence 

of RNase. Similarly, Broccoli-loaded LCNPs maintained their fluorescence signal in both 

conditions. Conversely, the naked Broccoli displayed a complete loss of fluorescence signal in 

the presence of RNase (Figure A3.10B). In addition, an automated gel electrophoresis instrument 

was employed to analyze the integrity of endogenous intraluminal NA cargo encapsulated in EVs 

before and after HEV formation. Therefore, EVs were hybridized with empty LCNPs, treated with 

RNase, and total RNA was extracted for analysis. Distinct RNA bands appeared in the 

electropherogram of both EV and HEV samples (Figure A3.10C). A slight shift and a reduction in 

the fluorescence intensities of the RNA peaks were visible in HEVs compared to the EV sample, 

suggesting that a fraction of the natural RNA cargo might get lost during the hybridization process 

(Figure A3.10D). However, additional quantitative analyses are needed to validate these 

observations.  

 

3.3.6 HEVs are taken up by cells but do not enhance endosomal membrane disruption  

Before performing uptake studies, cytotoxicity tests with LCNPs at concentrations ranging 

from 12.5 to 200 µg/mL for 4 or 24 h, both in the presence and absence of encapsulated siRNA 

were conducted. Compared to the TritonTM X-100 positive control, no significant changes in cell 

viability were observed for all tested conditions (Figure A3.11 ). Next, we investigated whether 

LCNPs and HEVs can efficiently enter cells and deliver their NA cargo. We therefore labeled 

LCNPs both with the fluorescent Cy5-siRNA and the fluorescent lipid Atto 488 DOPE. Following 

hybridization with MSC-EVs the dual-labeled HEVs and LCNPs were incubated with HeLa cells 

for 4 and 24 h and the uptake was analyzed with flow cytometry. After 4 h, the median 

fluorescence intensities (MFI) of Cy5 and Atto 488 signals significantly increased compared to 

the PBS control, confirming the successful uptake of LCNPs and HEVs (Figure 3.8A ). Confocal 

images of HeLa cells treated with Cy5-siRNA-loaded HEVs or LCNPs corroborated the flow 

cytometry results, displaying bright, punctate Cy5 signals both within cells treated with LCNPs 

and HEVs (Figure A3.12 ). After 24 h LCNPs exhibited 2-fold higher MFI values compared to 

HEVs (Figure 3.8A ). Similar results were previously reported for EV-liposome hybrids [264]. 

In addition, we investigated the endosomal remodeling in HeLa cells stably expressing the 

Galectin-8 mRuby3 fusion protein (Gal8-mRuby3). NP-mediated disruption of the endosomal 
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membrane causes the recruitment and binding of Gal8 to ��-galactoside sugars located on the 

inner leaflet of endosomes [337, 351]. The binding of Gal8-mRuby3 can then be followed by a 

transition from a diffuse cytosolic signal to bright punctate patterns. Therefore, HeLa-Gal8-

mRuby3 cells were imaged 4 h after addition of Cy5-siRNA-loaded HEVs and LCNPs. Native 

MSC-EVs labeled with CellTraceTM Far Red and LipofectamineTM RNAiMAX were employed as 

controls. Both native EVs and LipofectamineTM carriers were taken up by cells as visualized from 

the signals of intracellular CellTraceTM and Cy5-siRNA signals (Figure 3.8B ). In alignment with 

previous studies, EVs did not induce endosomal damage, in contrast to the LipofectamineTM 

positive control, where a clear enhancement of the punctate mRuby3 signal could be observed 

(Figure 3.8B ) [198, 352]. Notably, HEVs displayed no endosomolytic effects whereas LCNPs 

induced bright mRuby3 punctate signals (Figure 3.8B ), suggesting potential differences in their 

interactions with endosomal membranes and/or different uptake pathways. Further detailed 

mechanistic investigations are warranted to comprehensively understand the intracellular 

trafficking of HEVs and LCNPs. 
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Figure 3.8. Cell uptake and endosomal escape of HEVs and LCNPs.  

(A) Uptake of Cy5-siRNA (N/P 25)/Atto 488 DOPE (1 mol%) dual-labeled HEVs and LCNPs in HeLa cells 
after 4 and 24 h of incubation (n = 3). HEVs were prepared by incubating EVs and LCNPs at a 1:1 particle 
number ratio for 30 min at 37 °C. Cells were treated with 20 nM Cy5-siRNA/well. (B) Endosomal escape 
assay with HeLa cells stably expressing the Galectin-8 mRuby3 fusion protein (Gal8-mRuby3). Cytosolic 
Gal8-�P�5�X�E�\�����L�Q�W�H�U�D�F�W�V���Z�L�W�K����-galactoside sugars exposed upon endosomal damage and results in bright 
punctate signals. The panel shows the four different imaging channels, from left to right: actin/nucleus 
(gray/cyan), Cy5/CellTraceTM Far Red (magenta), Gal8-mRuby3 (yellow) and the merged image. HeLa-
Gal8-mRuby3 cells were treated for 4 h with Cy5-siRNA-loaded LCNPs (N/P 25) and HEVs at a 
concentration of 100 nM Cy5-siRNA/well. LipofectamineTM RNAiMAX with Cy5-siRNA (100 nM Cy5-
siRNA/well) and PBS served as positive and negative controls, respectively. CellTraceTM Far Red-labeled 
EVs (~3.4 × 1010 particles/mL) were added for comparison�����6�F�D�O�H���E�D�U�V���D�U�H�����������P�����'�D�W�D���L�V���H�[�S�U�H�V�V�H�G���D�V��
mean + s.d. of n independent experiments. Statistical significance was calculated from an ordinary one-
�Z�D�\���$�1�2�9�$���Z�L�W�K���7�X�N�H�\�¶�V���S�R�V�W-hoc test; **p < 0.01, ***p < 0.001 and ****p < 0.0001; # = vs. PBS **p < 0.01; 
## = vs. PBS *p < 0.05.  

 

3.3.7 HEVs show improved knockdown and expression efficiencies in vitro  

The knockdown efficiency of HEV and control formulations was assessed in a HeLa cell line 

stably expressing GFP. Specifically, HeLa-GFP cells were subjected to treatment with siGFP-

loaded HEVs and LCNPs at a 10 nM siRNA concentration (5 pmol per well). LipofectamineTM 

RNAiMAX was employed as positive control. Negative controls consisted of HEVs and LCNPs 

loaded with a scrambled control siRNA (siCTRL), as well as naked siGFP and PBS. The GFP 

expression levels were assessed 48 h post-sample addition by flow cytometry. Additionally, 

representative fluorescence microscopy images are provided in Figure A3. 13. 

Under low serum conditions (8%, v/v), siGFP-loaded HEVs reduced the GFP fluorescence 

�L�Q�W�H�Q�V�L�W�\���E�\���D�S�S�U�R�[�L�P�D�W�H�O�\�������������D�N�L�Q���W�R���W�K�H���/�L�S�R�I�H�F�W�D�P�L�Q�H�Œ���5�1�$�L�0�$�;���S�R�V�L�W�L�Y�H���F�R�Q�W�U�R�O����Figure 

3.9A). Similarly, LCNPs led to a significant reduction of the GFP fluorescence by approximately 

60% (Figure 3.9A ). LCNPs loaded with the siCTRL did not affect the GFP expression, similar to 

cells treated with naked siGFP or PBS. In contrast, HEVs loaded with the siCTRL elicited a 

modest reduction in GFP expression by approximately 20% (Figure 3.9A ). This might be due to 

the components of MSC-derived EVs that may interact with the innate immune system (e.g., 

through toll-like receptors) and/or deliver gene-modulating NAs (e.g., miRNAs) and thereby 

momentarily decrease GFP expression levels [280, 353]. 

Subsequently, identical experiments were conducted under more challenging cell culture 

conditions, reducing the contact time with cells from 48 to 4 h, and increasing the serum 

concentration to 80% (v/v). HEVs retained some transfection capability, leading to a 15% 
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reduction in GFP fluorescence compared to the untreated control (Figure 3.9B ). In contrast, 

LCNPs loaded with siGFP, along with formulations containing siCTRL or naked siGFP, all 

exhibited GFP expression levels equivalent to those of untreated cells (Figure 3.9B ). Notably, 

�W�K�H�� �J�R�O�G�� �V�W�D�Q�G�D�U�G�� �/�L�S�R�I�H�F�W�D�P�L�Q�H�Œ�� �5�1�$�L�0�$�;�� �P�D�L�Q�W�D�L�Q�H�G�� �D�� �U�R�E�X�V�W��knockdown efficiency even 

under high serum conditions (Figure 3.9B ).  

We then assessed firefly luciferase (FLuc) expression in HeLa cells transfected with FLuc-

mRNA-loaded HEVs or LCNPs at mRNA doses ranging from 0.1 to 100 ng/well (0.3 pM to 0.3 

nM). Expression levels were quantified by measuring bioluminescence signals after 24 h of 

incubation. Under low serum conditions (9%, v/v), both mRNA-loaded LCNPs and HEVs exhibited 

similar expression levels at a high mRNA dose of 100 ng/well (Figure 3.9C ). With decreasing the 

mRNA dose to 10 and 1 ng/well, HEVs showed significantly higher signal intensities compared to 

LCNPs (Figure 3.9C ). As expected, the gold standard Lipofecta�P�L�Q�H�Œ�� �0�H�V�V�H�Q�J�H�U�0�D�[�Œ��

demonstrated the highest transfection efficiencies across all tested mRNA doses. At 0.1 ng/well 

of mRNA, all formulations exhibited bioluminescence signals comparable to the negative controls 

(naked FLuc-mRNA and PBS). Under high serum conditions (90%, v/v), we observed a significant 

increase in expression levels with HEVs in comparison to LCNPs at mRNA doses of 100 and 10 

ng/well (Figure 3.9D ). In summary, the in vitro transfection results suggest that HEVs 

demonstrate superior transfection efficiency compared to LCNPs, especially in high serum 

conditions and at low mRNA doses. Similar observations were also recently reported in a 

comparative study of in vitro transfection experiments with sgRNA-loaded EVs and LNPs [199]. 
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Figure 3.9. In vitro  knockdown and expression efficiencies of HEVs.   

HEVs were prepared by incubating EVs with siRNA- or mRNA-loaded LCNPs (both N/P 25) for 30 min at 
37 °C and particle number ratios of 1:1. (A) GFP knockdown in 8% (v/v) serum after 48 h of incubation with 
siRNA-loaded LCNPs and HEVs (10 nM/well). GFP fluorescence is analyzed 48 h after sample addition; 
siCTRL is a scrambled siRNA not targeting the GFP mRNA (n = 3-4). (B) GFP knockdown in 80% (v/v) 
serum after 4 h of incubation with siRNA-loaded LCNPs and HEVs (10 nM/well). GFP fluorescence is 
analyzed 48 h after sample addition (n = 3). (C) mRNA dose-dependent expression of the firefly luciferase 
(FLuc) in 10% (v/v) or (D) in 90% (v/v) serum after 24 h of incubation with FLuc-mRNA-loaded LCNPs and 
HEVs (n = 3). Data is expressed as mean + s.d. of n independent experiments. Statistical significance was 
calculated from an ordinary one-�Z�D�\�� �$�1�2�9�$�� �Z�L�W�K�� �7�X�N�H�\�¶�V�� �S�R�V�W-hoc test in (A) and (B). Statistical 
differences between LCNP and HEV transfections in (C) and (D) were assessed with a two-tailed unpaired 
�6�W�X�G�H�Q�W�¶�V���W-test instead of ANOVA tests, given the pronounced expression profile of the LipofectamineTM 
MessengerMAXTM positive control; *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 and ns = not 
significant. 
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3.4 Concl usion  

Recent structural investigations on LNPs have shown that the structural organization of the 

lipid matrix can be modulated by the process parameters (e.g., buffer pH and automated vs. 

microfluidic preparation protocols) and the lipid composition [154, 165, 166]. It was shown that 

LNPs with non-lamellar LLC domains (i.e., HII phases or the bicontinuous cubic phases (QII)) 

display improved transfections in vitro and in vivo [174, 354]. This was partially attributed to their 

enhanced fusogenic properties leading to increased endosomal escape and cytosolic NA delivery. 

In this work, we investigated the relationship between non-lamellar LLC phases in LNPs and their 

hybridization with EVs. A ternary mixture of the ionizable lipid MC3, the helper lipid DOPE and 

the non-ionic surfactant HS15 resulted in the non-lamellar LCNPs with a pH-dependent structure-

switching behavior from HII phase at pH 5 to L3 phase at pH 7.4 (Figure 3.2 ). Highly positively 

charged HII-based LCNPs aggregated with EVs when incubated at pH 5. In contrast, a controlled 

hybridization process could be achieved under physiological conditions with L3 phase-structured 

LCNPs. Interestingly, the multi-vesicular/lamellar DOPC-based NPs interacted less with EVs, 

whereas multilamellar NPs formed with the permanently positively charged lipid DOTMA led to 

the formation of aggregates (Figure  3.5 and Figure 3.6). This suggests that there is a defined 

interplay between membrane surface potential and nanostructural properties of lipid nanocarriers 

and their successful hybridization with EVs. At this point, we can only hypothesize why L3-based 

LCNPs promote fusion processes with EV membranes and further mechanistic studies are 

needed to better understand the mechanism. In a recent study by Valldeperas et al. the interfacial 

behavior of lipidic NPs with L3 phases were studied [347]. It was shown that upon interaction with 

hydrophilic surfaces L3-based NPs spread, collapsed and rearranged into thin lipid layers. Since 

EVs are mixtures of endosome- and plasma membrane-derived lipid vesicles, their negative 

surface potential and the presence of anionic lipids, such as phosphatidylserine, could in a similar 

way induce structural rearrangements within L3-based LCNPs [53, 355, 356]. Furthermore, recent 

findings suggest that particularly DOPE interacts strongly with EV membranes, highlighting its 

important role in the hybridization process [357]. NanoFCM revealed that various NA molecules 

(i.e., mRNA, siRNA and RNA aptamer) could be incorporated into EVs, highlighting the versatility 

of the LCNP platform for loading EVs. The optofluidic platform presented in this study enabled us 

to study EV/HEV subpopulations based on the expression of membrane proteins (Figure 3.7 ). It 

revealed that the membrane proteins of MSC-EVs and the fluorescent NA cargo were transferred 

onto/into HEVs, and around 30 to 40% of HEV particles contained the fluorescent NA cargo 
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irrespective of the EV subpopulation. Importantly, we confirmed that the intrinsic biological activity 

of MSC-EV enzymes CD73 and CD26 was retained post-hybridization. Finally, in vitro transfection 

results highlighted the enhanced transfection capabilities of HEVs compared to their fusion 

partner LCNPs, while minimally perturbing the endosomal membrane (Figure  3.8 and Figure 

3.9). Future studies should aim at further investigating the in vivo fate and therapeutic potential of 

HEVs. In particular, whether they will be avidly sequestered by the mononuclear phagocyte 

system or, depending on the EV source, exhibit organotropism [47]. 
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4.1 Intr oduction  

With the rise of cell-based therapeutics, cell-derived extracellular vesicles (EVs) have gained 

increasing interest as cell surrogates and delivery systems for biological molecules (e.g., 

therapeutic proteins and nucleic acids) [10, 358]. EVs are heterogeneous populations of 

nanosized vesicles (small EVs < 200 nm). They are believed to be ubiquitous in all prokaryotic 

and eukaryotic living organisms and are important mediators of cell-cell communication [359]. 

Their natural ability to shuttle biomolecules (e.g., lipids, proteins, and RNA) through the 

extracellular space to neighboring cells and to distant organs has sparked the interest of a growing 

research community as well as pharmaceutical companies to exploit these mechanisms and 

develop EV-based therapeutics [10, 22, 82, 177]. However, converting EVs into finished 

pharmaceutical products is not a straightforward task [31]. The complex and expensive production 

processes of EV-based products pose a real challenge for the scientific community. EV 

heterogeneity and unstandardized isolation techniques, together with the poorly known cell 

biology of EV biogenesis, add other layers of complexity [285]. 

The first clinical trials involving EVs have been performed with vesicles derived from 

mesenchymal stem cells (MSC-EVs) [9]. The latter have shown therapeutic potential for treating 

various pathological conditions, such as heart and kidney failure, and autoimmune diseases like 

graft-versus-host disease [20, 329, 360-362]. Despite their broad therapeutic application, 

investigations with larger patient cohorts can be hampered by the low production yield of MSC-

EVs [286]. Surpassing this limitation requires improvements in EV bioprocessing [285], but so far, 

only a few studies have described the use of scalable culture techniques, like hyperflasks, hollow 

fiber/quantum bioreactors, and microcarrier-assisted cell culture to address the low production 

yield of MSC-EVs [282, 293, 295, 303, 304].  

Among the proposed processes to improve EVs�¶ production yield, 3D cell culture on 

microcarrier matrices is the most versatile and controllable method [282]. However, achieving 

high yields and purities of EV isolates requires the optimization of the culture conditions, such as 

seeding density and microcarrier concentration, and a suitable choice of media composition and 

microcarrier material [298, 363-367]. Each of these parameters can impact the characteristics of 

the final product in terms of (i) physicochemical properties, (ii) biological composition, and (iii) 

purity, with consequences for therapeutic efficacy and stability. Thus, manufacturing EVs with 

specific properties requires the design of an efficient process in a huge combinatorial parameter 

space. 
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Rational approaches for designing such a process are challenged by the lack of 

understanding of the deterministic effect of the different process parameters on the final EV yields 

and characteristics. As a result, the process parameters of 3D cultures for EV production are 

currently determined empirically or through one-factor-at-a-time (OFAT) screening, resulting in a 

sub-optimal process. To address this limitation, a strategic methodology of experiment planning 

capable of characterizing the effect of process parameters on the product identity, quantity, and 

activity, with minimal experimental resource utilization is desirable.  

In this context, several Design of Experiments (DoE) methods have been proposed in 

biopharmaceutical manufacturing (e.g., therapeutic protein and mAb production). However, these 

provide a static design irrespective of the type of process parameter (e.g., continuous, discrete, 

categorical) and the number of target variables. Additionally, classical DoE methods hold only for 

specific, usually rather simple, input-target relationships, and are designed to sample uniformly 

from both the favorable and non-favorable parts of the design space. 

To address these drawbacks, we propose a novel approach relying on mathematical 

optimization combined with machine learning techniques that capture large combinatorial spaces 

and multiple target properties. Specifically, we adopt a Bayesian optimization (BO) based 

approach [368, 369], which has been applied in recent years in various areas such as robotics 

[370], synthetic gene design [371], directed-evolution of proteins [372], material science [373], 

and drug formulation [374]. BO is attractive for the optimization of processes or systems where 

the underlying relationship of the input-target in the entire design space is unknown and can be 

experimentally characterized only with limited data.  

We used a multi-objective batch Bayesian optimization (MOBBO) algorithm as described in 

Figure 4.1A , to optimize a 3D cell culture process for the production of native EVs from the bone 

marrow-derived MSC line HS-5, which have been shown to be therapeutically relevant for tissue 

regeneration [66, 375]. The algorithm sequentially suggests new experiments based on a 

surrogate model that mimics the system under investigation. The experiments are designed to 

achieve a trade-�R�I�I�� �E�H�W�Z�H�H�Q�� �W�Z�R�� �J�R�D�O�V���� ���L���� �³�H�[�S�O�R�U�D�W�L�R�Q�´ (characterization of the input-target 

relationship in the part of the design space which has not been yet explored by previous 

experiments), and ���L�L���� �³�H�[�S�O�R�L�W�D�W�L�R�Q�´ (search for the optimal condition within the region 

characterized by the previous experiments). Such an adaptive sampling strategy of BO ensures 

the identification of optimal conditions with a reduced number of experiments and resources. 
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The upstream production of EVs was optimized by focusing on three targets and four process 

parameters. Specifically, the three target properties that were analyzed were production yield, 

bioactivity, and purity of EVs as summarized in Figure 4.1B . The four input process parameters 

that were considered were microcarrier concentration, cell seeding density, impeller speed, and 

centrifugation time (Figure 4.1A ). 

 

Figure 4.1. (A) Schematic representation of the sequential planning of experiments by the multi-objective 
batch Bayesian optimization (MOBBO) algorithm. (B) Schematic representation of the MSC-EV-related 
target properties studied in this work.*WB: western blotting; **NTA: nanoparticle tracking analysis 

 

4.2 Materials and m ethods  

4.2.1 Materials  

Unless otherwise stated, chemicals were purchased from Sigma-Aldrich (Merck, Germany) 

without further purification. All cell culture media and materials were from Thermo Fisher Scientific 

(Gibco, USA). All primary antibodies used in this study were acquired from Santa Cruz 

Biotechnology Inc. (USA). Table A4.1  and Table A4.2  provide detailed lists of all consumables 

(i.e., chemicals, kits, and antibodies) used in this study. 
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4.2.2 3D cell culture  

The MSC cell line HS-5 was subcultured as previously described until passage fifteen [66]. 

On the experiment day, different cell concentrations (cells/cm2) were seeded on Corning® 

Enhanced Attachment microcarriers (Corning, USA) in a total volume of 60 mL 10% (v/v) fetal 

bovine serum (FBS)-containing Dulbecco�¶s Modified Eagle Medium (DMEM) supplemented with 

100 U/mL penicillin and 100 µg/mL streptomycin inside 125 mL Corning® disposable spinner 

flasks (Corning, USA). An intermitted stirring protocol was applied overnight (5 min on at 30 rpm 

and 60 min off) before the impeller speed (rpm) was set in continuous mode. After 48 h, 

microcarriers were washed twice with phosphate buffered saline (PBS) (10 mM Na2HPO4, 1.8 

mM KH2PO4, 137 mM NaCl, 2.7 mM KCl, pH 7.4) and the medium was replaced with 60 mL of 

serum- and phenol red-free growth medium. Cells were cultured for another 48 h before 

harvesting the supernatant. Cell cultures were regularly tested for mycoplasma contamination 

with MycoAlertTM Mycoplasma Detection Kit (Lonza, Switzerland). 

 

4.2.3 In-process cell viability  

Cell viability was determined with the trypan blue exclusion assay and with the CellTiter 96® 

�$�4�X�H�R�X�V�� �2�Q�H�� �6�R�O�X�W�L�R�Q�� �&�H�O�O�� �3�U�R�O�L�I�H�U�D�W�L�R�Q�� ���0�7�6���� �$�V�V�D�\�� ���3�U�R�P�H�J�D���� �8�6�$������ �%�U�L�H�I�O�\���� �������� ���/�� �R�I��

microcarrier suspension were washed twice with PBS, and cells were detached with 0.25% 

Trypsin-EDTA solution and counted with a hemocytometer. Similarly, 50 µL of cell culture 

supernatant was separated by filtration and incubated 1:1 (v/v) with 0.4% trypan blue solution for 

2 min. Live and dead cell counts were determined in the supernatant and the cell viability was 

calculated according to equation (4.1). 

�%�A�H�H���R�E�=�>�E�H�E�P�U���:�¨ �; 
L��
�ß�Ü�é�Ø���Ö�Ø�ß�ß�æ���:�â�á���à�Ü�Ö�å�â�Ö�Ô�å�å�Ü�Ø�å���Ô�á�×���æ�è�ã�Ø�å�á�Ô�ç�Ô�á�ç�;

�ß�Ü�é�Ø���Ö�Ø�ß�ß�æ���:�â�á���à�Ü�Ö�å�â�Ö�Ô�å�å�Ü�Ø�å���Ô�á�×���æ�è�ã�Ø�å�á�Ô�ç�Ô�á�ç�;���>���×�Ø�Ô�×���Ö�Ø�ß�ß�æ���:�æ�è�ã�Ø�å�á�Ô�ç�Ô�á�ç�;

H�s�r�r   (Eq. 4.1) 

 

�)�R�U���W�K�H���F�H�O�O���S�U�R�O�L�I�H�U�D�W�L�R�Q���D�V�V�D�\���������������/���R�I���P�L�F�U�R�F�D�U�U�L�H�U���V�X�V�S�H�Q�V�L�R�Q���D�Q�G���D�Q���H�T�X�D�O���Y�R�O�X�P�H���R�I���F�X�O�W�X�U�H��

�V�X�S�H�U�Q�D�W�D�Q�W���Z�H�U�H���L�Q�F�X�E�D�W�H�G���Z�L�W�K�����������/���R�I���&�H�O�O�7�L�W�H�U������® AQueous One Solution Reagent for 2 h 

at 37 °C. Samples were spun down for 5 min at 500 × g and the absorbance of the supernatant 

was measured at 490 nm with an Infinite® M200 plate reader (Tecan, Switzerland). 
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4.2.4 Cell culture supernatant processing and EV separation  

Cell culture supernatant and EV samples were processed and purified following a previously 

optimized workflow [66]. Briefly, microcarriers were separated from cell culture supernatant by 

filtration with a 40-µm glass filter. The filtrate was processed by differential centrifugation with a 

SorvallTM RC 6 PLUS centrifuge (Thermo Fisher Scientific, USA) equipped with a SA-600 Fixed-

Angle Rotor at 4 °C and 500 × g for 5 min, followed by 2000 × g for 5 min and a 10,000 × g 

centrifugation step, which was varied in duration. The supernatant was then filtered through a 0.2-

µm membrane. EVs were then concentrated from 60 mL of culture supernatant with an Optima 

XE-90 ultracentrifuge (UC) (Beckman Coulter, USA) and a Type 45 Ti Fixed-Angle Titanium 

Rotor. After the first UC run (70 min at 4 °C and 100,000 × g), EV pellets were washed with 

HEPES-buffered saline (HEBS) (20 mM HEPES, 150 mM NaCl, pH 7.4) and recentrifuged with 

the same conditions. EVs wer�H���V�X�V�S�H�Q�G�H�G���L�Q�������������/���R�I���L�F�H-cold HEBS and stored at -20 °C for 

characterization. 

 

4.2.5 Nanoparticle tracking analysis  

The vesicle concentration and size distribution profiles were measured with a ZetaView® 

BASIC nanoparticle tracking analysis (NTA) instrument (Particle Metrix GmbH, Germany) 

equipped with a 405-nm laser and a COMOS camera. For video acquisition, the sensitivity and 

shutter were adjusted to 85 and 150 respectively, and the temperature was set at 25 °C. Videos 

were recorded at 11 different positions with two readings per position, a frame rate of 30/s. 

Samples were diluted in PBS to reach a concentration of at least 50 vesicles/visual field. 

Measurements below this threshold value were not considered for analysis. 

 

4.2.6 Protein content quantification  

The Micro BCA Kit (Thermo Fisher Scientific, USA) was used to measure the total protein 

content of EV isolates. Two µL from EV dispersions were diluted with nanopure water to a total 

volume of 150 µL, and incubated with 150 µL Micro BCA reagent at 37 °C for 2 h. The absorbance 

was recorded at 562 nm with the Infinite® M200 plate reader and a BSA standard curve (0-50 

µg/mL) was used to calculate the protein content. 
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4.2.7 CD73 activity assay  

The activity of the EV membrane protein CD73 was measured with a malachite green assay 

as described previously [66]. Briefly, 0.1 µg EV protein was suspended in 60 µL of 10 mM Tris 

buffer (pH 7.4). Thirty µL of 800 µM AMP stock solution in 10 mM Tris buffer were added to reach 

a final concentration of 240 µM and the mixture was incubated for 10 min at RT. The enzymatic 

reaction was stopped by adding a 40 µL color reagent (0.034% (w/v) malachite green, 1.55% 

(w/v) ammonium molybdate tetrahydrate, 0.0625% (v/v) polysorbate 20) to the wells and the color 

reaction was allowed to take place for 1 h at RT before the absorbance was measured at 620 nm 

with the Infinite® M200 plate reader. A phosphate standard curve from 0 to 100 µM was used to 

quantify the phosphate turnover and a logistic fitting was applied with the OriginPro 2019 software 

(OriginLab Corp., USA). 

 

4.2.8 Western blotting analysis  

The presence of EV contamination marker calregulin was analyzed by western blotting. EV 

samples were lysed for 30 min on ice by diluting 5:1 (v/v) in 5x lysis buffer (100 mM Tris, 750 mM 

NaCl, 25 mM ethylenediaminetetraacetic acid (EDTA), 5% (v/v) TritonTM X-100, 125 mM NaF, 5 

mM phenylmethylsulfonyl fluoride (PMSF), 5 mM Na3VO4, 5x cOmpleteTM EDTA-free Protease 

Inhibitor Cocktail). Lysates were mixed 5:1 (v/v) with 5x reducing Laemmli sample buffer (0.25 M 

Tris, 10% (w/v) sodium dodecyl sulfate (SDS), 30% (v/v) glycerol, 0.02% (w/v) bromophenol blue, 

5% ���Y���Y������-mercaptoethanol), boiled at 95 °C for 10 min and centrifuged at 10,000 × g for 1 min. 

EV proteins (5-10 µg) were loaded on a 12% SDS polyacrylamide gel and resolved at 80 V for 

~1.5 h. The transfer was performed with a Trans-Blot® TurboTM system (Bio-Rad Laboratories 

Inc., USA) at 25 V for 10 min on polyvinylidene difluoride (PVDF) membranes. The blots were 

washed with Tris-buffered saline with Tween® 20 (TBS-T) (20 mM Tris, 150 mM NaCl, 0.1% (v/v) 

Tween® 20) and blocked for 2 h in blocking TBS-T (containing 5% (w/v) skim milk powder). The 

blots were cut and incubated with primary mouse anti-human calregulin and primary mouse anti-

human GAPDH (1:500 (v/v) and 1:1000 (v/v)) antibodies at 4 °C overnight. The blots were washed 

two times with TBS-T and incubated with polyclonal goat horseradish peroxidase (HRP)-

conjugated anti-mouse secondary antibody (1:2000 (v/v)) for 2 h at RT. The blots were washed 

thrice with TBS-T and incubated with Western Blotting Luminol Reagent for 2 min. The blots were 

immediately imaged with a ChemiDoc system (Bio-Rad Laboratories Inc., USA) in manual mode 

with a high-resolution setting and an exposure time of 140 s. Band volume intensities for calregulin 
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and GAPDH were quantified with the ImageLab software (Bio-Rad Laboratories Inc., USA) and 

the calregulin intensities were normalized to the respective GAPDH intensities. 

A full western blot characterization of EV-specific markers was performed in a similar fashion, 

with the only difference that for tetraspanin proteins a non-reducing sample buffer was used. The 

blots were probed with primary monoclonal mouse antibodies against human CD73 (1:500 (v/v)), 

human CD9 (1:200 (v/v)), human CD63 (1:500 (v/v)), human TSG101 (1:200 (v/v)) and human 

Grp94 (1:200 (v/v)). 

 

4.2.9 Transmission elec tron microscopy  

For transmission electron microscope (TEM) imaging EV samples were diluted with PBS to 

a vesicle concentration of ~1011 �����P�/���� �)�R�X�U�����/���R�I�� �(�9���G�L�V�S�H�U�V�L�R�Q�V���Z�H�U�H���D�E�V�R�U�E�H�G���I�R�U�������� �V���R�Q�W�R��

300-mesh copper grids with ultrathin carbon support film, which was negatively glow-discharged 

in a PELCO easiGlowTM Glow Discharge Cleaning System (Ted Pella, USA) at 25 mA for 30 s 

(pressure of 38 Pa). The grids were then treated with a staining solution consisting of 2% (w/v) 

uranyl acetate and washed with distilled water. Excess liquid was drained off with a filter paper 

and the grids were dried under ambient conditions. EV samples were imaged with a Tecnai F20 

field emission gun (FEG) microscope (Field Electron and Ion Company, USA), operated at a 120 

kV acceleration voltage, and equipped with a combination of CCD (ORIUS SC200 2K) and direct 

electron detector (Falcon II 4K). 

 

4.2.10 Data analysis  

For the determination of the phosphate production by CD73, a four-parameter logistic 

function was applied with the OriginPro 2019 software (OriginLab Corp., USA) as described by 

equation (4.2).  

�B�:�T�; 
L �#�6 
E
�º�-�?�º�.

�5�>�:�ë���ë�, �;�Û
��                   (Eq. 4.2) 

A1 and A2 correspond to the lower and the upper limit of the regression curve, respectively, 

whereas x0 represents the center of the regression curve, and p is the power. The concentrations 

in the samples were back-�F�D�O�F�X�O�D�W�H�G�� �Z�L�W�K�� �W�K�H�� �³�)�L�Q�G X �I�U�R�P�� �<�´�� �I�H�D�W�X�U�H�� �L�Q�� �W�K�H�� �2�U�L�J�L�Q�3�U�R�� ����������

software.  
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Statistical significance between different microcarrier materials was determined with a two-

�Z�D�\���$�1�2�9�$�����.��� ���������������Z�L�W�K���D���7�X�N�H�\�¶s post-hoc multiple comparison test. N stands for the number 

�R�I�� �L�Q�G�H�S�H�Q�G�H�Q�W�� �H�[�S�H�U�L�P�H�Q�W�V�� �D�Q�G�� �S�� �Y�D�O�X�H�V�� �”�� ���������� �Z�H�U�H�� �F�R�Q�V�L�G�H�U�H�G�� �D�V�� �V�W�D�W�L�V�W�L�F�D�O�O�\�� �V�L�J�Q�L�I�L�F�D�Q�W����

Statistical analysis was performed with GraphPad Prism software (version 8.2.0, GraphPad 

Software Inc., USA) 

 

4.2.11 Algorith m development  

The major components of the MOBBO and in general BO are as follows [374]: 

a) Surrogate model: Gaussian processes  

The goal of the MOBBO is to define the response surface, i.e., the relationship between the 

input process parameters and the target properties while simultaneously optimizing the process 

parameters. This response surface is represented by a surrogate model, which we established 

using Gaussian Process (GP) [376]. This surrogate model is initially defined based on prior 

knowledge or historical data and is iteratively updated based on acquired data. GP describes the 

unknown relationship between process parameters and targets as a Gaussian distribution of 

random functions. GPs are described by a mean function (�I �:�T�;) and a covariance function, which 

is represented using a kernel (�G�:�T�á�T�ñ�;) (Eq. 4.3). 

�B�:�T�;�1���)�2
k���I �:�T�;�á�G�:�T�á�T�ñ�;
o                  (Eq. 4.3) 

Since the GP is defined by mean and kernel function, their appropriate choice determines the 

accuracy of surrogate modeling. In this work, we used a flexible, smooth kernel known as the 

radial basis function, which can be mathematically represented as follows (Eq. 4.4): 

�G�Ë�»�¿���:�T�á�T�ñ�; 
L ���A�T�L�:
F��
���+�ë�?�ë�ò�+���.

��
�;                                        (Eq. 4.4) 

The kernel, (�G�Ë�»�¿���:�T�á�T�ñ�;), encodes the proximity of two points x and x�¶ in the design space. 

In equation (4.4), |x �± x�¶| is the distance between the two points in the design space, and �T is the 

distance over which the correlation between the two points decreases, called the length scale. �T 

varies based on the study system and is a hyper-parameter of the surrogate model that can be 

obtained by fitting the model to relevant data. The surrogate modeling in MOBBO occurs exactly 

like in BO, where either a multi-output GP or multiple single-output GPs can be used as the 

surrogate model, with the latter being used in this work. 
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b) Representation o f trade -off: objective for optimization  

The acquisition function mathematically formulates the trade-off between exploration (high 

uncertainty) and exploitation (high mean). Once the surrogate GP model is trained, it can be used 

to predict the value of the targets at each point in the design space. This is called the predictive 

distribution of the targets as estimated by the current surrogate model, as defined in equation 

(4.5). The distribution can be represented by a mean (�P(x)) and uncertainty (�V (x)), both of which 

can be analytically derived from the kernel function [369, 377].  

�2�:�B�ç�>�5�����&�5�ã�ç���á�T�; 
L ���è �:���ä�ç���:�T�;�á�ê�ç
�6���:�T�;�;                           (Eq. 4.5) 

The mean and the uncertainty computed from this predictive distribution are used in the 

objective function for the optimization. This can be done through the formulation of acquisition 

functions [369, 378-383], or through alternative frameworks like �W�K�H�� �³�0�2�%�2�S�W�´�� �G�H�Y�H�O�R�S�H�G�� �E�\��

Galuzio et al. [384]. Here we applied MOBBO, which is capable of planning multiple experiments 

�L�Q�� �H�D�F�K�� �L�W�H�U�D�W�L�R�Q�� �E�\�� �V�X�L�W�D�E�O�\�� �D�G�D�S�W�L�Q�J�� �W�K�H�� �³�0�2�%�2�S�W�´�� �I�U�D�P�H�Z�R�U�N [384]. Amongst the several 

strategies proposed in the literature [385-388]���� �L�Q�� �W�K�L�V�� �Z�R�U�N�� �Z�H�� �X�V�H�G�� �W�K�H�� �V�L�P�S�O�H�� �³�F�R�Q�V�W�D�Q�W-�O�L�D�U�´��

approach to facilitate the choice of multiple experiments in each batch [389]. 

 

4.3 Results and d iscussion  

The goal of this work was to design an optimal upstream manufacturing process for the 

production of HS-5 stem cell-derived EVs in a 3D cell culture setup that maximizes the EV quality 

according to the following three product attributes: (i) vesicle-to-protein ratio, (ii) the activity of an 

enzyme of interest (CD73), and (iii) purity (Figure 4.1B ). The vesicle-to-protein ratio was 

determined from the overall particle yield by NTA and the total protein content. A low value of this 

ratio indicates a lower number of vesicles and/or an increase in protein impurities (e.g., soluble 

proteins). The activity of CD73 was assessed indirectly by measuring phosphate production in 

the degradation process of AMP into adenosine via a colorimetric assay (Chapter  4.2.7). CD73 

is highly expressed on the membrane surface of HS-5 EVs, and is an important regulator of tissue 

repair and homeostasis [66, 375]. The purity was estimated based on the chemiluminescent 

signal intensities of calregulin via western blot analysis (Chapter  4.2.8) (Figure A4.1 ). Calregulin 

and its homolog calnexin are proteins of the endoplasmic reticulum (ER) and serve as purification 

markers [25].  
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When considering several properties, simultaneously optimizing the different targets could 

result in competing objectives, requiring trade-offs. In such cases, multiple optimal solutions, 

called Pareto-solutions, exist which result in target properties that lie on a curve known as the 

Pareto front. This work aims at identifying the optimal trade-off solutions between the 

aforementioned three target properties with minimal resource utilization. 

We optimized the process based on four process parameters: microcarrier concentration, cell 

seeding density, impeller speed, and centrifugation time (Figure 4.2 ). We hypothesized that the 

first three parameters, namely the microcarrier concentration, cell seeding density, and impeller 

speed affect the cell attachment and growth rate of MSCs, and ultimately the secretion of EVs 

[282]. For instance, it has been shown that MSCs cultured in a 3D culture setup and under 

turbulent conditions release more EVs into the cell culture supernatant [303, 307]. On the other 

hand, the duration of the centrifugation step at 10,000 × g among other centrifugation parameters 

(e.g., rotor type and centrifugation force) impacts the processing step of the cell culture 

supernatant and subsequently the overall purity of EVs [390]. It is here noted that these 

parameters are only a subset of several factors that could affect the process such as the type of 

microcarrier, and media composition, and are used to establish a proof of concept. The lower and 

upper bounds of each parameter (Figure 4.2A ) were determined as described below. 
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Figure 4.2. (A) Lower and upper boundaries considered for the different process parameters. 
(B) Algorithmic flowchart of MOBBO. 

 

We selected Corning® Enhanced Attachment microcarriers as the most suitable material 

among five options for optimizing the upstream culture process. HS-5 cells showed significantly 

better growth kinetic profiles on polystyrene compared to dextran-based materials (Figure A4.2 ). 

We took supplier recommendations for the microcarrier concentration (10 cm2/mL) as an 

approximate indication of the bounds for the experimental space [391]. For the lower and upper 

bounds, we used microcarrier concentrations of 2 and 20 cm2/mL, respectively. Compared to 

previously published protocols [304], we selected a higher cell seeding density to accelerate the 

production process. Subsequently, we picked 10,000 cells/cm2 and 100,000 cells/cm2 as the 

lower and upper bounds for our design space. For the impeller speed, we used a lower bound of 

30 rpm, corresponding to the value required to completely suspend the particles within the spinner 

flask setup [392]. As the upper bound, we set the impeller speed to 60 rpm, to avoid high shear 

conditions, which could affect the viability of MSCs [308]. Finally, for the centrifugation time, we 
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varied the experiments between 10 and 60 min to stay in the same order of magnitude as the 

original protocol (30 min) [62]. 

After defining the process parameters and the target properties, we next set up the MOBBO 

workflow for the optimization of 3D cell culture (Chapter 4.2.1 1). The framework was based on 

the previously applied algorithm (MOBOpt), which was implemented with appropriate 

modifications [384]. For instance, due to the stirring setup, we were constrained to use one 

impeller speed for four spinner flasks, and therefore the experiments were selected to perform a 

subset of four experiments at the same impeller speed. A total of eight experiments were 

performed in each iteration. The experimental data collected in each iteration were used to update 

the surrogate model and estimate the possible Pareto-solutions as shown in Figure 4.2B . For 

each iteration, a subset of eight experiments was selected among the predicted Pareto-solutions 

such that the experiments were as distinct as possible from the already performed experiments. 

After performing the suggested experiments, the model was iteratively updated with the new data 

until convergence was achieved. The algorithm was considered to have converged at a particular 

round if the new proposed experiments did not result in a shift of the Pareto front. The algorithm 

could still suggest experiments even after the achievement of convergence to either populate the 

Pareto front or explore the design space. In this work, the experimentation was stopped when the 

algorithm converged and the Pareto front was populated with at least five experiments. The 

schematic representation of the algorithm is shown in Figure 4.2B . 

 

4.3.1 Initial screening experiments  

To obtain the first implementation of the surrogate model, an initial set of eight experiments 

was designed using a space-filling design called Latin Hyper Cube Sampling [393]. This design 

space is marked by the hypercube formed by the chosen lower and upper bounds of the different 

process parameters (Figure 4.2A ). The space-filling design aims at sampling uniformly from the 

design space, which allows the surrogate model to learn more efficiently the potentially non-linear 

multivariate interactions in the design space. This design was applied to all the process 

parameters except for the impeller speed, due to the experimental constraints of performing four 

experiments at the same impeller speed. Therefore, four out of the eight experiments were 

performed at an impeller speed close to the lower bound (35 rpm) while the remaining four 

experiments were performed at an impeller speed close to the upper bound (55 rpm). 
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Figure 4.3. Location of the experiments planned in the different rounds: (A���� �³�,�Q�L�W�L�D�O�´���� ��B���� �³�5�R�X�Q�G�� ���´���� ��C) 
�³�5�R�X�Q�G�����´�����D�Q�G����D�����³�5�R�X�Q�G�����´�����7�K�H���G�L�I�I�H�U�H�Q�W���F�R�O�R�U�V���L�Q�G�L�F�D�W�H���W�K�H���G�L�I�I�H�U�H�Q�W���L�P�S�H�O�O�H�U���V�S�H�H�G�V���Z�K�L�O�H���W�K�H���G�L�I�I�H�U�H�Q�W��
shapes correspond to the different regions of the design space. 

 

Figure  4.3A shows the space covered by the initial set of experiments, which include 

microcarrier concentrations, seeding densities, and centrifugation time ranging from 8 to 

20 cm2/mL, 3 × 104 to 9 × 104 cells/cm2, and 20 to 60 min, respectively. The mutual design space 

covered by a pair of process parameters is shown in Figure A4.3  through bivariate plots for each 

pair of the considered process parameters. It can be observed that the bivariate plots between 

continuous factors demonstrate a widespread coverage of the bivariate design space. 

Subsequently, for the bivariate plot between discrete (impeller speed) and continuous process 

parameters (microcarrier concentration, seeding density, or centrifugation time), the algorithm 

tries to cover the range of the continuous process parameter for each level of the discrete process 

parameter. 

Such a diverse design maximizes the probability of obtaining a broad distribution of the target 

variables, as shown in Figure A4.4 . Calregulin impurity showed the broadest coverage spanning 

from 2.4 × 106 to 7.1 × 106 intensity ratio units. Furthermore, the distribution of the CD73 activity 

varied between 19 and 33 U/mg and vesicle-to-protein ratios were ranging between 4.5 × 108 and 

5.7 × 109 #/µg. Such a dataset capable of covering the design space and characterizing a wide 
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distribution of input-target relationships is crucial to having a robust initial surrogate model that 

can subsequently suggest the next experiments efficiently. 

 

4.3.2 Evolution of MOBBO and identification of optimal process parameters  

The data collected based on the initial design were used to train three GP models, one model 

corresponding to each target property. These trained models suggested the next batch of 

experiments based on the algorithm described schematically in Figure 4.2B . Subsequently, the 

�P�R�G�H�O�� �Z�D�V�� �X�S�G�D�W�H�G�� �Z�L�W�K�� �W�K�H�� �G�D�W�D�� �I�U�R�P�� �³�5�R�X�Q�G�� ���´�� �D�Q�G�� �W�K�H�� �S�U�R�F�H�G�X�U�H�� �Z�D�V�� �U�H�S�H�D�W�H�G�� �X�Q�W�L�O��

convergence. In our study, this was achieved a�I�W�H�U�� �W�K�U�H�H�� �L�W�H�U�D�W�L�R�Q�V�� �I�R�O�O�R�Z�L�Q�J�� �W�K�H�� �³�,�Q�L�W�L�D�O�´�� �U�R�X�Q�G��

���³�5�R�X�Q�G�����´�����³�5�R�X�Q�G�����´�����D�Q�G���³�5�R�X�Q�G�����´������Figures 4.3B through D  shows the region of the design 

space sequentially covered by the experiments suggested in Rounds 1, 2 and 3. 

Comp�D�U�L�Q�J���W�K�H���³�,�Q�L�W�L�D�O�´���U�R�X�Q�G���R�I���H�[�S�H�U�L�P�H�Q�W�V���Z�L�W�K���W�K�H���³�5�R�X�Q�G�����´�����R�Q�H���F�D�Q���Q�R�W�H���W�K�D�W���L�Q���³�5�R�X�Q�G��

���´���� �I�L�Y�H�� �R�X�W�� �R�I�� �V�H�Y�H�Q�� �H�[�S�H�U�L�P�H�Q�W�V�� �V�S�D�Q�� �D�� �V�L�P�L�O�D�U�� �G�H�V�L�J�Q�� �V�S�D�F�H�� �L�Q�� �W�H�U�P�V�� �R�I�� �P�L�F�U�R�F�D�U�U�L�H�U��

concentration, seeding density, and centrifugation time, whereas in terms of impeller speed it is 

�G�L�I�I�H�U�H�Q�W���I�U�R�P���W�K�H���³�,�Q�L�W�L�D�O�´���V�H�W���R�I���S�O�D�Q�Q�H�G���H�[�S�H�U�L�P�H�Q�W�V�����F�L�U�F�O�H�V���L�Q��Figure s 4.3A and 4.3B). In fact, 

for these five experiments, the tested impeller speeds are on the opposite extr�H�P�H�V���L�Q���W�K�H���³�,�Q�L�W�L�D�O�´��

�U�R�X�Q�G���D�Q�G���³�5�R�X�Q�G�����´����i.e., experiments tested at low impeller speed (35 rpm) were now tested at 

higher impeller speed (60 rpm) and vice versa (55 rpm vs. 45 rpm). In contrast, two experiments 

were probing different parts of the design space (indicated as star and diamond in Figure 4.3B ). 

�6�X�E�V�H�T�X�H�Q�W�O�\���� �L�Q�� �³�5�R�X�Q�G�� ���´�� �W�K�H�� �D�O�J�R�U�L�W�K�P�� �V�X�J�J�H�V�W�H�G�� �D�O�O�� �W�K�H�� �H�L�J�K�W�� �H�[�S�H�U�L�P�H�Q�W�V�� �L�Q�� �D�� �V�X�E�V�S�D�F�H��

�D�U�R�X�Q�G���W�K�H���³�V�W�D�U�´���S�R�L�Q�W���E�X�W���D�W���D���O�R�Z�H�U���L�P�S�H�O�O�H�U���V�S�H�H�G�����������R�U���������U�S�P�����F�R�P�S�D�U�H�G���W�R��the experiment 

�L�Q�� �³�5�R�X�Q�G�� ���´�� �������� �U�S�P������ �)�L�Q�D�O�O�\���� �L�Q�� �³�5�R�X�Q�G�� ���´�� ��Figure 4.3D ) the algorithm planned seven out of 

�H�L�J�K�W���H�[�S�H�U�L�P�H�Q�W�V���L�Q���W�K�H���U�H�J�L�R�Q���S�U�H�Y�L�R�X�V�O�\���S�U�R�E�H�G���L�Q���W�K�H���³�,�Q�L�W�L�D�O�´���U�R�X�Q�G�����P�D�U�N�H�G���E�\���D���³�V�T�X�D�U�H�´���L�Q��

Figure 4.3A  This spanned a medium-high microcarrier concentration, high seeding density, low 

centrifugation speed, and low impeller speed.  

The corresponding values of the target properties measured for the different experiments are 

presented in Figures 4.4A to C  as bivariate plots between pairs of target properties. Since the 

aim is to maximize both the vesicle-to-protein ratio and CD73 activity, the top right corner of the 

bivariate objective space is of interest, as indicated by the direction of the grey arrow in Figure 

4.4A. Similarly, since the goal is minimizing calregulin intensity while maximizing CD73 activity or 

vesicle-to-protein ratio, the top left corner of the bivariate objective space is of interest. As 

described in Chapter 4.3.1 , when considering several properties, optimizing all of them 
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simultaneously may not be possible, resulting in competing objectives. Two of the three 

considered objectives, that is the vesicle-to-protein ratio and CD73 activity were not competing 

for objectives and could be simultaneously optimized (Figure 4.4A ). In contrast, vesicle-to-protein 

ratio (or CD73 activity) and calregulin impurities are competing objectives that result in a Pareto 

front, indicated by the blue dashed line in Figure  4.4B and 4.4C. The Pareto front represents the 

best possible combination of objective values for the given multi-objective problem since 

achieving the desired corner (top-left) is not possible. It can be observed that with successive 

�L�W�H�U�D�W�L�R�Q�V���R�I���V�H�T�X�H�Q�W�L�D�O���H�[�S�H�U�L�P�H�Q�W�V�����I�U�R�P���³�,�Q�L�W�L�D�O�´���W�R���³�5�R�X�Q�G�����´�����W�K�H���U�H�V�X�O�W�V���Dpproach more closely 

the Pareto front. This trend is apparent in Figure  4.4B and 4.4C where the yellow and green 

points are closer to the Pareto front in contrast to the orange and purple points. The final Pareto 

front a�I�W�H�U���³�5�R�X�Q�G�����´���D�Q�G���W�K�H���F�R�U�U�H�V�S�R�Q�G�L�Q�J���3�D�U�H�W�R-solution are summarized in Table  4.1. 

 

Figure 4.4. Mutual pairwise plots of the three considered target values: vesicle-to-protein ratio vs. CD73 
activity (A), calregulin intensity vs. CD73 activity (B) and calregulin intensity vs. vesicle-to-protein ratio (C). 
The different colors correspond to the different rounds in which the target value pair was observed while 
the different shapes are coherent with the ones indicated in Figure 4.3 . The error bars correspond to the 
analytical error made in the quantification of the target variable based on technical triplicates. The line 
indicates the trend line in plot (A) and the Pareto front in (B, C). 
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Table 4.1. Pareto -solution and corresponding observed values of the targets.  

No. Microcarrier 

conc.  

(cm 2/mL)  

Seeding 

density  

(× 104 

cells/mL)  

Centrifugation 

time  

(min)  

Impell er 

speed  

(rpm)  

Vesicle -

to-

protein 

ratio  

(× 109 

#/�äg) 

CD73 

activity  

(U/mg)  

Calregulin  

intensity  

(× 106 

a.u.) 

Opt -1 8.0 5.0 40 55 5.7 33.0 2.4 

Opt -2 8.0 5.0 40 45 6.3 29.0 1.5 

Opt -3 4.5 8.7 20 35 4.0 31.2 1.7 

Opt -4 5.0 9.8 18 60 2.8 16.2 5.4 

Opt -5 8.0 1.0 15 60 1.9 9.6 4.8 

Opt -6 12.0 8.4 20 35 1.4 18.1 7.7 

Highest -

EV 
17.0 4.0 20 35 3.7 28.3 4.9 

 

4.3.3 Further characterization of the optimal solution  

To validate the quality of the obtained EVs, for the experimental condition associated with a 

lower impurity and relatively higher CD73 activity from the Pareto-solutions (Opt-3 in Table 4.1) 

we characterized the produced EVs according to MISEV guidelines [25]. These results were 

compared with EVs obtained from 2D cell cultures that we performed under the same selected 

experimental condition (as Opt-3 in Table 4.1) and culture procedures (see Chapter 4.2.2  and 

Chapter 4.2.4). EVs from both culture conditions had a similar size distribution profile as 

measured by NTA, with a modal diameter peaking in a size range between 115 to 123 nm (Figure 

4.5A). Moreover, both conditions showed a similar vesicle-to-protein ratio of about 2.5 × 109 �������J����

In line with a previous study by de Almeida Fuzeta et al. [304], we observed a similar increase in 

the vesicle concentration of about 1.7 times within our 3D culture compared to 2D culture (8.8 × 

1011 vs. 5.2 × 1011 #/mL) (Figure 4.5A ). Additionally, TEM micrographs confirmed the presence 

of vesicular structures with sizes < 200 nm (Figure 4.5B ). A full western blot analysis showed the 

enrichment of EV-specific markers from both culture conditions, and cell impurity markers Grp94 

and calregulin were depleted compared to the whole cell lysate (Figure 4.5C ). 
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Figure 4.5. Quality assessment of EVs derived from 3D cultures of HS-5 cells (Opt-3 in Table 4.1) and 
from HS-5 cells that were cultured under identical conditions in 2D. (A) EVs derived from 3D, and 2D 
cultures were analyzed for their size profiles and concentration with NTA. The vesicle-to-protein ratio was 
determined by normalizing the vesicle number with the respective total protein content. Data represent 
mean + SD, N = 3. (B) Representative TEM images of the heterogeneous vesicle profile from 3D and 2D 
cultures; scale bars 200 nm. (C) Full western blot characterization of HS-5 cell lysate and EVs derived from 
3D and 2D cultures respectively. Blots are probed for EV markers (CD63, CD73, CD9, and TSG101) and 
cell impurity markers (Grp94 and calregulin). GAPDH is used as the loading control. One representative 
plot is shown. 

 

Next, we compared the amounts of EVs obtained with the optimal process parameter with 

the values reported in the literature on microcarrier-based 3D cell culture using MSCs. The 

number of EVs, vesicle-to-protein ratio, amount of protein, and a yield factor based on a recent 

review by Grangier et al. [282], are computed for three experiments corresponding to the optimal 

conditions (Table 4.1, Opt-1 through Opt-3), and the experiment with the highest number of EVs 

achieved in this study (Figure 4.6A ). The study conducted by Haraszti et al. [303], and de Almeida 

Fuzeta et al. [304], reported vesicle-to-protein ratios of 0.9 × 109 #/µg and 2.0 × 108 #/µg, 

respectively. Interestingly, we achieved 4-20 times higher vesicle-to-protein ratios (4.0 × 109 to 

6.3 × 109 #/µg) with our optimized process. However, this comparison should be interpreted with 

caution, as the production conditions (e.g., producer cell type and 3D culture setup) were different 

among studies. Potentially, differences in the vessels�¶ geometries and/or secretion dynamics of 

the producer cell could affect the production yield. 
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Figure 4.6. (A) Calculation and comparison of the EV production yield of the three optimal conditions 
belonging to the Pareto-solution and of the experiment with the highest amount of EV among the performed 
32 experiments. The production yield is presented as vesicle concentration (#/mL), vesicle yield factor 
�������F�H�O�O�V���G�D�\�������S�U�R�W�H�L�Q���F�R�Q�W�H�Q�W�������J�������D�Q�G���Y�H�V�L�F�O�H-to-�S�U�R�W�H�L�Q���U�D�W�L�R�����������J��������B) Comparison between the number 
of experiments required to find the optimal process parameters using a full screening approach and the 
proposed MOBBO methodology. (C) Comparison between the number of experiments required using an 
OFAT approach, classical DoE, and the proposed MOBBO methodology. The red color indicates the sub-
optimality of the method. The blue color indicates that using the method optimal process parameters may 
be achieved on the condition that additional steps might be required. Therefore, the dark blue color 
corresponds to the minimum number of experiments required, while the light blue color indicates the 
maximum number of experiments required depending on the DoE algorithm. Lastly, the green color 
indicates the ability of the MOBBO methodology to provide the optimal solution. 

 

4.3.4 Considerations on the MOBBO and comparison to DoE approaches  

We finally highlight and discuss some key characteristics of the MOBBO approach used in 

this study. An interesting observation arises when comparing the results in Figures 4.4A to C  

with the design space spanned by the experiments (Figure 4.3 ). The experiments sharing the 

same region of design space do not necessarily have similar values for the target properties. 

While a subset of these conditions shows similar results, there are also conditions with different 

target properties (see yellow stars in Figure 4.4 ). This indicates that a non-linear relationship 

exists between the process parameters and the property value which cannot be captured 

efficiently using a classical DoE, thus requiring algorithms such as MOBBO capable of capturing 

the general non-linear response surface.  

Additionally, our data demonstrate the ability of the MOBBO algorithm to selectively sample 

only favorable regions of the design space while avoiding unfavorable regions. For instance, the 

algorithm did not plan experiments in low seeding density regimes (less than 40,000 cells/cm2) 

(Figure 4.3 ). This is likely based on the learning gathered by the model from the two points tested 

�L�Q���W�K�L�V���U�H�J�L�R�Q���L�Q���W�K�H���³�,�Q�L�W�L�D�O�´�� �U�R�X�Q�G���D�Q�G���³�5�R�X�Q�G�����´��(marked with a triangle in Figure 4.3A  and a 
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diamond in Figure 4.3B ), which can be confirmed by the observations from Figure  4.4B and 

Figure 4.4 C. On the one hand, the experimental condition corresponding to the triangle results in 

target properties very far away from the Pareto front and therefore is undesirable. On the other 

hand, the experiment corresponding to the diamond already marks one of the edges of the Pareto 

front with lower impurity but also lower activity and vesicle-to-protein ratio. The MOBBO can learn 

these patterns from the experimental data and subsequently, selectively avoid such unfavorable 

regions in the design space. 

We compared the proposed MOBBO procedure with alternative experimental design 

strategies, namely full screening, OFAT, and DoE. Full screening presents an extensive approach 

to testing and quantifying the target variables for all possible combinations of process parameters. 

As shown in Figure 4.6B , for the considered four process parameters, even assuming a small 

amount of 10 levels, the total number of experiments required is in the order of 104 experiments 

(see Figure A4.5  for the formula used). Subsequently, this number increases exponentially with 

the number of process parameters and levels being tested. In contrast, through the adaptive 

sampling procedure of the MOBBO, the design space can be characterized with just 32 

experiments, thus presenting a more sustainable approach for process optimization. 

For most practical applications, full screening is rarely performed due to the large 

experimental demand, and techniques such as OFAT or DoE are typically used instead. Figure 

4.6C compares the number of experiments required by each of these approaches with the 

proposed MOBBO strategy. The OFAT requires 8 additional experiments with respect to the 

MOBBO, with no guarantees of providing the optimal process parameters. The DoE approaches 

would require between 27 to 81 experiments depending on the choice of the specific technique, 

computed based on the standard formulae (Figure A4.5 ). It is worth noting that all these DoE 

approaches characterize the design space only at the corner and (or) the center point. However, 

from Table 4.1 it is evident that the optimal set of solutions does not lie either at the corners or 

the center. Subsequently, using DoE approaches, further experiments would be required to 

achieve the optimal process parameters. Additionally, it is difficult to scale both OFAT and DoE 

to multiple competing objectives. Typically, this requires the conversion of multiple objectives to 

a single objective, which implies that only one of the points from the Pareto-solution can be 

achieved, at best (assuming that the underlying representation of the response surface is 

satisfying).  

Overall, the proposed MOBBO approach requires a smaller (or at least equal) number of 

experiments to conventional strategies but withholds several advantages: (i) selectively sampling 
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relevant regions of design space and avoiding unfavorable regions, (ii) No assumption of the 

underlying response surface, (iii) ease of handling multiple objectives. The relevance of these 

advantages increases with the increasing number of process parameters and objectives, thus 

making the MOBBO a powerful alternative to conventional experimental planning strategies such 

as OFAT or DoE.  

 

4.3.5 Utility of the MOBBO suggested data beyond process design and optimization  

The data collected through such a strategic experimental design approach could be used a 

posteriori to develop models for different process applications such as to meet Quality by Design 

(QbD) requirements, scale-up, process monitoring, and control. Firstly, towards the realization of 

QbD, the data can be used to build explanatory models that illustrate the correlation between 

process parameters and target properties. These models can be built with different degrees of 

complexity, from simplified linear models that describe only the main effects to more complex 

non-linear models capable to capture multivariate interactions, as demonstrated in Figure s A4.6A 

and A4.6B and discussed in the Appendix . It is cautioned that typically these methods provide 

just correlations but not causal relations. However, such insights could be used to develop 

hypotheses and help further understanding of the system. For instance, it can be observed from 

linear models (Figure A4.6A ) that seeding density, microcarrier concentration, and centrifugation 

time are respectively negatively, positively, and positively correlated, with both the amount of EVs 

(specifically, vesicle-to-protein ratio) and the impurities. This implies that increasing the seeding 

density or reducing the microcarrier concentration (or the centrifugation time) would lead to lower 

amounts of impurities, however at the cost of a low vesicle-to-protein ratio. In contrast, when 

considering multivariate interactions, it can be observed from Figure A4.6B  that a high vesicle-

to-protein ratio (and CD73 activity) with low impurities can be achieved through a combination of 

longer centrifugation times and lower microcarrier concentration. These identified patterns are 

already relevant to optimizing quality based on critical process parameters. 

In addition to explanatory models for QbD, the structured data obtained from our study, which 

is information-rich in representing the design space, can help build robust predictive models for 

applications such as scale-up or soft sensors for monitoring and control. One approach could be 

to build a two-step predictive model that can first predict in-process control (cell viability in this 

case) and subsequently use this information to predict the target properties. Such an approach of 

connecting the designed process parameter to in-process variables (especially their dynamics) 
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and then the quality attribute has been used extensively in the modeling of bioprocesses for 

protein production [394, 395]. 

We demonstrate an exemplary implementation of the two-step predictive model using a 

simple one-layer feed-forward neural network (see Appendix  for model training procedure). 

Figure A4.6C  and Table A4.3  illustrate the predictive capabilities of the model, qualitatively 

through observed vs. predicted plots and quantitatively using the error metric. It can be observed 

that the errors of the model during prediction are comparable to the maximum analytical error 

(computed based on the standard deviation of triplicates). Moreover, the observed vs. predicted 

plot qualitatively demonstrates the agreement between the model prediction and the experimental 

observation. Thus, it can be concluded that the dataset collected through such a strategic 

experimental design algorithm, MOBBO in our case, results in models with a good predictive 

ability which can be later used for several process applications. For instance, such models can 

serve as soft sensors replacing the requirement to analytically quantify targets in the later stages 

of process development. 

 

4.4 Conclusion  

In this work, we showed the advantages of using advanced optimization algorithms such as 

the MOBBO to tackle process optimization challenges in the biopharmaceutical industry, with a 

focus on EV production. We illustrated that through the MOBBO algorithm, multiple optimal 

solutions can be obtained along the trade-off curve (Pareto front) with only 32 experiments, while 

simultaneously characterizing the relevant regions of the design space. Subsequently, we 

validated the good quality of the obtained 3D-cultured EVs according to MISEV guidelines and 

we could achieve a similar size and protein profile compared to 2D-cultured EVs with EV-specific 

markers enriched in the vesicle isolates [25]. Beyond the EV production optimization, we 

illustrated that the collected data can be used further to develop explanatory and predictive 

models which could provide valuable information for QbD, soft sensor, and/or scale-up purposes. 

In the future, principles from the MOBBO algorithm could be applied to larger data sets and 

different applications, as the approach is general and can handle a huge combinatorial space of 

process parameters with multiple numbers of target properties. For the EV production process, 

for instance, additional target properties such as other biomarkers could be considered and 

combined with techniques that can provide a larger set of information like proteomics or 

multiparametric microfluidic technologies for EV analysis [396]. Additional process parameters 
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such as the media composition (e.g., supplements for enhanced EV biogenesis), culture 

conditions (i.e., hypoxic conditions), and/or microcarrier type could also be taken into account for 

further optimizing EV production. Moreover, for future applications of the MOBBO workflow, 

complete optimization of the entire EV production process from production to purification can be 

targeted, employing more specific and scalable purification methods like column-based 

separation techniques (e.g., immunocapture or ion exchange) and/or filtration-based techniques 

(e.g., tangential flow filtration (TFF)) [285]. 

In terms of algorithm development, knowledge support could be incorporated during the 

process modeling following an approach defined as hybrid modeling in the bioprocess field [397-

399]. Finally, the models developed at this process development scale could be used as a basis 

for scale-up, for instance using transfer learning approaches to learn the specificities at higher 

scales. 
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FINAL DISCUSSION AND OUTLOOK 

 

As laid out in Chapter 1 , a significant challenge in translating EV-based gene delivery 

systems to the clinic is the efficient encapsulation of therapeutic NAs into EVs [9]. Loading 

processes often impair vesicle integrity, diminish biological activity, and potentially alter the in vivo 

biodistribution profiles and therapeutic effects of EVs [188, 210, 213, 229, 336]. Various research 

teams and companies, are investigating protein-based scaffolds for the intracellular loading of 

EVs with protein- and NA-based cargo during EV biogenesis [176]. However, our understanding 

of the underlying mechanisms of EV biogenesis remains limited, therefore impeding the efficient 

endogenous loading of EVs [47]. For instance, the current classification of EVs into exosomes 

and ectosomes may not fully capture the complexity of these natural vesicles [47]. There could 

be additional subsets of exosomes with specific unknown biological roles. From a practical 

standpoint, isolating distinct EV subpopulations engineered to contain therapeutic biomolecules 

poses a significant challenge. Furthermore, the influence of environmental cues, such as nutrient 

and metabolite concentrations, pH, and physical constraints in cell culture, on EV biogenesis 

pathways and the endogenous loading process is not fully elucidated [31]. Typically, easy-to-

culture cells like HEK cell lines are employed in endogenous loading [190, 192, 193, 204]. 

However, this excludes EVs from natural sources (e.g., biofluids) and from hard-to-transfect cells 

like stem cells, whose EVs may hold intrinsic therapeutic potential [280]. Therefore, there is a 

need to develop simpler and more versatile loading platforms that address the compositional 

complexity of isolated EVs while preserving cargo and EV integrity throughout the loading 

process. To streamline the drug loading process, researchers are working on the development of 

fully synthetic EV mimics or hybrid EV formulations by hybridizing synthetic lipid- and polymer-

based nanocarrier systems with isolated EVs [91, 259]. 
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Therefore, in Chapter 3  we introduced a versatile platform to load MSC-derived EVs with 

various NAs (i.e., siRNA, mRNA, and RNA aptamers). This was achieved through the passive 

hybridization of sponge (L3)-like LNPs with MSC-derived EVs. The LCNP formulation consisted 

of DLin-MC3-DMA, DOPE, and the non-ionic surfactant Kolliphor® HS 15.  A microfluidic process 

was employed to manufacture the LCNPs based on an ethanol dilution method using a diffusion 

mixing chip with a Y-shaped sample inlet. We investigated the structural properties of LCNPs with 

SAXS and cryo-TEM in relation to buffer pH, NA content, and formulation composition variations 

by replacing cone-shaped lipids with cylindrical ones. Our findings revealed that LCNPs exhibited 

HII phases at pH 5 and at N/P ratios of 0 and 25. At pH 7.4, LCNPs showed L3 phases at all tested 

N/P ratios (0, 6 and 25). The use of cylindrical lipids, which tend to form lamellar phases, altered 

the structural properties of the lipid nanocarriers. Specifically, replacing DOPE with DOPC led to 

the formation of multi-lamellar/vesicular NPs, while substituting DLin-MC3-DMA with the 

permanently charged cationic lipid DOTMA resulted in liposomal structures (Figure 5.1 ). 
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Figure 5.1. Summary of the main findings in Chapter 3.  

Representative cryo-TEM images of the four different siRNA-loaded (N/P 25) lipid nanocarriers tested for 
EV hybridization: LCNPs with inverted hexagonal phases (HII) at pH 5 and with sponge (L3) phases at pH 
7.4. Substituting DOPE with DOPC in the LCNP formulation resulted in the formation of more lamellar (L�.) 
DOPC-based particles at pH 7.4. Replacement of DLin-MC3-DMA with DOTMA yielded (multi-)lamellar (L�.) 
liposomes at pH 7.4. After mixing the particles with EVs and incubating them for 30 min at 37 °C at the 
respective pH: HII-LCNPs aggregated with EVs, while L3-LCNPs hybridized with EVs in a controlled fashion. 
L�.-DOPC-NPs interacted less with the EV membranes, while L�.-DOTMA-NPs aggregated with EVs; scale 
bars are 100 nm.  

 

DLS/SLS time-course experiments, along with cryo-TEM and NanoFCM measurements, 

were used to monitor the fusion process between LCNPs and EVs. Under acidic conditions, HII-

based LCNPs aggregated with EVs, whereas at pH 7.4, L3-based LCNPs facilitated a controlled 

fusion process with EVs (Figure 5.1 ). To enhance our understanding of the EV-LCNP fusion 

mechanism, the structural properties of LCNPs should be assessed in situ during interaction with 

EV membranes. For example, experiments involving quartz crystal microbalance with dissipation 

monitoring (QCM-D) could reveal the adsorption behavior of LCNPs to EV membranes and their 

structural rearrangements upon interaction [400, 401]. Although QCM-D is primarily studied as a 

label-free immunosensing platform for EV detection, it has recently been applied to study 

electrostatic interactions of EVs with differently charged lipid bilayers immobilized on the sensor 

surface [402]. Similarly, the microbalance sensor could be coated with EV membranes, and the 

adsorption of LCNPs could be studied under various environmental conditions. The role of EV 

lipids in inducing structural rearrangements in LCNPs, may also be investigated with SAXS. 

Therefore, lipid extracts from EV membranes could be spiked into LCNP suspensions, and their 

structural arrangement could be monitored over time with SAXS. Similar SAXS time-course 

experiments have been performed with cationic liposomes after addition of the anionic 

phospholipid phosphatidylserine [356]. To this end, we have observed by NanoFCM and cryo-

TEM that the DOPC-based LCNP formulation variation exhibited less interactions with EV 

membranes, whereas the DOTMA-based NPs aggregated with EVs (Figure 5.1 ). 

The optofluidic platform employed to study particle subpopulations based on profiling surface 

marker expression revealed the presence of classical EV markers (i.e., CD63 and CD9) and MSC-

EV-specific membrane proteins (i.e., CD73 and CD26) on the surface of HEV populations. These 

HEVs could be distinguished from native EVs through fluorescent signals derived from the labeled 

NA cargo. Importantly, we demonstrated that the enzymatic activity of membrane proteins on 

HEVs remained unaltered after fusion with L3-based LCNPs. In vitro transfection experiments 
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showed that hybridization with MSC-EVs enhanced the knockdown and expression efficiencies 

of siRNA- and mRNA-loaded LCNPs, respectively, particularly in high serum conditions. 

Interestingly, some studies have reported similar observations of enhanced transfection 

potency of EVs and their hybrid versions compared to purely synthetic lipid nanocarriers in vitro 

[199, 403]. For instance, when comparing the delivery of equal particle/NA concentrations of 

sgRNA-loaded EVs and MC3-based LNPs using a sensitive CRISPR/Cas9-based reporter cell 

line, EVs were found to be several orders of magnitude more potent than the MC3-based LNPs 

[199]. However, due to stochastic endogenous loading, only one sgRNA copy was found in 

approximately 4 × 105 vesicles, resulting in relatively low sgRNA concentrations (~2.3 fM). It would 

be interesting to investigate whether this trend holds true at higher sgRNA concentrations. On the 

other hand, Evers et al. reported that siRNA-mediated knockdown of luciferase expression was 

higher in MC3-based liposomes compared to EV hybrids prepared via extrusion of SKOV3 cell-

derived EVs with MC3-based liposomes [264]. Differences in EV sources, reporter cell lines, and 

altered EV characteristics post-hybridization could contribute to the sometimes-contradicting 

findings. In vivo, to the best of our knowledge, only four studies have compared head-to-head the 

transfection potency of EVs versus LNPs [205, 334, 404, 405]. In one study, the EVs were loaded 

endogenously by treating the cells with mRNA-loaded LNPs encoding for erythropoietin [334]. It 

was found that a fraction of the mRNA cargo and ionizable lipid of the endocytosed LNPs was re-

released extracellularly inside EVs. They then compared the expression levels of erythropoietin 

in vivo between the mRNA-loaded EVs and the MC3-based LNPs. The LNPs led to higher 

expression of erythropoietin in the blood, spleen, and heart, while in the liver, expression levels 

were comparable between EVs and LNPs. Interestingly, significantly reduced cytokine levels were 

found in the mouse plasma of the EV-treated compared to the LNP-treated group, suggesting a 

better safety profile for EVs. In contrast, You et al. found significantly higher expression levels of 

type 1 collagen in the dermis of photoaged mice after intradermal injections of COL1A1-mRNA-

loaded EVs compared to the LNP control group [404]. Differences in the route of administration 

(intradermal vs. intravenous injection) and the EV source (normal human dermal fibroblasts 

(NHDF) vs. the human endothelial cell line NCI-H460) may explain the different outcomes 

between the two studies. Similarly, the other in vivo studies reported enhanced knockdown/out 

efficiencies of the delivered siRNA and gRNA:Cas9 ribonucleoprotein, respectively, when using 

EVs compared to LNPs [205, 405]. 

In our in vitro studies, we observed that unhybridized LCNPs did not transfect in high serum 

concentrations (�t 80%, v/v), suggesting potential instability of the particles under such conditions. 
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In an in vivo context, the rapid elimination of LCNPs from circulation is anticipated due to the lack 

of a shielding PEG-lipid corona. Likewise, the stability of HEVs may be improved before 

transitioning to in vivo models, as we observed a reduction of their transfection efficiency in high 

serum conditions. Incorporating PEG-lipids, for example, through coincubation with HEVs, could 

be explored, although this might result in reduced cell uptake due to steric effects [170, 346]. The 

stability of HEV and LCNP in serum may also be assessed by flow-induced dispersion analysis. 

This technique probes the apparent diffusivity via a pressure-driven flow through a capillary 

system [406]. Changes in the diffusion profile of fluorescently labeled LCNPs and HEVs can be 

linked to serum protein binding and the aggregation/destabilization of the nanocarriers.  

An intriguing question to explore is whether HEV formulations demonstrate distinct 

biodistribution profiles depending on the source of their EV parent cells. Currently, it is unclear 

whether EVs can target certain organs and tissues, and the components that influence such 

behavior remain to be characterized [47]. There are data supporting the preferential uptake of 

EVs by specific cell types [407, 408]. For instance, it was found in zebrafish embryos that 

melanoma-derived EVs were preferentially taken up by endothelial cells and macrophages, 

leading to a phenotypic switch that promotes metastatic outgrowth [409]. Additionally, distinct 

integrin patterns on EV membranes have been linked to organ-specific accumulation in vivo [97]. 

In light of the findings of Chapter 3 , our platform technology could answer some of the 

fundamental questions on the in vivo fate of exogenously administered EVs. LCNPs could be 

fused to various EVs derived from healthy primary cell sources (e.g., normal human lung 

fibroblasts and normal human brain microvascular endothelial cells), as well as metastatic cancer 

cells, such as the MDA-MB-231 and the MDA-MB-436 breast cancer cell lines. The HEV 

formulations could then be loaded with a unique barcode-tagged NA sequence to distinguish 

between the different cellular sources [410]. Therefore, barcode-tagged mRNA encoding for a 

reporter protein (e.g., luciferase) or the Cre protein, which can be used with Ai14/Cre reporter 

mice, could be incorporated into LCNPs which would then be fused to the cell type-specific EVs 

forming a HEV library (Figure 5.2) [411]. These barcoded HEV populations could then be injected 

into immunodeficient mice (with or without xenograft cancer models) and/or the Ai14 reporter mice 

to assess their biodistribution profiles in vivo. The HEVs would be detected in the various tissues 

by analyzing their barcode counts with deep sequencing approaches, while a functional readout 

of the delivered mRNA could be performed simultaneously by assessing 

luminescence/fluorescence signals of the expressed reporter protein or the Cre-mediated 

expression of the fluorescent tdTomato protein in the Ai14 reporter mice, respectively (Figure 

5.2) [412]. The in vivo findings can then be correlated to EV characteristics (e.g., enhanced 
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expression of a specific protein or glycan structure) that were determined in vitro using, for 

instance, multiomics approaches. 

 

Figure 5.2. In vivo  study plan for HEVs.  

LCNPs are loaded with a unique barcode-tagged mRNA sequence, encoding for luciferase (Luc), for 
example. These barcoded LCNPs are then hybridized with EVs obtained from a particular cell line, forming 
barcoded HEVs. The various HEV formulations are pooled together and the HEV library is intravenously 
injected into mice. The HEV biodistribution is then determined by quantifying the barcode counts using 
deep sequencing methods in the various organ tissues. Concurrently, the functional expression of the 
mRNA can be evaluated by detecting bioluminescence signals from the expressed luciferase protein. 
Created with BioRender.com.  

 

As discussed in Chapter 2 , establishing a scalable production process for EVs is crucial for 

advancing research in both academic and industrial settings. To accelerate progress, optimization 

of both upstream processes and downstream purification methods is necessary to achieve high-

quality and high-yield EV preparations. In Chapter 4 , we focused on optimizing a scalable 3D cell 

culture process for producing MSC-derived EVs in a microcarrier-based spinner flask bioreactor. 

For upstream process parameters, we selected to optimize microcarrier concentration, cell 

seeding density, and impeller speed. The only downstream process parameter considered was 

the centrifugation time during the clarification step (10,000 × g). Defining an optimal EV process 

involved maximizing EV yield and bioactivity, characterized by the vesicle-to-protein ratio and the 

enzymatic activity of the MSC-EV-specific protein CD73. Simultaneously, we aimed to minimize 

cellular impurities, represented by the calregulin content in vesicle isolates. To efficiently explore 
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the design space without a one-factor-at-a-time approach, we utilized a multi-objective batch 

Bayesian optimization (MOBBO) algorithm. A similar BO algorithm was indeed recently applied 

to find ideal excipient concentrations to maximize antibody stability as characterized by, inter alia, 

the melting temperature (Tm) [374]. It was clearly observed that the surrogate model, as part of 

the BO workflow, suggested new experimental conditions in regions where the Tm was maximized, 

based on data that was previously acquired. The BO algorithm clearly led to improved antibody 

formulations followed by increasing Tm values between each round of optimization. In our case, 

the MOBBO sufficiently characterized the design space within 32 experiments and multiple 

solutions were found along the target properties�¶ trade-off curves (Pareto fronts). Based on the in 

silico sequential planning/learning capabilities of the MOBBO algorithm, the differences between 

each round of optimization were not as pronounced compared to the previous study. This could 

be a result of too conservatively set design space boundaries. However, as outlined BO 

methodologies are based on prior knowledge of a system, which is updated sequentially. Thus, 

changing the design space by enlarging the boundaries is not detrimental to BO-based models in 

contrast to classical DoE approaches [374]. In the case of BO, the conservative design space is 

then used as prior knowledge for the extended design space under the premise that the target 

property objectives are unchanged.To conclude, we compared one of the 3D culture process 

conditions identified in the obtained Pareto-solutions to an identical 2D culture process, and 

observed similar size and protein expression profiles, while the total particle concentration in the 

3D culture batch was 1.7 times higher, aligning with previous literature reports [304]. In future 

studies, this investigation should be expanded by including larger datasets from more specific 

and multiparametric EV analysis techniques. Additionally, incorporating more specific isolation 

techniques in the optimization process would comprehensively cover the entire EV production 

process from upstream to downstream processes. 

In summary, this thesis provided tools that may expedite the translation of EV-based gene 

delivery systems, by enabling rapid and efficient loading of EVs with NA-based cargo. The 

hybridization approach resulted in semi-synthetic nanocarriers that could functionally deliver their 

NA cargo, while the inherent biological activity of EVs was retained in the systems. The machine-

leaning-assisted approach was the first of its kind applied to an EV production process and may 

inspire other EV researchers to make use of such tools, especially since EVs are complex 

systems and some aspects of their nature are still poorly understood. Time will tell if these natural 

vesicles will be used in precision nanomedicine and whether their complexity will be a stumbling 

block or stepping stone for successful translation into pharmaceutical products. 
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APPENDIX 
 

Chapter 3  

 

 

Figure A 3.1. Loading of siRNA in LCNPs and protection against RNase degradation.  

���$�����5�H�S�U�H�V�H�Q�W�D�W�L�Y�H���(�0�6�$���J�H�O���L�P�D�J�H���R�I���/�&�1�3���I�R�U�P�X�O�D�W�L�R�Q�V���Z�L�W�K���Y�D�U�\�L�Q�J���1���3���U�D�W�L�R�V�������%�����/�R�D�G�L�Q�J���H�I�I�L�F�L�H�Q�F�\��
�R�I���/�&�1�3���I�R�U�P�X�O�D�W�L�R�Q�V���Z�L�W�K���Y�D�U�\�L�Q�J���1�3���U�D�W�L�R�V���D�V���G�H�W�H�U�P�L�Q�H�G���Z�L�W�K���W�K�H���5�L�E�R�*�U�H�H�Q���D�V�V�D�\�����Q��� �����������G�D�W�D���G�H�U�L�Y�H�V��
�I�U�R�P���W�K�U�H�H���L�Q�G�H�S�H�Q�G�H�Q�W���V�D�P�S�O�H�V���Z�L�W�K���V�L�Q�J�O�H���P�H�D�V�X�U�H�P�H�Q�W�V���������&�����5�H�S�U�H�V�H�Q�W�D�W�L�Y�H���(�0�6�$���J�H�O���L�P�D�J�H���R�I���Q�D�N�H�G��
�V�L�5�1�$���R�U���V�L�5�1�$���O�R�D�G�H�G���L�Q���/�&�1�3�V�����1���3�����������L�Q���W�K�H���S�U�H�V�H�Q�F�H���R�I���7�U�L�W�R�Q�7�0���; �����������D�Q�G���R�U���5�1�D�V�H���$���������� �J���P�/������
���' �����G�K���D�Q�G���3�'�,���R�I���V�L�5�1�$���O�R�D�G�H�G���/�&�1�3�V�����1���3�����������R�Y�H�U���D���Z�H�H�N���R�I���L�Q�F�X�E�D�W�L�R�Q���D�W�������ƒ�&�����Q��� �����������'�D�W�D���L�V���H�[�S�U�H�V�V�H�G��
�D�V���P�H�D�Q�������V���G�����R�I���Q���L�Q�G�H�S�H�Q�G�H�Q�W���H�[�S�H�U�L�P�H�Q�W�V�� 
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Figure A 3.2. Lorentzian model fitting  of LCNP SAXS curves.  

�3�H�D�N���S�R�V�L�W�L�R�Q�V���R�I���W�K�H���I�L�U�V�W���V�W�U�X�F�W�X�U�H���S�H�D�N�V���R�I���/�&�1�3�V���D�W���S�+�����������Z�L�W�K�����1���3���������D�Q�G���������R�U���Z�L�W�K�R�X�W���V�L�5�1�$���Z�H�U�H��
�G�H�W�H�U�P�L�Q�H�G���Z�L�W�K���D���/�R�U�H�Q�W�]�L�D�Q���E�U�R�D�G���S�H�D�N���P�R�G�H�O���I�X�Q�F�W�L�R�Q���L�Q���D���T���U�D�Q�J�H���E�H�W�Z�H�H�Q�������������D�Q�G�������Q�P������ 

 

 

Figure A 3.3. Physicochemical characterization of mRNA -loaded LCNPs . 

���$�����6�$�;�6�� �S�U�R�I�L�O�H�� �R�I�� �P�5�1�$���O�R�D�G�H�G�� �/�&�1�3�V�� ���1���3�� �������� �D�W�� �S�+�� ���������� ���%�����5�H�S�U�H�V�H�Q�W�D�W�L�Y�H�� �F�U�\�R���7�(�0�� �L�P�D�J�H�� �R�I��
�P�5�1�$���O�R�D�G�H�G���/�&�1�3�V�����1���3�����������D�W���S�+�������������V�F�D�O�H���E�D�U�����������Q�P�������&�����6�X�P�P�D�U�\���R�I���S�K�\�V�L�F�R�F�K�H�P�L�F�D�O���S�U�R�S�H�U�W�L�H�V��
�R�I���P�5�1�$���O�R�D�G�H�G���/�&�1�3�V�����1���3�������������Q��� �����������/�(��� ���O�R�D�G�L�Q�J���H�I�I�L�F�L�H�Q�F�\�����/�(���G�D�W�D���G�H�U�L�Y�H�V���I�U�R�P���W�K�U�H�H���L�Q�G�H�S�H�Q�G�H�Q�W��
�V�D�P�S�O�H�V���Z�L�W�K���V�L�Q�J�O�H���P�H�D�V�X�U�H�P�H�Q�W�V�������'�D�W�D���L�V���H�[�S�U�H�V�V�H�G���D�V���P�H�D�Q���“���V���G�����R�I���Q���L�Q�G�H�S�H�Q�G�H�Q�W���H�[�S�H�U�L�P�H�Q�W�V�� 

 

Figure A3.3  �± discussion SAXS analysis of mRNA-loaded LCNPs: a broad peak at q = 

0.75 nm-1 ���;���� �L�V�� �Y�L�V�L�E�O�H���� �V�X�J�J�H�V�W�L�Q�J���W�K�D�W�� �V�L�P�L�O�D�U�� �W�R�� �V�L�5�1�$-containing LCNPs (Figure 3.2B ) non-

lamellar sponge (L3) phases formed in the presence of mRNA (Figure A3.3A ). This broad peak 

overlaps with a sharper one at q = 1.05 nm-1 ���;������ �L�Q�G�L�F�D�W�L�Q�J�� �W�K�H�� �I�R�U�P�D�W�L�R�Q�� �R�I�� �G�R�P�D�L�Q�V�� �Z�L�W�K�� �D��

narrower inter-lipid bilayer spacing, potentially due to the presence of mRNA in the aqueous 

compartments. 
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Figure A 3.4. Physicochemi cal characterization of DOPC - and DOTMA-NPs. 

�6�W�U�X�F�W�X�U�D�O���S�U�R�S�H�U�W�L�H�V���R�I���/�&�1�3�V���F�D�Q���E�H���D�O�W�H�U�H�G���E�\���V�X�E�V�W�L�W�X�W�L�Q�J���W�K�H���L�Q�Y�H�U�V�H���F�R�Q�H���V�K�D�S�H�G���O�L�S�L�G�V���'�2�3�(���R�U���0�&����
�������� �R�U�� ������ �P�R�O������ �Z�L�W�K�� �F�\�O�L�Q�G�U�L�F�D�O�� �O�L�S�L�G�V�� �'�2�3�&�� �R�U�� �'�2�7�0�$�� �������� �R�U�� ������ �P�R�O�������� ���$���� �6�X�P�P�D�U�\�� �R�I�� �W�K�H��
�S�K�\�V�L�F�R�F�K�H�P�L�F�D�O���S�U�R�S�H�U�W�L�H�V���R�I���X�Q�O�R�D�G�H�G���D�Q�G���V�L�5�1�$���O�R�D�G�H�G���'�2�7�0�$�����D�Q�G���'�2�3�&���1�3�V�����1���3�����������D�W���S�+�������D�Q�G��
�����������Q��� �����������/�(��� ���O�R�D�G�L�Q�J���H�I�I�L�F�L�H�Q�F�\�����'�D�W�D���L�V���H�[�S�U�H�V�V�H�G���D�V���P�H�D�Q���“���V���G�����R�I���Q���L�Q�G�H�S�H�Q�G�H�Q�W���H�[�S�H�U�L�P�H�Q�W�V�������%����
�6�$�;�6���V�F�D�Q�V���R�I���'�2�3�&���1�3�V���D�W���W�Z�R���G�L�I�I�H�U�H�Q�W���E�X�I�I�H�U���S�+���Y�D�O�X�H�V���������D�Q�G�������������Z�L�W�K�����1���3�����������R�U���Z�L�W�K�R�X�W���V�L�5�1�$�������&����
�5�H�S�U�H�V�H�Q�W�D�W�L�Y�H���F�U�\�R���7�(�0���L�P�D�J�H�V���R�I���'�2�3�&���1�3�V���D�W���S�+�������D�Q�G�����������Z�L�W�K�����1���3�����������D�Q�G���Z�L�W�K�R�X�W���V�L�5�1�$�����V�F�D�O�H��
�E�D�U�V�����������Q�P�������' �����6�$�;�6���V�F�D�Q�V���R�I���'�2�7�0�$���1�3�V���D�W���W�Z�R���G�L�I�I�H�U�H�Q�W���E�X�I�I�H�U���S�+���Y�D�O�X�H�V���������D�Q�G�������������Z�L�W�K�����1���3����������
�R�U���Z�L�W�K�R�X�W���V�L�5�1�$�������(�����5�H�S�U�H�V�H�Q�W�D�W�L�Y�H���F�U�\�R���7�(�0���L�P�D�J�H�V���R�I���'�2�7�0�$���1�3�V���D�W���S�+�������D�Q�G�����������Z�L�W�K�����1���3�����������D�Q�G��
�Z�L�W�K�R�X�W���V�L�5�1�$�����V�F�D�O�H���E�D�U�V�����������Q�P�� 
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Figure A3.4  �± discussion SAXS analysis of DOPC - and DOTMA-NPs: at pH 7.4, SAXS 

scans of unloaded DOPC-NPs revealed a broad peak maximum at a q value of 0.33 nm-1 ���;������

indicating a structure with a repeat distance of approximately 19 nm (Figure A3.4B ). Additionally, 

two weaker oscillations at q values of approximately 2 to 4 times of the main structure peak were 

detect�H�G�����;������ �7�K�H���U�H�S�H�D�W�� �G�L�V�W�D�Q�F�H�� �R�I�� ������ �Q�P�� �Z�D�V�� �P�X�F�K�� �O�D�U�J�H�U�� �W�K�D�Q���W�K�H�� �H�[�S�H�F�W�H�G�� �W�K�L�F�N�Q�H�V�V�� �R�I�� �D��

bilayer or compared to L3 phases and suggests that there is a higher water content within the 

system. Taken together the SAXS profile aligns more with that of multivesicular liposomes, 

suggesting that the internal structure is made of small vesicular domains. Upon the addition of 

siRNA, the structure of DOPC-NPs seemed to become more disordered and only the first 

correlation peak could be clearly observed at a q value of 0.31 nm-1 ���;���� �D�O�R�Q�J�� �D�� �V�H�F�R�Q�G�� �E�U�R�D�G��

oscillation at around 0.62 nm-1 ���;������Figure A3.4B ). At pH 5, the main structure peak of unloaded 

DOPC-NPs became sharper and shifted towards a higher q value of 0.52 nm-1 ���;�������V�X�J�J�H�V�W�L�Q�J���D��

lower spacing among the lipid bilayers (~12 nm) (Figure A3.4B ). The emergence of a second 

broad peak at q = 0.90 nm-1 ���;�������S�R�V�L�W�L�R�Q�H�G���D�S�S�U�R�[�L�P�D�W�H�O�\���¥�����W�L�P�H�V���W�K�H���O�R�F�D�W�L�R�Q���R�I���W�K�H���L�Q�L�W�L�D�O���S�H�D�N����

suggests that the particles adopted a hexagonal arrangement, albeit with higher hydration 

compared to HII and L3 phases found in LCNPs. Upon addition of siRNA, 3 sharp peaks at q values 

of 0.95 nm-1, 1.65 nm-1 and 1.9 nm-1 ���;�����Z�L�W�K���D���T-�S�R�V�L�W�L�R�Q���U�D�W�L�R���R�I�������¥���������L�Q�G�L�F�D�W�H���W�K�D�W���D���K�H�[�D�J�R�Q�D�O��

phase formed in DOPC-NPs at pH 5 (Figure A3.4B ). An additional peak at q = 1.14 nm-1 

appeared (*), suggesting the presence of a second population similar to LCNPs (Figure 3.2B ). 

The formulations containing DOTMA at pH 7.4 and at pH 5 showed, in both cases, a series of 

broad oscillations, suggesting a low degree of multilamellarity of the lipid bilayers. In both pH 

conditions, after adding siRNA, the main oscillation shifted towards lower q values, indicating that 

the overall thickness is increasing due to either the bilayer becoming thicker, or an additional layer 

being stabilized (Figure A3.4D ). 
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Figure A 3.5.���&�U�\�R���7�(�0���L�P�D�J�L�Q�J���R�I���P�L�[�W�X�U�H�V���R�I���(�9�V���Z�L�W�K���Y�D�U�L�R�X�V���O�L�S�L�G���Q�D�Q�R�F�D�U�U�L�H�U�V�� 

���$�����5�H�S�U�H�V�H�Q�W�D�W�L�Y�H���F�U�\�R���7�(�0���L�P�D�J�H�V���R�I���(�9�V���D�W���S�+�������D�Q�G���P�L�[�W�X�U�H�V���R�I���(�9�V���D�Q�G���V�L�5�1�$���O�R�D�G�H�G���/�&�1�3�V�����1���3��
���������D�W���S�+���������(�9�V���D�Q�G���V�L�5�1�$���O�R�D�G�H�G���'�2�7�0�$���1�3�V�����1���3�����������D�W���S�+�����������D�Q�G���(�9�V���D�Q�G���V�L�5�1�$���O�R�D�G�H�G���'�2�3�&��
�1�3�V�����1���3�����������D�W���S�+�������������6�D�P�S�O�H�V���Z�H�U�H���P�L�[�H�G���D�W���S�D�U�W�L�F�O�H���Q�X�P�E�H�U���U�D�W�L�R�V���R�I�����������D�Q�G���L�P�D�J�H�G���D�I�W�H�U���������P�L�Q���R�I��
�L�Q�F�X�E�D�W�L�R�Q�� �D�W�� ������ �ƒ�&���� �V�F�D�O�H�� �E�D�U�V�� �������� �Q�P���� ���%���� �5�H�S�U�H�V�H�Q�W�D�W�L�Y�H�� �F�U�\�R���7�(�0�� �L�P�D�J�H�V�� �R�I�� �P�L�[�W�X�U�H�V�� �R�I�� �(�9�V�� �D�Q�G��
�P�5�1�$���O�R�D�G�H�G���/�&�1�3�V�����1���3�����������D�W���D���S�D�U�W�L�F�O�H���Q�X�P�E�H�U���U�D�W�L�R���R�I�����������D�I�W�H�U�������P�L�Q���R�I���L�Q�F�X�E�D�W�L�R�Q���D�W���������ƒ�&���D�Q�G���S�+��
�����������V�F�D�O�H���E�D�U�V�����������Q�P�� 
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Figure A 3.6. Percentage of loaded fluorescent siRNA in lipid nanocarriers . 

�3�H�U�F�H�Q�W�D�J�H�� �R�I�� �)�$�0���V�L�5�1�$���� �S�D�U�W�L�F�O�H�V�� �D�H�� �V�K�R�Z�Q�� �U�H�O�D�W�L�Y�H�� �W�R�� �W�K�H�� �U�H�V�S�H�F�W�L�Y�H�� �W�R�W�D�O���&�H�O�O�7�U�D�F�H�7�0�����S�D�U�W�L�F�O�H��
�S�R�S�X�O�D�W�L�R�Q�V���D�V���G�H�W�H�U�P�L�Q�H�G���E�\�� �1�D�Q�R�)�&�0���D�Q�D�O�\�V�L�V�����Q��� �����������7�K�H���Y�D�U�L�R�X�V���)�$�0���V�L�5�1�$���O�R�D�G�H�G���1�3�V�����1���3����������
�D�U�H���O�D�E�H�O�H�G���I�U�R�P�������W�R�����������������/�&�1�3�V���S�+���������������������/�&�1�3�V���S�+�����������������'�2�3�&���1�3�V���S�+���������������������'�2�7�0�$���1�3�V���S�+��
�������������������(�[�R���)�H�F�W�7�0���S�+�������������6�W�D�W�L�V�W�L�F�D�O���V�L�J�Q�L�I�L�F�D�Q�F�H���Z�D�V���F�D�O�F�X�O�D�W�H�G���I�U�R�P���D�Q���R�U�G�L�Q�D�U�\���R�Q�H���Z�D�\���$�1�2�9�$���Z�L�W�K��
�7�X�N�H�\�¶�V���S�R�V�W���K�R�F���W�H�V�W�����
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Figure A 3.7. Characterization of the HEV f ormation with fluorescent lipids and different NA cargos . 

(A) CellTraceTM Far Red-labeled EVs are combined with Atto 488 DOPE-labeled (1 mol%) LCNPs (N/P 25) 
at particle number ratios of 1:1 and incubated at 37 °C for 30 min at pH 5 or 7.4. Representative bivariate 
dot plots of Atto 488 DOPE+ particles (x-axis) vs. CellTraceTM+ particles (y-axis) show the emergence of a 
double-positive (CellTraceTM+/Atto 488 DOPE+) particle population after coincubation of Atto 488 DOPE-
labeled LCNPs with CellTraceTM-labeled EVs as highlighted by the lime green square inset. (B) 
Percentages of the double-positive particles (CellTraceTM+/Atto 488 DOPE+) relative to the respective total 
CellTraceTM+ particle population (n = 4). (C) d50 of the double-positive (CellTraceTM+/Atto 488 DOPE+) 
particle population (n = 4). (D) CFSE-labeled EVs are combined with Cy5-mRNA-loaded LCNPs (N/P 25) 
at a particle number ratio of 1:1 and incubated at 37 °C for 30 min at pH 7.4. Representative bivariate dot 
plots of CFSE+ particles (x-axis) vs. Cy5-mRNA+ particles (y-axis) show the emergence of a double-
positive (CFSE+/Cy5-mRNA+) particle population after coincubation of Cy5-mRNA-loaded LCNPs and 
CFSE-labeled EVs as highlighted by the pink square inset. Coincubation control with naked Cy5-mRNA 
(�a�����������0�������V�L�Q�J�O�H-labeled and unlabeled controls are provided (n = 3). (E) CellTraceTM Far Red-labeled EVs 
are combined with Broccoli aptamer-loaded LCNPs (N/P 6) at particle number ratios of 1:1 and incubated 
at 37 °C for 30 min at pH 7.4. Representative bivariate dot plots of Broccoli aptamer+ particles (x-axis) vs. 
CellTraceTM+ particles (y-axis) show the emergence of a double-positive (CellTraceTM+/Broccoli aptamer+) 
particle population after coincubation of Broccoli aptamer-loaded LCNPs with CellTraceTM-labeled EVs as 
highlighted by the lime green square inset. �&�R�L�Q�F�X�E�D�W�L�R�Q���F�R�Q�W�U�R�O���Z�L�W�K���Q�D�N�H�G���%�U�R�F�F�R�O�L�����a�������0�����D�Q�G���V�L�Q�J�O�H-
stained controls in the presence of the aptamer-selective dye DFHBI-1T, as well as unstained controls 
without DFHBI-1T are provided (n = 3). Data is expressed as mean +/± s.d. of n independent experiments. 
Statistical significance was calculated with a two-�W�D�L�O�H�G���X�Q�S�D�L�U�H�G���6�W�X�G�H�Q�W�¶�V���W-test; *p < 0.05. 
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Figure A 3.8. Optofluidic platform for molecular fingerprinting.  

(A) Conceptual schematic of the optofluidic platform that combines immunoaffinity pulldown assays with 
single molecule (SM) microscopy, and microfluidic-based multiplexed target screening. Scale bar: 10 ���P. 
(B) Schematic of the custom-built microscope setup for correlative single molecule fluorescence and 
interferometric scattering microscopy. Inset: fluorescence absorption and emission spectra of FAM-siRNA 
overlaid with the excitation light sources for fluorescent and label-free channels. Shaded regions indicate 
the transmission bands of the multi-bandpass filter. (C) Schematic of the negative-pressure driven 
microfluidic system architecture comprising a sensing chip, a resistance chip, and a vacuum pump. Only 
the sensing chip is placed on the optical microscope and reagents are introduced with a pipette and flown 
through the chip by applying a negative pressure; whereas the resistance chip controls the flow profile. 

 

Detailed  description of the optofluidi c platform setup and experimental procedure:  

Molecular fingerprinting reagents:  BSA (Sigma-Aldrich, USA) solutions were prepared in 

PBS, pH 7.4 (Sigma-Aldrich). Neutravidin (Thermo Fisher Scientific, USA) was diluted to a 

�F�R�Q�F�H�Q�W�U�D�W�L�R�Q�� �R�I�� ���������� �P�J���P�/�� ���������� ��M) in PBS with 1% (w/v) BSA. Biotinylated antibodies anti-

CD63, and anti-CD9, from Ancell (USA); and anti-CD26, anti-�&�'������ �D�Q�G���0�R�X�V�H���,�J�*���� ��-isotype 

�F�R�Q�W�U�R�O���I�U�R�P���%�L�R�O�H�J�H�Q�G�����8�6�$�����Z�H�U�H���S�U�H�S�D�U�H�G���W�R���D���F�R�Q�F�H�Q�W�U�D�W�L�R�Q���R�I�������������P�J���P�/�����������������0�����L�Q���3�%�6��

with 1% (w/v) BSA for all experiments. A custom AH peptide with the following sequence: 

SGSWLRDVWDWICTVLTDFKTWLQSKLDYKD was synthesised by Proteogenix (France). A 

stock solution of 1 mg/mL was prepared by dissolving the lyophilised peptide in Milli-Q water 

according to ma�Q�X�I�D�F�W�X�U�H�U�¶�V���U�H�F�R�P�P�H�Q�G�D�W�L�R�Q�����7�K�L�V���V�W�R�F�N���V�R�O�X�W�L�R�Q���Z�D�V���D�O�L�T�X�R�W�H�G���D�Q�G���V�W�R�U�H�G���D�W��-

20 °C for up to one month. For all experiments, the peptide stock solution was diluted to 0.45 

�P�J���P�/���������������0���� 
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Liposome preparation for microfluidic in situ supported lipid bilay er formation : 

liposomes were prepared using the extrusion method with 99:1 (mol%) lipid composition of 1-

palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (16:0-18:1, POPC) (Avanti Polar Lipids, USA) to 

1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-(cap biotinyl) (18:1 biotin-DOPE) (Avanti 

Polar Lipids) by first mixing the two lipid stock solutions in chloroform. The mixed lipid solution 

was subsequently dried under a nitrogen stream and then placed under vacuum for 24 h. The 

dried lipid film was then rehydrated to a concentration of 5 mg/mL in Tris buffer (100 mM, pH 7.4, 

Sigma-Aldrich) and vortexed for 2 min. The hydrated lipid stock solution was then extruded 

sequentially through polycarbonate membranes of 100, 50 and 30 nm using Avanti Polar Lipids 

Mini-Extruder. For each sequential extrusion, the lipid solution was passed 21 times through the 

polycarbonate membrane. For all experiments, the liposome solution was prepared at a 

�F�R�Q�F�H�Q�W�U�D�W�L�R�Q���R�I�������P�J���P�/�����D�Q�G���X�V�H�G���Z�L�W�K�L�Q�������G�D�\�V���R�I���S�U�H�S�D�U�D�W�L�R�Q�����)�L�Q�D�O�O�\�����������/���R�I���D����00 mM CaCl2 

(Millipore, USA) solution in Milli-�4���Z�D�W�H�U���Z�D�V���D�G�G�H�G���W�R�������������/���R�I���W�K�H�������P�J���P�O���O�L�S�R�V�R�P�H���G�L�O�X�W�L�R�Q�� 

 

Fabrication of the microfluidic chips for molecular fingerprinting:  the microfluidic chips 

used for the immunoaffinity pulldown assays were fabricated using standard soft lithography 

processes. A microfluidic chip design based on negative pressure was used. The sample was 

injected by simple pipetting to a chip inlet area and flow was adjusted by applying vacuum at the 

outlet. The outlet of the sensing area chip was connected to a resistance chip to adjust the flow 

rates to ideal pressure conditions in the range of -100 to -700 mbar. Microfluidic chip moulds were 

�P�D�G�H���R�Q���V�L�O�L�F�R�Q���Z�D�I�H�U�V���X�V�L�Q�J���D���O�D�V�H�U���Z�U�L�W�H�U�����D�W�����������Q�P�������0�/�$�����+�H�L�G�H�O�E�H�U�J���,�Q�V�W�U�X�P�H�Q�W�V�����*�H�Umany) 

with SU8 1060 photoresist (Gersteltec, Switzerland) resulting in channel thicknesses of 

approximately 100 µm for both moulds. The microfluidic chips are made from 

polydimethylsiloxane (PDMS, SYLGARDTM 184 Silicone Elastomer Kit, Dow Europe, Germany) 

mixed at a ratio of 10:1 (w/w) polymer to curing agent. The PDMS was drop casted onto the 

wafers and then degassed under vacuum until all bubbles were removed and baked in a 

convection oven at 80 °C for 1 h. The cured PDMS was peeled off the mould and holes for sample 

injection and pinning were punched. The PDMS chips and cleaned glass coverslips (24 × 40 mm2, 

0.17 mm, Karl Hecht, Germany, for the sensing chip; SuperFrost® microscope slides, VWR, USA, 

for the resistance chip) were treated with oxygen plasma (13.56 MHz, 10.5 L, Atto, Diener 

electronic, Germany) for 1 min (300 W, 1.5 sccm O2 flow rate) before binding together and baking 

for 1 h in an 80 °C oven. 
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�0�R�O�H�F�X�O�D�U���I�L�Q�J�H�U�S�U�L�Q�W�L�Q�J���L�P�P�X�Q�R�D�V�V�D�\�����W�K�H���F�K�L�S���Z�D�V���S�U�L�P�H�G���D�Q�G���Z�D�V�K�H�G���Z�L�W�K������������ �/���3�%�6��

�D�W���������� �/���P�L�Q�����7�K�H�Q�������������/���R�I���W�K�H�������P�J���P�/���O�L�S�R�V�R�P�H���V�W�R�F�N���V�R�O�X�W�L�R�Q���Z�D�V���L�Q�M�H�F�W�H�G���L�Q�W�R���W�K�H���F�K�D�Q�Q�H�O�V��

�X�Q�W�L�O���D���E�L�O�D�\�H�U���K�D�G���Y�L�V�L�E�O�\���I�R�U�P�H�G�����2�Q�F�H���E�L�O�D�\�H�U���I�R�U�P�D�W�L�R�Q���K�D�G���R�F�F�X�U�U�H�G�����W�K�H���F�K�D�Q�Q�H�O�V���Z�H�U�H���U�L�Q�V�H�G��

�Z�L�W�K������������ �/���0�L�O�O�L�4���Z�D�W�H�U���I�R�U�������P�L�Q���W�R���U�H�P�R�Y�H���D�Q�\���H�[�F�H�V�V���X�Q�E�R�X�Q�G���O�L�S�R�V�R�P�H�V�����$�I�W�H�U���U�L�Q�V�L�Q�J������������ �O��

�R�I���W�K�H���$�+���S�H�S�W�L�G�H���V�R�O�X�W�L�R�Q���Z�D�V���L�Q�W�U�R�G�X�F�H�G���L�Q�W�R���W�K�H���F�K�D�Q�Q�H�O�����7�K�H���E�L�O�D�\�H�U���Z�D�V���W�K�H�Q���U�L�Q�V�H�G���Z�L�W�K����������

�� �O�� �3�%�6���I�R�U�� ���� �P�L�Q�����7�K�L�V�� �U�H�V�X�O�W�V�� �L�Q�� �D���I�X�O�O�\�� �I�R�U�P�H�G���E�L�O�D�\�H�U�� �F�R�D�W�L�Q�J���� �1�H�[�W���� �������� �/�� �R�I�� �W�K�H�� ���������� �P�J���P�/��

�1�H�X�W�U�D�Y�L�G�L�Q���V�R�O�X�W�L�R�Q���Z�D�V���I�O�R�Z�H�G���L�Q�W�R���W�K�H���F�K�D�Q�Q�H�O���D�Q�G���L�Q�F�X�E�D�W�H�G���I�R�U���������P�L�Q�����7�K�H���F�K�D�Q�Q�H�O���Z�D�V���D�J�D�L�Q��

�U�L�Q�V�H�G���Z�L�W�K�������������/���3�%�6���I�R�U�������P�L�Q���D�Q�G���������� �/���R�I���W�K�H���F�K�R�V�H�Q���F�D�S�W�X�U�H���D�Q�W�L�E�R�G�\���V�R�O�X�W�L�R�Q���Z�D�V���I�O�R�Z�H�G��

�L�Q�W�R���W�K�H���F�K�D�Q�Q�H�O�V���D�Q�G���L�Q�F�X�E�D�W�H�G���I�R�U���������P�L�Q�����$���I�L�Q�D�O���U�L�Q�V�L�Q�J���V�W�H�S���Z�L�W�K������������ �/���3�%�6���I�R�U���D�Q�R�W�K�H�U�������P�L�Q��

�F�R�P�S�O�H�W�H�G���W�K�H���S�D�V�V�L�Y�D�W�H�G���D�Q�G���I�X�Q�F�W�L�R�Q�D�O�L�]�H�G���V�X�U�I�D�F�H���U�H�D�G�\���I�R�U���L�P�P�X�Q�R�D�I�I�L�Q�L�W�\���E�D�V�H�G���F�D�S�W�X�U�L�Q�J����

�5�H�I�H�U�H�Q�F�H�� �V�F�D�Q�V�� �Z�H�U�H�� �S�H�U�I�R�U�P�H�G�� �X�S�R�Q�� �F�R�P�S�O�H�W�L�R�Q�� �R�I�� �W�K�H�� �V�X�U�I�D�F�H�� �I�X�Q�F�W�L�R�Q�D�O�L�]�D�W�L�R�Q�� �R�I�� �H�D�F�K��

�F�K�D�Q�Q�H�O���� �)�R�U�� �W�K�H�� �I�L�Q�J�H�U�S�U�L�Q�W�L�Q�J�� �D�V�V�D�\���� �/�&�1�3���� �(�9�� �D�Q�G�� �+�(�9�� �V�D�P�S�O�H�V���Z�H�U�H�� �G�L�O�X�W�H�G�� �W�R�� �D�� �W�D�U�J�H�W��

�F�R�Q�F�H�Q�W�U�D�W�L�R�Q���L�Q���W�K�H���U�D�Q�J�H���R�I�����������î������ �������S�D�U�W�L�F�O�H�V���P�/���R�Q���W�K�H���G�D�\���R�I���H�[�S�H�U�L�P�H�Q�W���D�Q�G���Z�H�U�H���L�Q�W�U�R�G�X�F�H�G��

�D�W���D���I�O�R�Z���U�D�W�H���R�I�������� �/���P�L�Q���I�R�U���������P�L�Q�����6�X�E�V�H�T�X�H�Q�W�O�\�����W�K�H���F�K�D�Q�Q�H�O�V���Z�H�U�H���Z�D�V�K�H�G���I�R�U�������P�L�Q���Z�L�W�K���3�%�6��

�D�W���D���I�O�R�Z���U�D�W�H���R�I���������� �/���P�L�Q���E�H�I�R�U�H���S�H�U�I�R�U�P�L�Q�J���L�P�D�J�L�Q�J���V�F�D�Q�V�����K�H�U�H�E�\���W�H�U�P�H�G���V�D�P�S�O�H���V�F�D�Q�V�����R�Y�H�U��

�W�K�H���V�D�P�H���D�U�H�D���D�V���W�K�R�V�H���D�F�T�X�L�U�H�G���G�X�U�L�Q�J���W�K�H���U�H�I�H�U�H�Q�F�H���V�F�D�Q�V�� 

 

Correlative fluorescence and interferometric scattering microscope setup : the custom-

built optical system was based on a common-path digital holographic microscope operating in 

reflection, whereby illumination and imaging arms were separated by a single 50:50 beamsplitter 

plate (BSW27, Thorlabs, USA) and all optics were arranged in a 4f configuration. The illumination 

arm was composed of two different excitation sources corresponding to the label-free and 

fluorescence channels, respectively. For off-resonant illumination, i.e. label-free channel 

�H�[�F�L�W�D�W�L�R�Q���� �D�� �������� �Q�P�� �O�L�J�K�W�� �H�P�L�W�W�L�Q�J�� �G�L�R�G�H�� ���0�������)���� �/�(�'���� �7�K�R�U�O�D�E�V���� �Z�D�V�� �F�R�X�S�O�H�G�� �L�Q�W�R�� �D�� �������� ���P��

multi-mode fibre (M25L02, Thorlabs) and subsequently outcoupled with a 6.24 mm aspheric lens 

(A110TM-A, Thorlabs). For fluorescence excitation, a 488 nm diode laser (Lasertack, Germany) 

�Z�D�V���F�R�X�S�O�H�G���L�Q�W�R���D�������������P��× �����������P���V�T�X�D�U�H���P�X�O�W�L�P�R�G�H���I�L�E�U�H�����0�������/���������7�K�R�U�O�D�E�V�����D�Q�G���R�X�W�F�R�X�S�O�H�G��

with a 20x, 0.40 NA air objective (RMS20X, Thorlabs). Light outcoupled from both fibres were 

combined along the same illumination path with a long-pass dichroic mirror (DMLP567, Thorlabs) 

and relay imaged onto the sample plane formed by a 1.46 NA oil immersion objective (APON 

60XOTRIF, Olympus, Japan) via a 1:1 imaging system, composed of two 300 mm achromatic 

doublet lenses (AC508-300A, Thorlabs). Under this optical arrangement, the label-free channel 

was illuminated with a flat-top profile of 89.5 ���P�� �G�L�D�P�H�W�H�U�� �D�Q�G�� �1�$illumination = 0.5; whereas the 

fluorescence channel was illuminated with a square flat-�W�R�S���S�U�R�I�L�O�H�����������P���L�Q���O�H�Q�J�W�K�� 
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For the imaging arm, light collected from the sample by the objective and reflected off the 

50:50 beamsplitter was first filtered by a multibandpass fluorescence filter (87-244, Edmund 

Optics, UK) and subsequently imaged onto a scientific CMOS camera (C11440-�����&�8���� �������� ���P��

pixels, Hamamatsu, Japan) using a 300 mm achromatic doublet (AC508-300A, Thorlabs) 

resulting in a 100x magnification. The sample was mounted on a motorized XY microstage (Mad 

City Labs, USA) equipped with linear encoders, as well as a XYZ nanostage (Nano-LP200, Mad 

City Labs). The sample focus position was stabilised to within 10 nm using the backreflection from 

670 nm misaligned confocal beam with a low numerical aperture of illumination (CPS670F, 

Thorlabs). 

 

 

Figure A 3.9. Single -particle molecular finger printing and colocalization quantification of HEVs . 

�1�D�W�L�Y�H���0�6�&���(�9�V���P�L�[�H�G���D�W���D���S�D�U�W�L�F�O�H���Q�X�P�E�H�U���U�D�W�L�R���R�I�����������Z�L�W�K���)�$�0���V�L�5�1�$���O�R�D�G�H�G�����1���3�����������/�&�1�3�V���D�I�W�H�U��������
�P�L�Q���R�I���L�Q�F�X�E�D�W�L�R�Q���D�W���������ƒ�&�������$�����5�H�S�U�H�V�H�Q�W�D�W�L�Y�H���E�L�Y�D�U�L�D�W�H���G�R�W���S�O�R�W�V���I�R�U���D�O�O���W�K�H���F�R�O�R�F�D�O�L�]�H�G���S�D�U�W�L�F�O�H���V�L�J�Q�D�O�V���R�I��
�(�9�V���D�Q�G���+�(�9�V���L�P�P�R�E�L�O�L�]�H�G���G�X�U�L�Q�J���D�Q���L�P�P�X�Q�R�D�I�I�L�Q�L�W�\���S�X�O�O�G�R�Z�Q���D�V�V�D�\���D�Q�G���H�[�S�U�H�V�V�L�Q�J���W�K�H���U�H�V�S�H�F�W�L�Y�H���W�D�U�J�H�W��
�P�H�P�E�U�D�Q�H���S�U�R�W�H�L�Q�����&�'�������R�U���&�'���������7�K�H���I�U�D�F�W�L�R�Q���R�I���I�O�X�R�U�H�V�F�H�Q�W�����J�U�H�H�Q�����D�Q�G���Q�R�Q���I�O�X�R�U�H�V�F�H�Q�W���S�D�U�W�L�F�O�H�����R�U�D�Q�J�H����
�S�R�S�X�O�D�W�L�R�Q�V���D�U�H���L�Q�G�L�F�D�W�H�G���E�\���W�K�H�L�U���U�H�V�S�H�F�W�L�Y�H���F�R�O�R�U�V�������%�����5�H�S�U�H�V�H�Q�W�D�W�L�Y�H���E�L�Y�D�U�L�D�W�H���G�R�W���S�O�R�W�V���R�I���W�K�H���I�O�X�R�U�H�V�F�H�Q�W��
�D�Q�G�� �Q�R�Q���I�O�X�R�U�H�V�F�H�Q�W�� �S�D�U�W�L�F�O�H�� �S�R�S�X�O�D�W�L�R�Q�V�� �I�R�U�� �/�&�1�3�V�� �D�Q�G�� �+�(�9�V�� �E�R�X�Q�G�� �Q�R�Q���V�S�H�F�L�I�L�F�D�O�O�\�� �W�R�� �W�K�H�� �V�X�U�I�D�F�H����
�U�H�V�S�H�F�W�L�Y�H�O�\�����)�R�U���W�K�H���V�D�N�H���R�I���F�O�D�U�L�W�\�����W�K�H���Q�X�P�E�H�U���R�I���S�D�U�W�L�F�O�H�V���L�Q���H�Y�H�U�\���E�L�Y�D�U�L�D�W�H���S�O�R�W���K�D�V���E�H�H�Q���G�R�Z�Q���V�D�P�S�O�H�G��
�E�\���D���I�D�F�W�R�U���R�I�������� 
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Detailed description of the image processing pipeline for the molecular fingerprinting 

assay:  

Image processing and colocalization quantification:  label-free images were first 

normalised to the average camera counts in the background. Next, the normalised label-free 

images were flat-field corrected, by division, to remove inhomogeneities attributed to the optical 

system and sample illumination. Diffraction-limited spots were segmented from the image based 

on their local SNR ratio. Namely, only diffraction-limited spots satisfying the following two 

selection criteria were considered, a) pixel-based: positive for all pixels exceeding a SNR 

threshold of 3.5; and b) clustering-based: positive if there were a minimum of 4 pixels exceeding 

the SNR threshold within a 3 × 3 pixel2 area. The resulting positively identified diffraction-limited 

spots were subsequently localised with sub-pixel precision using the radial symmetry centres 

algorithm where the lateral position, signal contrast and the integrated signal contrast, were stored 

for further processing. Total particle counts captured during the immunoaffinity assay were 

determined by taking the difference between the sample and reference scans. Finally total particle 

counts for all markers were normalised to the counts of CD73+ samples. 

To correlate the fluorescence signal to the label-free one from an identified particle, the 

fluorescence images were first flat-field corrected, by subtraction, to remove background counts 

and inhomogeneities in the illumination. Next, the region of interests corresponding to particle 

signatures in the label-free channel were colocalized in the fluorescence image. The region of 

interest was to 9 × 9 pixel2 from which the total fluorescent counts were determined. Only particles 

with fluorescent counts at least 3 standard deviations greater than the background fluorescence 

were assigned as positively fluorescently labelled (fluorescent fraction). The loading efficiency 

was then computed as the ratio of the fluorescent fraction to the total number of particles identified 

in the label-free channel. 
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Figure A 3.10. Protection of exogenous and endogenous intraluminal NA cargo from nuclease 
degradatio n. 

(A) Scheme of the Broccoli RNA aptamer retention assay. Broccoli aptamer-loaded HEVs are treated with 
���������5�1�D�V�H���$�����������J���P�/�����L�Q���W�K�H���S�U�H�V�H�Q�F�H���R�I���W�K�H�����������D�S�W�D�P�H�U-selective dye DFHBI-���7�������������0�������%�U�R�F�F�R�O�L���W�K�D�W���L�V��
released from HEVs/LCNPs will be degraded and is unable to interact with the dye. DFHBI-1T molecules 
can cross membranes and bind to intraluminal Broccoli protected from RNase-mediated degradation. The 
interaction of DFHBI-1T and Broccoli leads to an increase of the fluorescence signal in situ. (B) Broccoli 
�I�O�X�R�U�H�V�F�H�Q�F�H���V�L�J�Q�D�O���Z�L�W�K���R�U���Z�L�W�K�R�X�W���5�1�D�V�H���$���D�V�V�H�V�V�H�G���R�Y�H�U���������K���D�W���������ƒ�&�����$���W�R�W�D�O���D�P�R�X�Q�W���R�I�������������J���%�U�R�F�F�R�O�L��
loaded in HEVs/LCNPs and naked Broccoli are compared in the assay (n = 3). Data is expressed as mean 
+ s.d. of n independent experiments. (C) Representative gel image from the TapeStation experiment 
performed with endogenous RNA isolated from EVs and HEVs that were hybridized with empty LCNPs at 
a particle number ratio 1:1 (pH 7.4 and 30 min at 37 °C). All formulations were incubated for 1 h at 37 °C 
�Z�L�W�K���5�1�D�V�H���$�� ������ ���J���P�/������Empty LCNPs alone are shown as the background control. (D) Overlay of the 
electropherograms from the TapeStation experiment. 

 



 

125 
 

 

Figure A 3.11. Cell viability after LCNP treatme nt.  

Cell viability was assessed after incubating various concentrations of LCNPs (from 12.5 to 200 µg/mL) with 
HeLa cells for (A) 4 and (B) 48 h (n = 3). LCNPs were either unloaded or loaded with siRNA (N/P 25). PBS 
and 1% (v/v) TritonTM X-100 were used as a negative and positive controls, respectively. Data is expressed 
as mean + s.d. of n independent experiments (n = 3). Statistical significance was calculated from an ordinary 
one-way ANOVA with Tukey�¶s post-hoc test; ****p < 0.0001. 
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Figure A 3.12. Qualitative assessment of Cy5 -siRNA -loaded LCNP and HEV uptake by confocal 
microscopy.  

The panel shows the three different imaging channels (from left to right): nucleus (cyan), actin (gray), Cy5-
siRNA (magenta) and the merged image. HeLa cells were treated for 4 h with Cy5-siRNA-loaded LCNPs 
(N/P 25) and HEVs (100 nM Cy5-siRNA/well). Naked Cy5-siRNA and PBS serve as treatment controls. 
The confocal images corroborate the quantitative results from FACS analysis (Figure 3.8A ). Scale bars 
�D�U�H�����������P�� 
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Figure A3.13. Qualitative assessment of GFP expression by live -cell fluorescence microscopy.  

The panel pair shows the GFP fluorescence (left) and the phase contrast (right) images of HeLa-GFP cells 
treated with various siRNA-loaded LCNP (N/P 25) and HEV formulations (10 nM siRNA/well) and the 
RNAiMAX control at 8 and 80% (v/v) serum conditions. Images were taken 48 h after sample addition. The 
fluorescence images corroborate the quantitative results from flow cytometry experiments (Figure 3.9 ). 
�6�F�D�O�H���E�D�U�V���D�U�H�������������P����The phase contrast image of the PBS-treated sample (80%, v/v serum) is slightly 
shifted.  
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Table A3.1. �&�K�D�U�D�F�W�H�U�L�V�W�L�F�V���R�I���X�V�H�G���1�$�V�� 

 

 

Table A3.2. List of antibodies for western blotting . 
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Table A3.3. �0�D�Q�X�D�O���W�K�U�H�V�K�R�O�G���V�H�W�W�L�Q�J�V���I�R�U���1�D�Q�R�)�&�0���H�[�S�H�U�L�P�H�Q�W�V�� 

 

 

Chapter 4  

 

 

Figure A 4.1. Calregulin west ern blot analysis.   

Western blot profile of calregulin for the 32 different experimental points and the center point (CP). The 
panel shows the different western blot profiles of cellular impurity marker calregulin (55 kDa). All blots were 
probed for GAPDH (37 kDa) as a normalization marker. Experimental points 10-12 were additionally 
performed as triplicate plots to account for blot-to-blot variability and one representative blot is shown. 
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Figure A 4.2. Cell growth of the HS -5 cells on different microcarrier materials.  

Cell growth profile of HS-5 cells on different microcarrier materials. (A) MTS absorbance of HS-5 cells 
cultured on different microcarrier materials was assessed over a time scale of seven days. (B) Live cell 
counts were determined over a time scale of seven days. Data represent mean + SD, N = 3. Significance 
was calculated with an ordinary two-way ANOVA followed by a post-hoc Tukey�¶s multiple comparison test, 
*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. 

 

Cell growth assessment on different microcarrier materials:  to assess the attachment 

on different microcarrier materials, cells were cultured in a similar fashion as described in Chapter 

4.2.2. However, some alterations to the culture setup were made: cells were cultured under static 

conditions in a total volume of 6 mL in Ultra-Low Attachment 6-well plates (Corning, USA) for 

seven consecutive days with half medium changes performed every other day after 72 h of 

culture. The growth rate was determined by live-cell counting with a hemocytometer and MTS 

assay as described in Chapter 4.2.3 .  
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Figure A 4.3. B�L�Y�D�U�L�D�W�H���S�O�R�W�V���L�Q�G�L�F�D�W�L�Q�J���W�K�H���S�D�L�U�Z�L�V�H���Y�D�U�L�D�W�L�R�Q���E�H�W�Z�H�H�Q���W�K�H���S�U�R�F�H�V�V���S�D�U�D�P�H�W�H�U�V���L�Q���W�K�H���³�,�Q�L�W�L�D�O�´��
round of experiments with the diagonal plots indicating the distribution of the process parameter itself. 

 

 

Figure A4.4. Distribution of the target properties, namely (A) vesicle-to-protein ratio (#/µg), (B) CD73 
activity (U/mg) and (C) �F�D�O�U�H�J�X�O�L�Q���L�Q�W�H�Q�V�L�W�\�����D���X�������R�E�V�H�U�Y�H�G���L�Q���W�K�H���³�,�Q�L�W�L�D�O�´���U�R�X�Q�G���R�I���H�[�S�H�U�L�P�H�Q�W�V���S�O�D�Q�Q�H�G�� 
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Figure A 4.5. Tabulation of the different Design of Experiments (DoE) methodologies, the assumption of 
the response surface, the number of experiments required and a schematic representation of the design 
for 2 factors. 

 

DoE methods �± number of e xperiments calculation:  the number of experiments required 

for each strategy with an example of sampling by the respective algorithm in the two-dimensional 

design space. In the formulae, k denotes the number of design variables (4 in this case). It is 

noted that r in the factorial design correspond to the resolution.  



 

133 
 

 

Figure A 4.6. (A) Coefficients for the linear regression model developed using the collected data where the 
distribution, represented as a box-whisker plot, is obtained from 10 different models developed using 
different subsets of data. (B) Multi-output decision tree analysis for the targets (vesicle-to-protein ratio, 
CD73 activity, and calregulin impurity) to understand the non-linear multivariate interactions present in the 
�G�D�W�D�V�H�W�����7�K�H���D�U�U�R�Z�V���L�Q�G�L�F�D�W�H���L�I���W�K�H���Y�D�O�X�H���R�I���W�K�H���S�U�R�S�H�U�W�\���L�V���K�L�J�K�H�U�����9�����R�U���O�R�Z�H�U�����;�����W�K�D�Q���W�K�H���D�Y�H�U�D�J�H���Y�D�O�X�H��
observed for that property. (C) Parity plots of the experimental observation, and the neural network-based 
two-step model prediction for the in-process control (cell viability) and the targets. The yellow and red dots 
indicate the data points corresponding to the training and test set used for the modeling procedure, 
respectively. 
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Model training procedure for the neu ral network:  a two-step predictive model is 

developed in the work. In the first step, a model is built to predict the in-process control variable 

(viability in this case) from the process parameters, namely the microcarrier concentration, 

seeding density, centrifugation time, and impeller speed. Subsequently, the process parameters 

and the in-process control variable are jointly used to predict the target properties. It is here noted 

that during training the actual data of viability is used to train the model. However, during 

prediction, the two-step model is entirely predictive such that the viability is predicted from the 

process parameters and the predicted value is correspondingly used in the prediction of the target 

properties.  

Firstly, the collected dataset is divided into training and test sets using the standard 80-20% 

train-test split to calibrate and apply the model, respectively. Subsequently, 22 out of the 27 

experiments are used to calibrate the model while 5 experiments are used to assess the predictive 

�F�D�S�D�E�L�O�L�W�L�H�V���R�I���W�K�H���P�R�G�H�O�����,�W���L�V���K�H�U�H���Q�R�W�H�G���W�K�D�W���D�O�O���W�K�H���H�[�S�H�U�L�P�H�Q�W�V���G�H�V�L�J�Q�H�G���L�Q���W�K�H���³�,�Q�L�W�L�D�O�´���U�R�X�Q�G����

�³�5�R�X�Q�G�����´���D�Q�G���³�5�R�X�Q�G�����´���D�U�H���X�V�H�G���L�Q���W�K�H���W�U�D�L�Q�L�Q�J���V�H�W�����7�K�L�V���L�V���E�D�V�H�G���R�Q���W�K�H���K�\�S�R�W�K�H�V�L�V���W�K�D�W���W�K�H��

experiments planned by the MOBBO in the early iterations are intended to capture multi-variate 

interaction in the design space. Subsequently, experiments �S�O�D�Q�Q�H�G���L�Q���W�K�H���O�D�V�W���L�W�H�U�D�W�L�R�Q�����³Round 

��� )́ are used for validating or assessing the predictive capabilities of the model.  

Both the models are based on a single-layer feed-forward neural network with the number of 

nodes being selected using threefold cross-validation. All the nodes use a tanh() activation 

function. For numerical stability, the inputs and outputs are scaled by subtracting the mean and 

dividing by the standard deviation of the training set. Further, to avoid overfitting the training set, 

an early stopping approach is used based on an internal validation set (10% of the training set). 

The in-built neural network package of MATLAB is used for the analysis. The model performance 

is assessed based on the root mean squared error in prediction (RMSEP) which is denoted as 

follows (Eq. (A1)): 

�4�/�5�'�2 
L��
¨
�Ã �:�É�å�â�ã�Ø�å�ç�ì�Ô

�Ú�Í�Þ�?���É�å�â�ã�Ø�å�ç�ì�Ô
�Û�Ý�Ð�Ï�;�.

�¿�Ú�Í�Þ
�Ô�8�-

�Ç�Ú�Í�Þ
               (Eq. A1) 

 

Model application:  we first studied the main effects of the different process parameters on 

the respective target properties. Figure A4.6A  summarizes the coefficient of the linear model 

using the process parameters to regress the target properties. Here the distribution of coefficients 



 

135 
 

represents the coefficient of multiple linear models (10 in this case) developed using different 

subsets of the collected data. Such a representation allows the analysis of statistically significant 

correlations between the process parameter and the target properties. Correspondingly, if a 

distribution spans across zeros, then the respective process parameter has a statistically 

inconclusive correlation with the target properties. 

Furthermore, we used a non-linear model (namely, the decision trees) to perform explanatory 

data analysis and draw insights into the multivariate interactions in the considered design space. 

Figure A4.6B  summarizes the multi-output decision tree built for the three targets: vesicle-to-

protein ratio, CD73 activity, and calregulin impurity. The different colored leaf nodes indicate 

different combinations of the target properties, and the arrows are used to symbolically show if 

the value of the property is higher (�9) or lower (�;) than the average value observed for that 

property. Subsequently, higher centrifugation time and lower microcarrier concentration result in 

the favorable scenario of high vesicle-to-protein ratio, high CD73 activity, and low impurity (green 

node). In contrast, if the microcarrier concentration is higher, it results in the unfavorable outcome 

of low vesicle-to-protein ratio, low CD73 activity, and high impurity (rose node). On the other hand, 

when the centrifugation time is lower, one of the two is achieved, (i) higher vesicle-to-protein ratio 

and CD73 activity (brown node), or (ii) lower amounts of impurities (blue node). However, the 

former correspondingly also results in higher amounts of impurities, and the latter results in a 

lower vesicle-to-protein ratio (and CD73 activity). These effects of centrifugation time and 

microcarrier concentration indicates that the process parameters have a multivariate interaction 

and different combinations of process parameter correlate to different target properties. 
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Table A 4.1. Material list.  

Name Supplier  Catalog No.  

Chemicals    

Acrylamide/Bis-acrylamide (30% solution) Bio-Rad, USA  1610156 
Ammonium molybdate tetrahydrate  ABCR GmbH, Germany  AB108695 
AMP (Adenosin-5�¶-monophosphate) Thermo, USA  10162220 
Ammonium persulfate Sigma, USA A3678 
beta-Mercaptoethanol Sigma,USA M6250 
Bromphenol blue Thermo, USA 032641-03 
�F�2�P�S�O�H�W�H�Œ���3�U�R�W�H�D�V�H���,�Q�K�L�E�L�W�R�U���&�R�F�N�W�D�L�O Roche, Switzerland 4693132001 
EDTA (ethylenediaminetetraacetic acid) AppliChem GmbH, Germany A5097.0500 
Glycerol 99% ABCR GmbH, Germany AB113718 
Malachite green Bender & Hobein AG, 

Switzerland 
- 

PMSF (phenylmethanesulfonyl fluoride)  Sigma, USA 78830 
SDS (sodium dodecyl sulfate) Sigma, USA  71729 
Skim milk powder Sigma, USA 70166 
Sodium chloride Sigma, USA  S3014 
Sodium fluoride Sigma, USA  201154 
Sodium vanadate Sigma, USA S6508 
TEMED (tetramethylethylenediamine) Thermo, USA AC13845050 
Tris base Sigma, USA T1503 
TritonTM X-100 Sigma, USA  X100 
Tween® 20 Sigma, USA P9416 

Cell culture    

Corning® Collagen Coated Microcarriers Corning, USA 3786 
Corning® Enhanced Attachment 
Microcarriers 

Corning, USA 3779 

Corning® Low Concentration Synthemax® II 
Microcarriers, 

Corning, USA 3781 

Cytodex® 1 Microcarriers GE Healthcare, USA 17044801 
Cytodex® 3 Microcarriers  GE Healthcare, USA 17048501 
DMEM, high glucose, GlutaMAXTM 
supplement, pyruvate 

Thermo, USA 31966021 

DMEM, high glucose, no glutamine, no 
phenol red 

Thermo, USA 31053028 

Fetal bovine serum (FBS), qualified, Brazil Thermo, USA 10270106 
�*�O�X�W�D�0�$�;�Œ���V�X�S�S�O�H�P�H�Q�W Thermo, USA 35050061 
HEPES (4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid) (1 M sol.) 

Thermo, USA 15630080 

PBS (Phosphate-buffered saline) (pH 7,4) Thermo, USA 10010023 
Penicillin-Streptomycin (10,000 U/mL) Thermo, USA  15140122 
Trypan blue solution (0.4%) Sigma, USA  93595 
Sodium pyruvate (100 mM) Thermo, USA 11360070 

Kits    

CellTiter 96® AQueous One Solution Cell 
Proliferation Assay (MTS) 

Promega, USA G3582 

Micro BCATM Protein Assay Kit Thermo, USA 23235 
MycoAlert® Mycoplasma Detection Kit Lonza, Switzerland LT07-118 
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Table A 4.2. Antibody list.  

Name Dilution 
(v/v)  

Supplier  Catalog No.  

Goat anti-mouse Immunoglobulins/HRP 1:2000 Dako Denmark A/S, 
Denmark 

P0447 

Mouse anti-human Calregulin 1:500 Santa Cruz Biotechnology, 
USA 

sc-373863 

Mouse anti-human CD9 1:200 Santa Cruz Biotechnology, 
USA 

sc-13118 

Mouse anti-human CD63 1:500  Santa Cruz Biotechnology, 
USA 

sc-5275 

Mouse anti-human CD73  1:500  Santa Cruz Biotechnology, 
USA 

sc-32299 

Mouse anti-human GAPDH 1:1000 Santa Cruz Biotechnology, 
USA 

sc-47724 

Mouse anti-human Grp94  1:200  Santa Cruz Biotechnology, 
USA 

sc-393402 

Mouse anti-human TSG101 1:200  Santa Cruz Biotechnology, 
USA 

sc-7964 

 

Table A 4.3. Summary of the model performance compared to the analytical error and the 
maximum measurement error observed for the respective target prope rties.             
RMSEP: Root mean square error in prediction 

 Vesicle -to-protein ratio 

(#/µg) 

CD73 activity 

(U/mg)  

Calregulin intensity 

(a.u.) 

Analytical Error  2.32 × 108 1.66 1.49 × 106 

Max Std Measurement  9.83 × 108 6.53 1.10 × 106 

RMSEP 1.23 × 109 4.71 5.50 × 106 
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ABBREVIATIONS  
 

AFM Atomic force microscopy 

AGO2 Argonaute-2 

AIEX  Anion-exchange chromatography 

ALC-0315 ((4-hydroxybutyl)azanediyl)bis(hexane-6,1-diyl)bis(2-hexyldecanoate) 

ALIX  Apoptosis-linked gene 2-interacting protein X 

ALYREF Aly/RNA export factor 

AMP Adenosine monophosphate 

ANOVA Analysis of variance 

APC Allophycocyanin 

APCP Adenosine 5�¶-���.����-methylene)diphosphate 

ARF6 ADP-ribosylation factor 6 

ARRDC1 Arrestin domain-containing protein 1 

BACE1 Beta-secretase 1 

Biotinyl Cap PE  1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine-N-(cap biotinyl) 

BMEV Bovine milk-derived EV 

BO Bayesian optimization 

bp Base pair 

BSA Bovine serum albumin 

BSG Basigin 

CaCl2 Calcium chloride 

CaP-NP Calcium phosphate nanoparticle 

Cas9 CRISPR-associated protein 9 

CD Cluster of differentiatio 

CFSE Carboxyfluorescein succinimidyl ester 

CHMP Charged multivesicular body protein 

CIBN Calcium and integrin-binding protein 1 (N-terminal region)  

CMOS Complementary metal�±oxide�±semiconductor 

COL1A1  Collagen type I  

COVID-19 Coronavirus disease 2019 

CPP Critical packing parameter 

CRISPR Clustered regularly interspaced short palindromic repeats 

CRY2 Cryptochrome-2 

Cryo -TEM Cryogenic transmission electron microscopy 
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CXCR4 CXC chemokine receptor type 4 

Cy5 Cyanine 5 

DAC Dual asymmetric centrifugation 

DFHBI (Z)-4-(3,5-difluoro-4-hydroxybenzylidene)-1,2-dimethyl-1H-imidazol-5(4H)-one 

DLinDMA  1,2-dilinoleyloxy-dimethyl-3-aminopropane 

DLin -KC2-DMA 2,2-dilinoleyl-4-dimethylaminoethyl-[1,3]-dioxolane 

DLin -MC3-DMA Heptatriaconta-6,9,28,31-tetraen-19-yl 4-(dimethylamino)butanoate 

DLS Dynamic light scattering  

DMEM Dulbecco�¶s Modified Eagle Medium 

DMG-PEG 1,2-dimyristoyl-rac-glycero-3-methoxypoly(ethylene glycol) 

DNA Deoxyribonucleic acid 

DNP Dynamic nuclear polarization 

DODAP 1,2-dioleoyl-3-dimethylammonium-propane 

DODMA ���������G�L�R�O�H�\�O�R�[�\�������G�L�P�H�W�K�\�O�D�P�L�Q�R�S�U�R�S�D�Q�H 

DoE Design of Experiments 

DOPC 1,2-dioleoyl-sn-glycero-3-phosphocholine 

DOPE 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine 

DOTAP 1,2-dioleoyl-3-trimethylammonium-propane 

DOTMA 1,2-di-O-octadecenyl-3-trimethylammonium propane 

DPBS Dulbecco�¶s phosphate buffered saline 

DPP4 Dipeptidyl peptidase-4 ( 

DPPC 1,2-dipalmitoyl-sn-glycero-3-phosphocholine 

DRV Dehydration-rehydration vesicles 

dsDNA  Double stranded deoxyribonucleic acid 

DSPC 1,2-distearoyl-sn-glycero-3-phosphocholine 

DTT Dithiothreitol 

ED50 Median effective dose  

EDTA Ethylenediaminetetraacetic acid 

EE Encapsulation efficiency 

EGFRvIII Epidermal growth factor receptor variant III 

EM Electron microscopy 

EMSA Electrophoretic mobility shift assay 

EpCAM Epithelial cell adhesion molecule 

ESCRT Endosomal sorting complexes required for transport 

EV Extracellular vesicle 

FAM Fluorescein amidite 

FBS Fetal bovine serum 
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FDA Food and drug administration 

FITC Fluorescein isothiocyanate 

FKBP FK506-binding protein 

FLuc  Firefly luciferase 

FRB FKBP12-rapamycin binding domain 

FUS Fused in sarcoma protein 

Gal8 Galectin-8 

GAPDH Glyceraldehyde 3-phosphate dehydrogenase 

GFP Green fluorescent protein 

GM Ganglioside 

GM130 Golgi matrix protein 130 

GMP Guanosine-5�¶-monophosphate 

GP Gaussian process 

Grp94 Glucose-regulated protein 94 

hATTR Hereditary transthyretin-induced amyloidosis 

HCl Hydrogen chloride 

HEBS HEPES-buffered saline 

HEK Human embryonic kidney cell 

HEPES 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid 

HEV Hybrid extracellular vesicle 

HFBR Hollow fiber bioreactor 

hnRNPA2B1  Heterogeneous nuclear ribonucleoproteins A2/B1 

HPLC High-performance liquid chromatography 

HRP Horseradish peroxidase 

HRS Hepatocyte receptor tyrosine kinase substrate 

HSP60 Heat shock protein (60 kDa) 

HSPA8 Heat shock protein member 8 

HuR Human antigen R 

ICAM Intercellular adhesion molecule 

ICH 
International council for harmonisation of technical requirements for 

pharmaceuticals for human use 

IgG Immunoglobulin G 

ILV Intraluminal vesicles  

K2HPO4 Dipotassium phosphate 

KCl  Potassium chloride 

KH2PO4 Potassium dihydrogen phosphate 

KOH Potassium hydroxide 
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L319 di((Z)-non-2-en-1-yl) 9-((4-(dimethylamino)butanoyl)oxy)heptadecanedioate 

LAMP Lysosomal-associated membrane protein 

LC-MS Liquid chromatography�±mass spectrometry 

LCNP Liquid crystalline lipid nanoparticle 

LED Light-emitting diode 

LLC Lyotropic liquid crystal 

LNA ASO  Locked nucleic acid antisense oligonucleotide 

LNP Lipid nanoparticle 

LUV Large unilamellar vesicle 

MEM Minimum essential medium 

MFI Mean/median fluorescence intensity 

MgCl 2 Magnesium chloride 

MHC Major histocompatibility complex 

miRNA  Micro ribonucleic acid 

MISEV Minimal information for studies of extracellular vesicles 

ML Machine learning 

MLV Multilamellar vesicle 

MOBBO Multi-objective batch Bayesian optimization 

MOE 2�¶-O-methoxyethyl 

mRNA Messenger ribonucleic acid 

MSC Mesenchymal stem cell 

MVB Multivesicular body 

N/P Nitrogen-to-phosphate ratio 

NA Nucleic acid  

Na2HPO4 Disodium phosphate 

Na3VO4 Sodium orthovanadate 

NaCl Sodium chloride  

NaF Sodium fluoride 

NanoFCM Nano-flow cytometry 

NaOH Sodium hydroxide 

NEAA Non-essential amino acids 

NHDF Normal human dermal fibroblasts 

NMR Nuclear magnetic resonance 

NP Nanoparticle 

NTA Nanoparticle tracking analysis 

nts  Nucleotides 

OFAT One-factor-at-a-time 
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PB Pacific blue 

PBS Phosphate buffered saline 

PDI Polydispersity index 

PD-L1 Programmed death-ligand 1 

PDMS Polydimethylsiloxane 

pDNA Plasmid deoxyribonucleic acid 

PEG Poly(ethylene glycol) 

PEI Poly(ethylene imine) 

PFA Paraformaldehyde 

PLD2 Phospholipase D2 

PLGA Poly(lactic-co-glycolic acid) 

PMSF Phenylmethanesulfonyl fluoride 

POPC 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine 

PTGFRN Prostaglandin F2 receptor negative regulator  

QbD Quality by Design 

QCM-D Crystal microbalance with dissipation monitoring 

qPCR Quantitative polymerase chain reaction 

Rab Ras-related in brain 

REV Reverse-phase evaporation 

RMSEP Root mean square error in prediction 

RNA Ribonucleic acid 

rRNA Ribosomal ribonucleic acid 

SALP Stabilized-antisense lipid particle 

SANS Small-angle neutron scattering 

SARS-CoV-2 Severe acute respiratory syndrome coronavirus 2 

SAXS Small-angle X-ray scattering 

SDS Sodium dodecyl sulfate 

SEC Size exclusion chromatography  

SELEX Systematic evolution of ligands by exponential enrichment 

sgRNA  Small guide ribonucleic acid 

siRNA  Small interfering ribonucleic acid 

SLC3A2  Solute carrier family 3  

SLS Static light scattering 

SM-102 
Heptadecan-9-yl 8-((2-hydroxyethyl)(6-oxo-6-

(undecyloxy)hexyl)amino)octanoate 

SNALP Stabile nucleic acid lipid particle 

SNR Signal-to-noise ratio 
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SOPC 1-stearoyl-2-oleoyl-sn-glycero-3-phosphocholine 

SPLP Stabilized plasmid lipid particle 

ssDNA  Single stranded deoxyribonucleic acid 

TAE Tris/acetate/EDTA buffer 

Tat Trans-activator protein 

TBE Tris/borate/EDTA buffer 

TBS Tris-buffered saline  

TE Transfer efficiency 

TEM Transmission electron microscopy 

TEMED Tetramethylethylenediamine 

TFF Tangential flow filtration 

Tris  Tris(hydroxymethyl)aminomethane 

tRNA Transfer ribonucleic acid 

TSG101 Tumor susceptibility gene 101 

TSPAN Tetraspanin 

U1A U1 small nuclear ribonucleoprotein A 

UC Ultracentrifuge 

UF Ultrafiltration 

UTR Untranslated region 

VEGF Vascular endothelial growth factor 

VPS Vacuolar protein sorting 

VSV-G Vesicular stomatitis virus G glycoprotein 

111indium -DTPA Diethylenetriaminepentaacetic acid complex with 111indium 



 

144 
 

CURRICULUM VITAE 
 

Johannes Josua Bader  

Born 24th of December 1994 in Munich, Germany 

Freiestrasse 38, 8032 Zurich 

Email: johannes.bader@pharma.ethz.ch  

 

Education  

 

Professional Experience  

10/2019 �± 02/2024 

Doctoral Studies in Pharmaceutical Sciences  

ETH Zurich, Switzerland 

Supervisor: Prof. Jean-Christophe Leroux  
  

10/2016 �± 09/2019 
Master of Sci ence in Pharmaceutical Sciences  

LMU Munich, Germany 
  

10/2013 �± 09/2016 
Bachelor of Science in Pharmaceutical Sciences  

LMU Munich, Germany 

10/2019 �± 02/2024 
Research and Teaching Assistant, Drug Formulation & 

Delivery Group, ETH Zurich, Switzerland 

  

03/2019 �± 06/2019 
Internship at Kobe Pharmaceutical Research Institute (KPRI), 

Nippon Boehringer Ingelheim Co., Ltd., Kobe, Japan 
  

05/2018 �± 11/2018 

Master Thesis at Boehringer Ingelheim Pharma GmbH & Co. 

KG, Biberach an der Riß, Germany 

Supervisor: Prof. Olivia Merkel 



 

145 
 

 

List of Publications  

 

J. Bader, P. Rüedi, V. Mantella, F. Brigger, S. Geisshüsler, B. Qureshi, J. Ortega Arroyo, R 
Quidant, E. Montanari, J.-C. Leroux 

Loading of extracellular vesicles with nucleic acids via hybridization with sponge-like lipid 
nanoparticles 

In preparation (Chapter 3 ) 

 

J. Bader, H. Narayanan, P. Arosio, J.-C. Leroux 

Improving extracellular vesicles production through a Bayesian optimization-based experimental 
design 

Eur J Pharm Biopharm. 2023, DOI: 10.1016/j.ejpb.2022.12.004 (Chapter 4 ) 

 

V. Krivitsky, A. Krivitsky, V. Mantella, M. Ben-Yehuda Greenwald, D. Siva Sankar, J. Betschmann, 
J. Bader, N. Zoratto, K. Schreier, S. Feiss, D. Walker, J. Dengjel, S. Werner, J.-C. Leroux 

Ultrafast and controlled capturing, loading, and release of extracellular vesicles by a portable 
microstructured electrochemical fluidic device 

Adv Mater. 2023, DOI: 10.1002/adma.202212000 

 

B.F. Hettich, J.J. Bader, J.C.-Leroux 

Encapsulation of hydrophilic compounds in small extracellular vesicles: loading capacity and 
impact on vesicle functions 

Adv Healthc Mater. 2022, DOI: 10.1002/adhm.202100047 

 

10/2017 �± 04/2018 

Internship at the Center for Drug Delivery and Nanomedicine, 

University of Nebraska Medical Center (UNMC), Omaha, USA 

Supervisor: Prof. David Oupicky  
  

11/2016 �± 10/2017 

Graduate Scientific Assistant at the Chair of Pharmacology for 

Natural Sciences, LMU Munich, Munich, Germany  

Supervisor: Prof. Stylianos Michalakis 



 

146 
 

Y. Xie, Y. Hang, Y. Wang, R. Sleightholm, D. R Prajapati, J. Bader, A. Yu, W. Tang, L. Jaramillo, 
J. Li, R. K Singh, D. Oupický 

Stromal modulation and treatment of metastatic pancreatic cancer with local intraperitoneal triple 
miRNA/siRNA nanotherapy 

ACS Nano. 2020, DOI: 10.1021/acsnano.9b03978  

 

List of Presentations  

 

J. Bader, P. Rüedi, V. Mantella, F. Brigger, J. Ortega Arroyo, R Quidant, E. Montanari, J.-C. 
Leroux 

Semi-synthetic hybridized extracellular vesicles (HEVs) for nucleic acid delivery 

Oral Presentation , Internal SKINTEGRITY.CH Annual Retreat, Spiez, Switzerland, June 2023 

 

J. Bader, E. Montanari, V. Mantella, F. Brigger, J.-C. Leroux. 

Exogenous loading of nucleic acids into extracellular vesicles 

Poster Presentation , ISEV Annual Meeting, Seattle, USA, May 2023 

 

J. Bader, P. Rüedi, V. Mantella, F. Brigger, J. Ortega Arroyo, R Quidant, E. Montanari, J.-C. 
Leroux 

A novel strategy to load extracellular vesicles with nucleic acids 

Oral Presentation , Doktorandentag, Zurich, Switzerland, February 2023 

 

J. Bader, F. Brigger, J.-C. Leroux 

An unexpected journey: the exogenous loading of extracellular vesicles with nucleic acids 

Poster Presentation , ESCDD Symposium, Egmond aan Zee, Netherlands, April 2022 

J. Bader, F. Brigger, J.-C. Leroux 

Loading of nucleic acids into extracellular vesicles �± what is possible? 

Oral Prese ntation , Galenus NanoGVA Symposium, Geneva, Switzerland, October 2021 

 

J. Bader, J.-C. Leroux 



 

147 
 

Loading of nucleic acids into extracellular vesicles �± what is possible? 

Poster Presentation , MaP Graduate Symposium, Zürich, Switzerland, July 2021 

 

B.F. Hettich, J. Bader, J.-C. Leroux 

Engineering hMSC exosomes with improved anti-inflammatory properties 

Oral Presentation , �5�H�V�H�D�U�F�K�H�U�¶�V���'�D�\����PRC Heidelberg, Zoom, January 2021 

  



 

148 
 

ACKNOWLEDGMENTS 
 

First and foremost I would like to extend my sincere gratitude to Prof. Jean-Christophe Leroux 

for his supervision and guidance throughout my PhD journey. I�¶m especially grateful for your open 

office door, which welcomed both scientific discussions and the not-so scientific ones. Your ability 

to respond to emails within seconds and your seemingly boundless energy have always amazed 

me. You�¶re truly an inspirational scientist. 

A special thanks goes to Prof. Angela Steinauer for being my second advisor and for her 

mentorship during the difficult times. I am deeply grateful for your scientific input and for 

introducing me to the RNA world. I always enjoyed our coffee breaks on Wednesdays with good 

coffee from Miró (special thanks for keeping me caffeinated) and I wish you all the best for your 

future endeavors at EPFL.  

There are many talented people that I had the privilege to work with over the past 4 years. 

Each one made a significant contribution to this project. Good science thrives on teamwork, and 

I�¶m grateful for all of you who chose to collaborate with me and support the progress of this project. 

First, I would like to thank Dr. Britta Hettich for her guidance at the start of my PhD journey. 

Britta�¶s pioneering work laid the groundwork for subsequent generations of EV researchers, and 

without her contributions, this project would not have been successful.  

I would like to thank my three Master students, Finn Brigger (I am happy that you continue 

�\�R�X�U���(�9���F�D�U�H�H�U�«���W�K�D�W�¶s a good sign for a supervisor), Jasmin Maier and Johanna Lückel for their 

help and dedication towards the project. I was fortunate to have three talented students alongside 

me, each with a pleasant character. Working with all of you was truly enjoyable. 

Grazie mille to Dr. Valeria Mantella and Dr. Elita Montanari for their invaluable help with the 

physicochemical characterization in Chapter 3 . The SAXS measurements played a crucial role 

in the success of our project, and I�¶m grateful, Valeria, for your expertise in X-ray analytics, which 

helped us address key questions. Your presence always brought a touch of Calabrian warmth 

and sunshine whenever the Swiss skies turned gray. I�¶ll forever cherish the memories of our 

adventures in Seattle, India, and Hawaii. I wish both of you the best of success in your future 

endeavors.  



 

149 
 

A big thanks to Pascal Rüedi and Dr. Jaime Ortega Arroyo who brought the research in 

Chapter 3  to the next level. I feel privileged to have had the opportunity to collaborate with such 

exceptionally skilled scientists. Pascal, I wish you the greatest success in your PhD journey; I 

have no doubt you will excel. Jaime, I�¶m looking forward to see your future accomplishments and 

read your articles. You are an exceptional scientist, and I look forward to the possibility of 

collaborating with you again someday. 

I would also like to thank the amazing team at ScopeM, Stephan Handschin, Miroslav Peterek 

and Dr. Bilal Qureshi for their electron microscopy work. You made the invisible visible, and your 

contributions were instrumental to the success of this project. In this regard, I would also like to 

thank Silvana Geisshüsler for performing the fluorescence microscopy measurements.  

I am particularly grateful to Dr. Harini Narayanan and Prof. Paolo Arosio for the great 

collaboration in Chapter 4 . Working with you, Harini, has been an absolute pleasure. Your 

exceptional talent and intellect have been truly inspiring. I am especially thankful for your guidance 

and help with scientific writing. 

I want to extend my gratitude to some wonderful individuals I have had the privilege to meet 

and, whose scientific expertise has been very helpful. Firstly, I would like to thank Dr. Michael 

Burger for being an amazing colleague and friend. Whenever I had a question, Michi, you were 

always willing to help and brainstorm. I really appreciate you. I would also like to express my 

gratitude to Dr. Freideriki Michailidou for her assistance with the RNA work. Additionally, I extend 

my sincere appreciation to David Gremmelspacher and Dr. Anna Knörlein for their help in 

analyzing RNA samples. Last but not least I would like to thank Dr. Felix Gloge for his assistance 

with the DLS/SLS measurements.  

I would like to thank the labs of Prof. Klaus Eyer, Prof. Donald Hilvert, Prof. Stefanie Krämer 

and Prof. Nicola Aceto for the use of their equipment. 

My heartfelt gratitude goes to the entire Drug Formulation & Delivery group for their invaluable 

assistance and enriching scientific discussions over the years. Your camaraderie and support 

have been deeply appreciated, and each of you holds a special place in my heart. I am hopeful 

that our paths will cross again in the future. 

People say the PhD is like a rollercoaster ride, well it truly is. It�¶s a journey filled with ups and 

downs, and it�¶s impossible to navigate without the unwavering support of friends and family. I feel 

immensely blessed to have had the most incredible friends and roommates by my side throughout 



 

150 
 

this journey. You all are more than friends; you�¶re family to me. Whether it was cooking for me 

and getting the groceries when I was too busy (most of the times), lifting my spirits when I was 

heartbroken, or simply being there for me when I felt alone, you showed me unwavering love and 

support. Johanna, Simona, Simon, Rebecca, Ramona, Joel, Florian, Johann, Meret, Estefania, 

Tom, and Kathrin, this thesis would not have come to fruition without your support and prayers. I 

am forever grateful.  

Für meine Familie, meine Eltern, Raimund und Claudia, meine Brüder, Simon und Manuel. 

Ihr seid die Besten. Was für ein Privileg euer Sohn/Bruder zu sein. Danke für eure Gebete und 

eure Weisheit. Wo wäre ich ohne euch? Liebe euch sehr! 

To the rock of ages, the strong high tower. To the helper and friend. The good shepherd. I 

will give you all the honor. Everything comes from you and belongs to you. I am more convinced 

now than ever before: you are good God and you are with me! 

  



 

151 
 

BIBLIOGRAPHY 
 

1. Asimov, I., Fantastic Voyage. Bantam Books, 1988.  
2. Bisso, S. and J.C. Leroux, Nanopharmaceuticals: A focus on their clinical translatability. Int J 

Pharm, 2020. 578: p. 119098. 
3. Bertrand, N. and J.C. Leroux, The journey of a drug-carrier in the body: an anatomo-physiological 

perspective. J Control Release, 2012. 161: p. 152-63. 
4. Leroux, J.C., Drug Delivery: Too Much Complexity, Not Enough Reproducibility? Angew Chem Int 

Ed Engl, 2017. 56: p. 15170-15171. 
5. Kulkarni, J.A., et al., The current landscape of nucleic acid therapeutics. Nat Nanotechnol, 2021. 

16: p. 630-643. 
6. Samaridou, E., J. Heyes, and P. Lutwyche, Lipid nanoparticles for nucleic acid delivery: Current 

perspectives. Adv Drug Deliv Rev, 2020. 154-155: p. 37-63. 
7. Servick, K., mRNA's next challenge: Will it work as a drug? Science, 2020. 370: p. 1388-1389. 
8. Mendes, B.B., et al., Nanodelivery of nucleic acids. Nat Rev Methods Primers, 2022. 2: p. 24. 
9. Herrmann, I.K., M.J.A. Wood, and G. Fuhrmann, Extracellular vesicles as a next-generation drug 

delivery platform. Nat Nanotechnol, 2021. 16: p. 748-759. 
10. Cully, M., Exosome-based candidates move into the clinic. Nat Rev Drug Discov, 2021. 20: p. 6-7. 
11. Witwer, K.W. and C. Thery, Extracellular vesicles or exosomes? On primacy, precision, and 

popularity influencing a choice of nomenclature. J Extracell Vesicles, 2019. 8: p. 1648167. 
12. Wolf, P., The Nature and Significance of Platelet Products in Human Plasma. Br J Haematol, 1967. 

13: p. 269-288. 
13. Harding, C., J. Heuser, and P. Stahl, Receptor-mediated endocytosis of transferrin and recycling 

of the transferrin receptor in rat reticulocytes. J Cell Biol, 1983. 97: p. 329-339. 
14. Johnstone, R.M., et al., Vesicle formation during reticulocyte maturation. Association of plasma 

membrane activities with released vesicles (exosomes). J Biol Chem, 1987. 262: p. 9412-9420. 
15. Zitvogel, L., et al., Eradication of established murine tumors using a novel cell-free vaccine: 

dendritic cell derived exosomes. Nat Med, 1998. 4: p. 594-600. 
16. Raposo, G., et al., B lymphocytes secrete antigen-presenting vesicles. J Exp Med, 1996. 183: p. 

1161-1172. 
17. Möller, A. and R.J. Lobb, The evolving translational potential of small extracellular vesicles in 

cancer. Nat Rev Cancer, 2020. 20: p. 697-709. 
18. Fu, S., et al., Extracellular vesicles in cardiovascular diseases. Cell Death Discov, 2020. 6: p. 68. 
19. Cabral, J., et al., Extracellular vesicles as modulators of wound healing. Adv Drug Deliv Rev, 2018. 

129: p. 394-406. 
20. Phinney, D.G. and M.F. Pittenger, Concise Review: MSC-Derived Exosomes for Cell-Free 

Therapy. Stem Cells, 2017. 35: p. 851-858. 
21. Valadi, H., et al., Exosome-mediated transfer of mRNAs and microRNAs is a novel mechanism of 

genetic exchange between cells. Nat Cell Biol, 2007. 9: p. 654-659. 
22. O'Brien, K., et al., RNA delivery by extracellular vesicles in mammalian cells and its applications. 

Nat Rev Mol Cell Biol, 2020. 21: p. 585-606. 
23. Dixson, A.C., et al., Context-specific regulation of extracellular vesicle biogenesis and cargo 

selection. Nat Rev Mol Cell Biol, 2023. 24: p. 454-476. 
24. Skotland, T., et al., Exosomal lipid composition and the role of ether lipids and phosphoinositides 

in exosome biology. J Lipid Res, 2019. 60: p. 9-18. 
25. Thery, C., et al., Minimal information for studies of extracellular vesicles 2018 (MISEV2018): a 

position statement of the International Society for Extracellular Vesicles and update of the 
MISEV2014 guidelines. J Extracell Vesicles, 2018. 7: p. 1535750. 

26. Colombo, M., et al., Analysis of ESCRT functions in exosome biogenesis, composition and 
secretion highlights the heterogeneity of extracellular vesicles. J Cell Sci, 2013. 126: p. 5553-65. 

27. van Niel, G., G. D'Angelo, and G. Raposo, Shedding light on the cell biology of extracellular 
vesicles. Nat Rev Mol Cell Biol, 2018. 19: p. 213-228. 



 

152 
 

28. Palmulli, R. and G. van Niel, To be or not to be... secreted as exosomes, a balance finely tuned by 
the mechanisms of biogenesis. Essays Biochem, 2018. 62: p. 177-191. 

29. Zaborowski, M.P., et al., Extracellular Vesicles: Composition, Biological Relevance, and Methods 
of Study. Bioscience, 2015. 65: p. 783-797. 

30. Buzas, E.I., et al., Molecular interactions at the surface of extracellular vesicles. Semin 
Immunopathol, 2018. 40: p. 453-464. 

31. de Jong, O.G., et al., Drug Delivery with Extracellular Vesicles: From Imagination to Innovation. 
Acc Chem Res, 2019. 52: p. 1761-1770. 

32. Hurley, J.H., ESCRTs are everywhere. EMBO J, 2015. 34: p. 2398-2407. 
33. Colombo, M., G. Raposo, and C. Thery, Biogenesis, secretion, and intercellular interactions of 

exosomes and other extracellular vesicles. Annu Rev Cell Dev Biol, 2014. 30: p. 255-89. 
34. Raiborg, C., et al., Hrs recruits clathrin to early endosomes. EMBO J, 2001. 20: p. 5008-5021. 
35. Baietti, M.F., et al., Syndecan-syntenin-ALIX regulates the biogenesis of exosomes. Nat Cell Biol, 

2012. 14: p. 677-85. 
36. Imjeti, N.S., et al., Syntenin mediates SRC function in exosomal cell-to-cell communication. Proc 

Natl Acad Sci U S A, 2017. 114: p. 12495-12500. 
37. Ghossoub, R., et al., Syntenin-ALIX exosome biogenesis and budding into multivesicular bodies 

are controlled by ARF6 and PLD2. Nat Commun, 2014. 5: p. 3477. 
38. Egea-Jimenez, A.L. and P. Zimmermann, Phospholipase D and phosphatidic acid in the biogenesis 

and cargo loading of extracellular vesicles. J Lipid Res, 2018. 59: p. 1554-1560. 
39. Trajkovic, K., et al., Ceramide Triggers Budding of Exosome Vesicles into Multivesicular 

Endosomes. Science, 2008. 319: p. 1244-1247. 
40. de Gassart, A., et al., Lipid raft-associated protein sorting in exosomes. Blood, 2003. 102: p. 4336-

44. 
41. Janas, T., et al., Mechanisms of RNA loading into exosomes. FEBS Lett, 2015. 589: p. 1391-8. 
42. Umeda, R., et al., Structural insights into tetraspanin CD9 function. Nat Commun, 2020. 11: p. 

1606. 
43. Buschow, S.I., et al., MHC II in dendritic cells is targeted to lysosomes or T cell-induced exosomes 

via distinct multivesicular body pathways. Traffic, 2009. 10: p. 1528-42. 
44. Charrin, S., et al., Tetraspanins at a glance. J Cell Sci, 2014. 127: p. 3641-8. 
45. Nabhan, J.F., et al., Formation and release of arrestin domain-containing protein 1-mediated 

microvesicles (ARMMs) at plasma membrane by recruitment of TSG101 protein. Proc Natl Acad 
Sci U S A, 2012. 109: p. 4146-51. 

46. Huang, C., et al., Tetraspanin CD82 interaction with cholesterol promotes extracellular vesicle-
mediated release of ezrin to inhibit tumour cell movement. J Extracell Vesicles, 2020. 9: p. 
1692417. 

47. van Niel, G., et al., Challenges and directions in studying cell-cell communication by extracellular 
vesicles. Nat Rev Mol Cell Biol, 2022. 23: p. 369-382. 

48. Mathieu, M., et al., Specificities of exosome versus small ectosome secretion revealed by live 
intracellular tracking of CD63 and CD9. Nat Commun, 2021. 12: p. 4389. 

49. Gardiner, C., et al., Extracellular vesicle sizing and enumeration by nanoparticle tracking analysis. 
J Extracell Vesicles, 2013. 2. 

50. Hartjes, T.A., et al., Extracellular Vesicle Quantification and Characterization: Common Methods 
and Emerging Approaches. Bioengineering, 2019. 6. 

51. LeClaire, M., J. Gimzewski, and S. Sharma, A review of the biomechanical properties of single 
extracellular vesicles. Nano Select, 2020. 2: p. 1-15. 

52. Raposo, G. and W. Stoorvogel, Extracellular vesicles: exosomes, microvesicles, and friends. J Cell 
Biol, 2013. 200: p. 373-83. 

53. Skotland, T., et al., An emerging focus on lipids in extracellular vesicles. Adv Drug Deliv Rev, 2020. 
159: p. 308-321. 

54. Llorente, A., et al., Molecular lipidomics of exosomes released by PC-3 prostate cancer cells. 
Biochim Biophys Acta, 2013. 1831: p. 1302-1309. 

55. Sharma, S., et al., Nanofilaments on glioblastoma exosomes revealed by peak force microscopy. 
J R Soc Interface, 2014. 11: p. 20131150. 

56. Williams, C., et al., Glycosylation of extracellular vesicles: current knowledge, tools and clinical 
perspectives. J Extracell Vesicles, 2018. 7: p. 1442985. 



 

153 
 

57. Heidarzadeh, M., et al., Protein corona and exosomes: new challenges and prospects. Cell 
Commun Signal, 2023. 21: p. 64. 

58. Toth, E.A., et al., Formation of a protein corona on the surface of extracellular vesicles in blood 
plasma. J Extracell Vesicles, 2021. 10: p. e12140. 

59. L. Ramos, T., et al., MSC surface markers (CD44, CD73, and CD90) can identify human MSC-
derived extracellular vesicles by conventional flow cytometry. Cell Commun Signal, 2016. 14: p. 2. 

60. Liangsupree, T., E. Multia, and M.L. Riekkola, Modern isolation and separation techniques for 
extracellular vesicles. J Chromatogr A, 2021. 1636: p. 461773. 

61. Gardiner, C., et al., Techniques used for the isolation and characterization of extracellular vesicles: 
results of a worldwide survey. J Extracell Vesicles, 2016. 5: p. 32945. 

62. Thery, C., et al., Isolation and characterization of exosomes from cell culture supernatants and 
biological fluids. Curr Protoc Cell Biol, 2006. Chapter 3 : p. Unit 3.22. 

63. Doyle, L.M. and M.Z. Wang, Overview of Extracellular Vesicles, Their Origin, Composition, 
Purpose, and Methods for Exosome Isolation and Analysis. Cells, 2019. 8: p. 727. 

64. Willms, E., et al., Cells release subpopulations of exosomes with distinct molecular and biological 
properties. Sci Rep, 2016. 6: p. 22519. 

65. Van Deun, J., et al., The impact of disparate isolation methods for extracellular vesicles on 
downstream RNA profiling. J Extracell Vesicles, 2014. 3. 

66. Hettich, B.F., et al., Exosomes for Wound Healing: Purification Optimization and Identification of 
Bioactive Components. Adv Sci (Weinh), 2020. 7: p. 2002596. 

67. Rood, I.M., et al., Comparison of three methods for isolation of urinary microvesicles to identify 
biomarkers of nephrotic syndrome. Kidney Int, 2010. 78: p. 810-816. 

68. Busatto, S., et al., Tangential Flow Filtration for Highly Efficient Concentration of Extracellular 
Vesicles from Large Volumes of Fluid. Cells, 2018. 7. 

69. Hisey, C.L., et al., Microfluidic affinity separation chip for selective capture and release of label-free 
ovarian cancer exosomes. Lab Chip, 2018. 18: p. 3144-3153. 

70. Multia, E., et al., Fast isolation of highly specific population of platelet-derived extracellular vesicles 
from blood plasma by affinity monolithic column, immobilized with anti-human CD61 antibody. Anal 
Chim Acta, 2019. 1091: p. 160-168. 

71. Krivitsky, V., et al., Ultrafast and Controlled Capturing, Loading, and Release of Extracellular 
Vesicles by a Portable Microstructured Electrochemical Fluidic Device. Adv Mater, 2023. 35: p. 
2212000. 

72. Zhang, K., et al., Rapid Capture and Nondestructive Release of Extracellular Vesicles Using 
Aptamer-Based Magnetic Isolation. ACS Sens, 2019. 4: p. 1245-1251. 

73. Kowal, J., et al., Proteomic comparison defines novel markers to characterize heterogeneous 
populations of extracellular vesicle subtypes. Proc Natl Acad Sci U S A, 2016. 113: p. E968-77. 

74. Tauro, B.J., et al., Comparison of ultracentrifugation, density gradient separation, and 
immunoaffinity capture methods for isolating human colon cancer cell line LIM1863-derived 
exosomes. Methods, 2012. 56: p. 293-304. 

75. Patel, G.K., et al., Comparative analysis of exosome isolation methods using culture supernatant 
for optimum yield, purity and downstream applications. Sci Rep, 2019. 9: p. 5335. 

76. Taylor, D.D. and S. Shah, Methods of isolating extracellular vesicles impact down-stream analyses 
of their cargoes. Methods, 2015. 87: p. 3-10. 

77. Meng, Y., et al., Microfluidics for extracellular vesicle separation and mimetic synthesis: Recent 
advances and future perspectives. Chem Eng J, 2021. 404. 

78. Contreras-Naranjo, J.C., H.J. Wu, and V.M. Ugaz, Microfluidics for exosome isolation and analysis: 
enabling liquid biopsy for personalized medicine. Lab Chip, 2017. 17: p. 3558-3577. 

79. Cheng, L. and A.F. Hill, Therapeutically harnessing extracellular vesicles. Nat Rev Drug Discov, 
2022. 21: p. 379-399. 

80. Skog, J., et al., Glioblastoma microvesicles transport RNA and proteins that promote tumour growth 
and provide diagnostic biomarkers. Nat Cell Biol, 2008. 10: p. 1470-1476. 

81. Ricklefs, F.L., et al., Immune evasion mediated by PD-L1 on glioblastoma-derived extracellular 
vesicles. Sci Adv, 4: p. eaar2766. 

82. Mathieu, M., et al., Specificities of secretion and uptake of exosomes and other extracellular 
vesicles for cell-to-cell communication. Nat Cell Biol, 2019. 21: p. 9-17. 



 

154 
 

83. Tian, T., et al., Exosome Uptake through Clathrin-mediated Endocytosis and Macropinocytosis and 
Mediating miR-21 Delivery. J Biol Chem, 2014. 289: p. 22258-22267. 

84. Svensson, K.J., et al., Exosome Uptake Depends on ERK1/2-Heat Shock Protein 27 Signaling and 
Lipid Raft-mediated Endocytosis Negatively Regulated by Caveolin-1. J Biol Chem, 2013. 288: p. 
17713-17724. 

85. Costa Verdera, H., et al., Cellular uptake of extracellular vesicles is mediated by clathrin-
independent endocytosis and macropinocytosis. J Control Release, 2017. 266: p. 100-108. 

86. Morelli, A.E., et al., Endocytosis, intracellular sorting, and processing of exosomes by dendritic 
cells. Blood, 2004. 104: p. 3257-3266. 

87. Edgar, J.R., et al., Tetherin is an exosomal tether. eLife, 2016. 5: p. e17180. 
88. Tkach, M. and C. Thery, Communication by Extracellular Vesicles: Where We Are and Where We 

Need to Go. Cell, 2016. 164: p. 1226-1232. 
89. de Jong, O.G., et al., A CRISPR-Cas9-based reporter system for single-cell detection of 

extracellular vesicle-mediated functional transfer of RNA. Nat Commun, 2020. 11: p. 1113. 
90. Zomer, A., et al., In Vivo imaging reveals extracellular vesicle-mediated phenocopying of metastatic 

behavior. Cell, 2015. 161: p. 1046-1057. 
91. Kooijmans, S.A., et al., Exosome mimetics: a novel class of drug delivery systems. Int J 

Nanomedicine, 2012. 7: p. 1525-41. 
92. Emam, S.E., et al., Cancer cell-type tropism is one of crucial determinants for the efficient systemic 

delivery of cancer cell-derived exosomes to tumor tissues. Eur J Pharm Biopharm, 2019. 145: p. 
27-34. 

93. Imai, T., et al., Macrophage-dependent clearance of systemically administered B16BL6-derived 
exosomes from the blood circulation in mice. J Extracell Vesicles, 2015. 4: p. 26238. 

94. Morishita, M., et al., Pharmacokinetics of Exosomes-An Important Factor for Elucidating the 
Biological Roles of Exosomes and for the Development of Exosome-Based Therapeutics. J Pharm 
Sci, 2017. 106: p. 2265-2269. 

95. Xu, R., et al., Extracellular vesicles in cancer - implications for future improvements in cancer care. 
Nat Rev Clin Oncol, 2018. 15: p. 617-638. 

96. Thompson, A.G., et al., Extracellular vesicles in neurodegenerative disease - pathogenesis to 
biomarkers. Nat Rev Neurol, 2016. 12: p. 346-357. 

97. Hoshino, A., et al., Tumour exosome integrins determine organotropic metastasis. Nature, 2015. 
527: p. 329-35. 

98. Han, L., E.W.F. Lam, and Y. Sun, Extracellular vesicles in the tumor microenvironment: old stories, 
but new tales. Mol Cancer, 2019. 18: p. 59. 

99. Asai, H., et al., Depletion of microglia and inhibition of exosome synthesis halt tau propagation. Nat 
Neurosci, 2015. 18: p. 1584-1593. 

100. �5�D�M�H�Q�G�U�D�Q���� �/������ �H�W�� �D�O������ �$�O�]�K�H�L�P�H�U�
�V�� �G�L�V�H�D�V�H�� ��-amyloid peptides are released in association with 
exosomes. Proc Natl Acad Sci U S A, 2006. 103: p. 11172-11177. 

101. �5�D�M�H�Q�G�U�D�Q�����/�������H�W���D�O�������,�Q�F�U�H�D�V�H�G���$�����3�U�R�G�X�F�W�L�R�Q���/�H�D�G�V���W�R���,�Q�W�U�D�F�H�O�O�X�O�D�U���$�F�F�X�P�X�O�D�W�L�R�Q���R�I���$�����L�Q���)�O�R�W�L�O�O�L�Q-
1-Positive Endosomes. Neurodegener Dis, 2007. 4: p. 164-170. 

102. Polanco, J.C., et al., Extracellular Vesicles Isolated from the Brains of rTg4510 Mice Seed Tau 
Protein Aggregation in a Threshold-dependent Manner. J Biol Chem, 2016. 291: p. 12445-12466. 

103. Baker, S., J.C. Polanco, and J. Götz, Extracellular Vesicles Containing P301L Mutant Tau 
Accelerate Pathological Tau Phosphorylation and Oligomer Formation but Do Not Seed Mature 
Neurofibrillary Tangles in ALZ17 Mice. J Alzheimers Dis, 2016. 54: p. 1207-1217. 

104. Ngolab, J., et al., Brain-derived exosomes from dementia with Lewy bodies propagate alpha-
synuclein pathology. Acta Neuropathol Commun, 2017. 5: p. 46. 

105. Grey, M., et al., Acceleration of alpha-synuclein aggregation by exosomes. J Biol Chem, 2015. 290: 
p. 2969-82. 

106. Han, C., et al., Extracellular vesicles in cardiovascular disease: Biological functions and therapeutic 
implications. Pharmacol Ther, 2022. 233: p. 108025. 

107. Gupta, S. and A.A. Knowlton, HSP60 trafficking in adult cardiac myocytes: role of the exosomal 
pathway. Am J Physiol Heart Circ Physiol, 2007. 292: p. H3052-H3056. 

108. Ribeiro-Rodrigues, T.M., et al., Exosomes secreted by cardiomyocytes subjected to ischaemia 
promote cardiac angiogenesis. Cardiovasc Res, 2017. 113: p. 1338-1350. 



 

155 
 

109. Yang, J., et al., Exosomes derived from cardiomyocytes promote cardiac fibrosis via myocyte-
fibroblast cross-talk. Am J Trans Res, 2018. 10: p. 4350-4366. 

110. Schoenmaker, L., et al., mRNA-lipid nanoparticle COVID-19 vaccines: Structure and stability. Int J 
Pharm, 2021. 601: p. 120586. 

111. Leung, A.K., et al., Lipid Nanoparticles Containing siRNA Synthesized by Microfluidic Mixing Exhibit 
an Electron-Dense Nanostructured Core. J Phys Chem C Nanomater Interfaces, 2012. 116: p. 
18440-18450. 

112. Eygeris, Y., et al., Chemistry of Lipid Nanoparticles for RNA Delivery. Acc Chem Res, 2022. 55: p. 
2-12. 

113. Hald Albertsen, C., et al., The role of lipid components in lipid nanoparticles for vaccines and gene 
therapy. Adv Drug Deliv Rev, 2022. 188: p. 114416. 

114. Patel, P., N.M. Ibrahim, and K. Cheng, The Importance of Apparent pKa in the Development of 
Nanoparticles Encapsulating siRNA and mRNA. Trends Pharmacol Sci, 2021. 42: p. 448-460. 

115. Carrasco, M.J., et al., Ionization and structural properties of mRNA lipid nanoparticles influence 
expression in intramuscular and intravascular administration. Commun Biol, 2021. 4: p. 956. 

116. Jayaraman, M., et al., Maximizing the potency of siRNA lipid nanoparticles for hepatic gene 
silencing in vivo. Angew Chem Int Ed Engl, 2012. 51: p. 8529-33. 

117. Maier, M.A., et al., Biodegradable lipids enabling rapidly eliminated lipid nanoparticles for systemic 
delivery of RNAi therapeutics. Mol Ther, 2013. 21: p. 1570-8. 

118. Semple, S.C., et al., Efficient encapsulation of antisense oligonucleotides in lipid vesicles using 
ionizable aminolipids: formation of novel small multilamellar vesicle structures. Biochim Biophys 
Acta, 2001. 1510: p. 152-166. 

119. Heyes, J., et al., Cationic lipid saturation influences intracellular delivery of encapsulated nucleic 
acids. J Control Release, 2005. 107: p. 276-87. 

120. Tabernero, J., et al., First-in-humans trial of an RNA interference therapeutic targeting VEGF and 
KSP in cancer patients with liver involvement. Cancer Discov, 2013. 3: p. 406-17. 

121. Wan, C., T.M. Allen, and P.R. Cullis, Lipid nanoparticle delivery systems for siRNA-based 
therapeutics. Drug Deliv Transl Res, 2014. 4: p. 74-83. 

122. Semple, S.C., et al., Rational design of cationic lipids for siRNA delivery. Nat Biotechnol, 2010. 28: 
p. 172-6. 

123. Hafez, I.M., N. Maurer, and P.R. Cullis, On the mechanism whereby cationic lipids promote 
intracellular delivery of polynucleic acids. Gene Ther, 2001. 8: p. 1188-96. 

124. Cullis, P.R. and M.J. Hope, Lipid Nanoparticle Systems for Enabling Gene Therapies. Mol Ther, 
2017. 25: p. 1467-1475. 

125. Schlich, M., et al., Cytosolic delivery of nucleic acids: The case of ionizable lipid nanoparticles. 
Bioeng Transl Med, 2021. 6: p. e10213. 

126. Akinc, A., et al., The Onpattro story and the clinical translation of nanomedicines containing nucleic 
acid-based drugs. Nat Nanotechnol, 2019. 14: p. 1084-1087. 

127. Chen, S., et al., Influence of particle size on the in vivo potency of lipid nanoparticle formulations of 
siRNA. J Control Release, 2016. 235: p. 236-244. 

128. Belliveau, N.M., et al., Microfluidic Synthesis of Highly Potent Limit-size Lipid Nanoparticles for In 
Vivo Delivery of siRNA. Mol Ther Nucleic Acids, 2012. 1: p. e37. 

129. Hassett, K.J., et al., Optimization of Lipid Nanoparticles for Intramuscular Administration of mRNA 
Vaccines. Mol Ther Nucleic Acids, 2019. 15: p. 1-11. 

130. Hou, X., et al., Lipid nanoparticles for mRNA delivery. Nat Rev Mater, 2021. 6: p. 1078-1094. 
131. Akinc, A., et al., Development of lipidoid-siRNA formulations for systemic delivery to the liver. Mol 

Ther, 2009. 17: p. 872-9. 
132. Han, X., et al., An ionizable lipid toolbox for RNA delivery. Nat Commun, 2021. 12: p. 7233. 
133. Chen, S., et al., Development of lipid nanoparticle formulations of siRNA for hepatocyte gene 

silencing following subcutaneous administration. J Control Release, 2014. 196: p. 106-12. 
134. Gindy, M.E., et al., Mechanism of macromolecular structure evolution in self-assembled lipid 

nanoparticles for siRNA delivery. Langmuir, 2014. 30: p. 4613-22. 
135. Akinc, A., et al., Targeted delivery of RNAi therapeutics with endogenous and exogenous ligand-

based mechanisms. Mol Ther, 2010. 18: p. 1357-64. 
136. Lee, J.B., et al., A Glu-urea-Lys Ligand-conjugated Lipid Nanoparticle/siRNA System Inhibits 

Androgen Receptor Expression In Vivo. Mol Ther Nucleic Acids, 2016. 5: p. e348. 



 

156 
 

137. Bao, Y., et al., Effect of PEGylation on biodistribution and gene silencing of siRNA/lipid nanoparticle 
complexes. Pharm Res, 2013. 30: p. 342-51. 

138. Pozzi, D., et al., Effect of polyethyleneglycol (PEG) chain length on the bio-nano-interactions 
between PEGylated lipid nanoparticles and biological fluids: from nanostructure to uptake in cancer 
cells. Nanoscale, 2014. 6: p. 2782-92. 

139. Mui, B.L., et al., Influence of Polyethylene Glycol Lipid Desorption Rates on Pharmacokinetics and 
Pharmacodynamics of siRNA Lipid Nanoparticles. Mol Ther Nucleic Acids, 2013. 2: p. e139. 

140. Lokugamage, M.P., et al., Constrained Nanoparticles Deliver siRNA and sgRNA to T Cells In Vivo 
without Targeting Ligands. Adv Mater, 2019. 31: p. e1902251. 

141. Ni, H., et al., Piperazine-derived lipid nanoparticles deliver mRNA to immune cells in vivo. Nat 
Commun, 2022. 13: p. 4766. 

142. Huayamares, S.G., et al., High-throughput screens identify a lipid nanoparticle that preferentially 
delivers mRNA to human tumors in vivo. J Control Release, 2023. 357: p. 394-403. 

143. Besin, G., et al., Accelerated Blood Clearance of Lipid Nanoparticles Entails a Biphasic Humoral 
Response of B-1 Followed by B-2 Lymphocytes to Distinct Antigenic Moieties. Immunohorizons, 
2019. 3: p. 282-293. 

144. Munter, R., et al., Studying how administration route and dose regulates antibody generation 
against LNPs for mRNA delivery with single-particle resolution. Mol Ther Methods Clin Dev, 2023. 
29: p. 450-459. 

145. Suzuki, T., et al., PEG shedding-rate-dependent blood clearance of PEGylated lipid nanoparticles 
in mice: Faster PEG shedding attenuates anti-PEG IgM production. Int J Pharm, 2020. 588: p. 
119792. 

146. Estape Senti, M., et al., Anti-PEG antibodies compromise the integrity of PEGylated lipid-based 
nanoparticles via complement. J Control Release, 2022. 341: p. 475-486. 

147. Nogueira, S.S., et al., Polysarcosine-Functionalized Lipid Nanoparticles for Therapeutic mRNA 
Delivery. ACS Appl Nano Mater, 2020. 3: p. 10634-10645. 

148. Cheng, X. and R.J. Lee, The role of helper lipids in lipid nanoparticles (LNPs) designed for 
oligonucleotide delivery. Adv Drug Deliv Rev, 2016. 99: p. 129-137. 

149. Semple, S.C., A. Chonn, and P.R. Cullis, Influence of Cholesterol on the Association of Plasma 
Proteins with Liposomes. Biochemistry, 1996. 35: p. 2521-2525. 

150. Kulkarni, J.A., et al., On the Formation and Morphology of Lipid Nanoparticles Containing Ionizable 
Cationic Lipids and siRNA. ACS Nano, 2018. 12: p. 4787-4795. 

151. Kulkarni, J.A., et al., On the role of helper lipids in lipid nanoparticle formulations of siRNA. 
Nanoscale, 2019. 11: p. 21733-21739. 

152. Pratsinis, A., et al., Impact of non-ionizable lipids and phase mixing methods on structural 
properties of lipid nanoparticle formulations. Int J Pharm, 2023. 637: p. 122874. 

153. Kulkarni, J.A., et al., Design of lipid nanoparticles for in vitro and in vivo delivery of plasmid DNA. 
Nanomedicine, 2017. 13: p. 1377-1387. 

154. Eygeris, Y., et al., Deconvoluting Lipid Nanoparticle Structure for Messenger RNA Delivery. Nano 
Lett, 2020. 20: p. 4543-4549. 

155. Patel, S., et al., Naturally-occurring cholesterol analogues in lipid nanoparticles induce polymorphic 
shape and enhance intracellular delivery of mRNA. Nat Commun, 2020. 11: p. 983. 

156. Safinya, C.R., et al., Cationic Liposomes as Spatial Organizers of Nucleic Acids in One, Two, and 
Three Dimensions: Liquid Crystal Phases with Applications in Delivery and Bionanotechnology. 
Handbook of Lipid Membranes, 2021. p. 195-209. 

157. Gaspar, R., F. Coelho, and B.F.B. Silva, Lipid-Nucleic Acid Complexes: Physicochemical Aspects 
and Prospects for Cancer Treatment. Molecules, 2020. 25. 

158. Helfrich, W., Elastic Properties of Lipid Bilayers: Theory and Possible Experiments. Z Naturforsch 
C, 1973. 28: p. 693-703. 

159. Israelachvili, J.N., D.J. Mitchell, and B.W. Ninham, Theory of self-assembly of lipid bilayers and 
vesicles. Biochim Biophys Acta, 1977. 470: p. 185-201. 

160. Cárdenas, M., et al., Review of structural design guiding the development of lipid nanoparticles for 
nucleic acid delivery. Curr Opin Colloid Interface Sci, 2023. 66. 

161. Yanez Arteta, M., et al., Successful reprogramming of cellular protein production through mRNA 
delivered by functionalized lipid nanoparticles. Proc Natl Acad Sci U S A, 2018. 115: p. E3351-
E3360. 



 

157 
 

162. Sebastiani, F., et al., Apolipoprotein E Binding Drives Structural and Compositional Rearrangement 
of mRNA-Containing Lipid Nanoparticles. ACS Nano, 2021. 15: p. 6709-6722. 

163. Cheng, M.H.Y., et al., Induction of Bleb Structures in Lipid Nanoparticle Formulations of mRNA 
Leads to Improved Transfection Potency. Adv Mater, 2023. 35: p. e2303370. 

164. Uebbing, L., et al., Investigation of pH-Responsiveness inside Lipid Nanoparticles for Parenteral 
mRNA Application Using Small-Angle X-ray Scattering. Langmuir, 2020. 36: p. 13331-13341. 

165. Li, Z., et al., Acidification-Induced Structure Evolution of Lipid Nanoparticles Correlates with Their 
In Vitro Gene Transfections. ACS Nano, 2023. 17: p. 979-990. 

166. Cui, L., et al., Mechanistic Studies of an Automated Lipid Nanoparticle Reveal Critical 
Pharmaceutical Properties Associated with Enhanced mRNA Functional Delivery In Vitro and In 
Vivo. Small, 2022. 18: p. e2105832. 

167. Fan, Y., et al., Automated high-throughput preparation and characterization of oligonucleotide-
loaded lipid nanoparticles. Int J Pharm, 2021. 599: p. 120392. 

168. Jeffs, L.B., et al., A scalable, extrusion-free method for efficient liposomal encapsulation of plasmid 
DNA. Pharm Res, 2005. 22: p. 362-72. 

169. Viger-Gravel, J., et al., Structure of Lipid Nanoparticles Containing siRNA or mRNA by Dynamic 
Nuclear Polarization-Enhanced NMR Spectroscopy. J Phys Chem B, 2018. 122: p. 2073-2081. 

170. Kulkarni, J.A., et al., Fusion-dependent formation of lipid nanoparticles containing macromolecular 
payloads. Nanoscale, 2019. 11: p. 9023-9031. 

171. Yu, H., et al., Real-Time pH-Dependent Self-Assembly of Ionisable Lipids from COVID-19 Vaccines 
and In Situ Nucleic Acid Complexation. Angew Chem Int Ed Engl, 2023. 62: p. e202304977. 

172. Yu, H., et al., Inverse Cubic and Hexagonal Mesophase Evolution within Ionizable Lipid 
Nanoparticles Correlates with mRNA Transfection in Macrophages. J Am Chem Soc, 2023. 

173. Pattipeiluhu, R., et al., Liquid crystalline inverted lipid phases encapsulating siRNA enhance lipid 
nanoparticle mediated transfection. Nat Commun, 2024. 15: p. 1303. 

174. Hammel, M., et al., Correlating the Structure and Gene Silencing Activity of Oligonucleotide-Loaded 
Lipid Nanoparticles Using Small-Angle X-ray Scattering. ACS Nano, 2023. 17: p. 11454-11465. 

175. Elsharkasy, O.M., et al., Extracellular vesicles as drug delivery systems: Why and how? Adv Drug 
Deliv Rev, 2020. 159: p. 332-343. 

176. Radler, J., et al., Exploiting the biogenesis of extracellular vesicles for bioengineering and 
therapeutic cargo loading. Mol Ther, 2023. 31: p. 1231-1250. 

177. Armstrong, J.P., M.N. Holme, and M.M. Stevens, Re-Engineering Extracellular Vesicles as Smart 
Nanoscale Therapeutics. ACS Nano, 2017. 11: p. 69-83. 

178. Morishita, M., et al., Exosome-based tumor antigens-adjuvant co-delivery utilizing genetically 
engineered tumor cell-derived exosomes with immunostimulatory CpG DNA. Biomaterials, 2016. 
111: p. 55-65. 

179. Didiot, M.C., et al., Exosome-mediated Delivery of Hydrophobically Modified siRNA for Huntingtin 
mRNA Silencing. Mol Ther, 2016. 24: p. 1836-1847. 

180. O'Loughlin, A.J., et al., Functional Delivery of Lipid-Conjugated siRNA by Extracellular Vesicles. 
Mol Ther, 2017. 25: p. 1580-1587. 

181. Pi, F., et al., Nanoparticle orientation to control RNA loading and ligand display on extracellular 
vesicles for cancer regression. Nat Nanotechnol, 2018. 13: p. 82-89. 

182. Treton, G., et al., Quantitative and functional characterisation of extracellular vesicles after passive 
loading with hydrophobic or cholesterol-tagged small molecules. J Control Release, 2023. 361: p. 
694-716. 

183. Roerig, J. and M. Schulz-Siegmund, Standardization Approaches for Extracellular Vesicle Loading 
with Oligonucleotides and Biologics. Small, 2023. 19: p. e2301763. 

184. Corso, G., et al., Systematic characterization of extracellular vesicle sorting domains and 
quantification at the single molecule �± single vesicle level by fluorescence correlation spectroscopy 
and single particle imaging. J Extracell Vesicles, 2019. 8. 

185. Silva, A.M., et al., Quantification of protein cargo loading into engineered extracellular vesicles at 
single-vesicle and single-molecule resolution. J Extracell Vesicles, 2021. 10: p. e12130. 

186. Dooley, K., et al., A versatile platform for generating engineered extracellular vesicles with defined 
therapeutic properties. Mol Ther, 2021. 29: p. 1729-1743. 

187. Zheng, W., et al., Identification of scaffold proteins for improved endogenous engineering of 
extracellular vesicles. Nat Commun, 2023. 14: p. 4734. 



 

158 
 

188. Lazaro-Ibanez, E., et al., Selection of Fluorescent, Bioluminescent, and Radioactive Tracers to 
Accurately Reflect Extracellular Vesicle Biodistribution in Vivo. ACS Nano, 2021. 15: p. 3212-3227. 

189. Li, X., et al., Designer Exosomes for Targeted Delivery of a Novel Therapeutic Cargo to Enhance 
Sorafenib-Mediated Ferroptosis in Hepatocellular Carcinoma. Front Oncol, 2022. 12: p. 898156. 

190. Hung, M.E. and J.N. Leonard, A platform for actively loading cargo RNA to elucidate limiting steps 
in EV-mediated delivery. J Extracell Vesicles, 2016. 5: p. 31027. 

191. Wang, Q., et al., ARMMs as a versatile platform for intracellular delivery of macromolecules. Nat 
Commun, 2018. 9: p. 960. 

192. Li, Z., et al., In Vitro and in Vivo RNA Inhibition by CD9-HuR Functionalized Exosomes 
Encapsulated with miRNA or CRISPR/dCas9. Nano Lett, 2019. 19: p. 19-28. 

193. Kojima, R., et al., Designer exosomes produced by implanted cells intracerebrally deliver 
therapeutic cargo for Parkinson's disease treatment. Nat Commun, 2018. 9: p. 1305. 

194. Zhang, S., et al., Selective Encapsulation of Therapeutic mRNA in Engineered Extracellular 
Vesicles by DNA Aptamer. Nano Lett, 2021. 21: p. 8563-8570. 

195. Yim, N., et al., Exosome engineering for efficient intracellular delivery of soluble proteins using 
optically reversible protein-protein interaction module. Nat Commun, 2016. 7: p. 12277. 

196. Gee, P., et al., Extracellular nanovesicles for packaging of CRISPR-Cas9 protein and sgRNA to 
induce therapeutic exon skipping. Nat Commun, 2020. 11: p. 1334. 

197. Osteikoetxea, X., et al., Engineered Cas9 extracellular vesicles as a novel gene editing tool. J 
Extracell Vesicles, 2022. 11: p. e12225. 

198. Ivanova, A., et al., Creating Designer Engineered Extracellular Vesicles for Diverse Ligand Display, 
Target Recognition, and Controlled Protein Loading and Delivery. Adv Sci (Weinh), 2023. 10: p. 
e2304389. 

199. Murphy, D.E., et al., Natural or Synthetic RNA Delivery: A Stoichiometric Comparison of 
Extracellular Vesicles and Synthetic Nanoparticles. Nano Lett, 2021. 21: p. 1888-1895. 

200. Qiuwei, P., et al., Hepatic cell-to-cell transmission of small silencing RNA can extend the 
therapeutic reach of RNA interference (RNAi). Gut, 2012. 61: p. 1330. 

201. Yang, Z., et al., Large-scale generation of functional mRNA-encapsulating exosomes via cellular 
nanoporation. Nat Biomed Eng, 2020. 4: p. 69-83. 

202. Wei, Z., et al., Coding and noncoding landscape of extracellular RNA released by human glioma 
stem cells. Nat Commun, 2017. 8: p. 1145. 

203. Garcia-Martin, R., et al., MicroRNA sequence codes for small extracellular vesicle release and 
cellular retention. Nature, 2022. 601: p. 446-451. 

204. Villarroya-Beltri, C., et al., Sumoylated hnRNPA2B1 controls the sorting of miRNAs into exosomes 
through binding to specific motifs. Nat Commun, 2013. 4: p. 2980. 

205. Reshke, R., et al., Reduction of the therapeutic dose of silencing RNA by packaging it in 
extracellular vesicles via a pre-microRNA backbone. Nat Biomed Eng, 2020. 4: p. 52-68. 

206. Yamashita, T., et al., SELEX-Based Screening of Exosome-Tropic RNA. Biol Pharm Bull, 2017. 
40: p. 2140-2145. 

207. Fuhrmann, G., I.K. Herrmann, and M.M. Stevens, Cell-derived vesicles for drug therapy and 
diagnostics: opportunities and challenges. Nano Today, 2015. 10: p. 397-409. 

208. Alvarez-Erviti, L., et al., Delivery of siRNA to the mouse brain by systemic injection of targeted 
exosomes. Nat Biotechnol, 2011. 29: p. 341-5. 

209. Kamerkar, S., et al., Exosomes facilitate therapeutic targeting of oncogenic KRAS in pancreatic 
cancer. Nature, 2017. 546: p. 498-503. 

210. Kooijmans, S.A.A., et al., Electroporation-induced siRNA precipitation obscures the efficiency of 
siRNA loading into extracellular vesicles. J Control Release, 2013. 172: p. 229-238. 

211. Yang, Z., et al., Functional exosome-mimic for delivery of siRNA to cancer: in vitro and in vivo 
evaluation. J Control Release, 2016. 243: p. 160-171. 

212. Lunavat, T.R., et al., RNAi delivery by exosome-mimetic nanovesicles - Implications for targeting 
c-Myc in cancer. Biomaterials, 2016. 102: p. 231-8. 

213. de Abreu, R.C., et al., Exogenous loading of miRNAs into small extracellular vesicles. J Extracell 
Vesicles, 2021. 10: p. e12111. 

214. Lamichhane, T.N., R.S. Raiker, and S.M. Jay, Exogenous DNA Loading into Extracellular Vesicles 
via Electroporation is Size-Dependent and Enables Limited Gene Delivery. Mol Pharm, 2015. 12: 
p. 3650-7. 



 

159 
 

215. Momen-Heravi, F., et al., Exosome-mediated delivery of functionally active miRNA-155 inhibitor to 
macrophages. Nanomedicine, 2014. 10: p. 1517-27. 

216. Pomatto, M.A.C., et al., Improved Loading of Plasma-Derived Extracellular Vesicles to Encapsulate 
Antitumor miRNAs. Mol Ther Methods Clin Dev, 2019. 13: p. 133-144. 

217. Lamichhane, T.N., et al., Oncogene Knockdown via Active Loading of Small RNAs into Extracellular 
Vesicles by Sonication. Cell Mol Bioeng, 2016. 9: p. 315-324. 

218. Grossen, P., et al., Evaluation of bovine milk extracellular vesicles for the delivery of locked nucleic 
acid antisense oligonucleotides. Eur J Pharm Biopharm, 2021. 158: p. 198-210. 

219. Roerig, J., et al., Synergistic siRNA Loading of Extracellular Vesicles Enables Functional Delivery 
into Cells. Small Methods, 2022. 6: p. e2201001. 

220. Zhang, D., et al., Enrichment of selective miRNAs in exosomes and delivery of exosomal miRNAs 
in vitro and in vivo. Am J Physiol Lung Cell Mol Physiol, 2017. 312: p. L110-L121. 

221. Jeyaram, A., et al., Enhanced Loading of Functional miRNA Cargo via pH Gradient Modification of 
Extracellular Vesicles. Mol Ther, 2020. 28: p. 975-985. 

222. Perrier, D.L., L. Rems, and P.E. Boukany, Lipid vesicles in pulsed electric fields: Fundamental 
principles of the membrane response and its biomedical applications. Adv Colloid Interface Sci, 
2017. 249: p. 248-271. 

223. El-Andaloussi, S., et al., Exosome-mediated delivery of siRNA in vitro and in vivo. Nat Protoc, 2012. 
7: p. 2112-26. 

224. Hood, J.L., M.J. Scott, and S.A. Wickline, Maximizing exosome colloidal stability following 
electroporation. Anal Biochem, 2014. 448: p. 41-9. 

225. Johnsen, K.B., et al., Evaluation of electroporation-induced adverse effects on adipose-derived 
stem cell exosomes. Cytotechnology, 2016. 68: p. 2125-38. 

226. Lennaard, A.J., et al., Optimised Electroporation for Loading of Extracellular Vesicles with 
Doxorubicin. Pharmaceutics, 2021. 14. 

227. Kao, C.-Y. and E.T. Papoutsakis, Engineering human megakaryocytic microparticles for targeted 
delivery of nucleic acids to hematopoietic stem and progenitor cells. Sci Adv. 4: p. eaau6762. 

228. Haney, M.J., et al., Exosomes as drug delivery vehicles for Parkinson's disease therapy. J Control 
Release, 2015. 207: p. 18-30. 

229. Hettich, B.F., J.J. Bader, and J.C. Leroux, Encapsulation of Hydrophilic Compounds in Small 
Extracellular Vesicles: Loading Capacity and Impact on Vesicle Functions. Adv Healthc Mater, 
2021. 11: p. e2100047. 

230. Massing, U., S. Cicko, and V. Ziroli, Dual asymmetric centrifugation (DAC)-a new technique for 
liposome preparation. J Control Release, 2008. 125: p. 16-24. 

231. Hirsch, M., et al., Preparation of small amounts of sterile siRNA-liposomes with high entrapping 
efficiency by dual asymmetric centrifugation (DAC). J Control Release, 2009. 135: p. 80-8. 

232. Kirby, C. and G. Gregoriadis, Dehydration-Rehydration Vesicles: A Simple Method for High Yield 
Drug Entrapment in Liposomes. Nat Biotechnol, 1984. 2: p. 979-984. 

233. Lagacé, J., M. Dubreuil, and S. Montplaisir, Liposome-encapsulated antibiotics: preparation, drug 
release and antimicrobial activity against Pseudomonas aeruginosa. J Microencapsul, 1991. 8: p. 
53-61. 

234. Hope, M.J., et al., Production of large unilamellar vesicles by a rapid extrusion procedure. 
Characterization of size distribution, trapped volume and ability to maintain a membrane potential. 
Biochim Biophys Acta, 1985. 812: p. 55-65. 

235. Morishita, R., et al., Single intraluminal delivery of antisense cdc2 kinase and proliferating-cell 
nuclear antigen oligonucleotides results in chronic inhibition of neointimal hyperplasia. Proc Natl 
Acad Sci U S A, 1993. 90: p. 8474-8478. 

236. Leonetti, J.P., et al., Antibody-targeted liposomes containing oligodeoxyribonucleotides 
complementary to viral RNA selectively inhibit viral replication. Proc Natl Acad Sci U S A, 1990. 87: 
p. 2448-2451. 

237. Wang, S., et al., Delivery of antisense oligodeoxyribonucleotides against the human epidermal 
growth factor receptor into cultured KB cells with liposomes conjugated to folate via polyethylene 
glycol. Proc Natl Acad Sci U S A, 1995. 92: p. 3318-3322. 

238. Kundu, A.K., et al., Development of nanosomes using high-pressure homogenization for gene 
therapy. J Pharm Pharmacol, 2010. 62: p. 1103-11. 



 

160 
 

239. MacLachlan, I., Liposomal formulations for nucleic acid delivery. Antisense drug technology: 
principles, strategies, and applications, 2007. 2: p. 237-270. 

240. Templeton, N.S., et al., Improved DNA: liposome complexes for increased systemic delivery and 
gene expression. Nat Biotechnol, 1997. 15: p. 647-652. 

241. Hu, Q., et al., Programmable fusogenic vesicles for intracellular delivery of antisense 
oligodeoxynucleotides: enhanced cellular uptake and biological effects. Biochim Biophys Acta, 
2001. 1514: p. 1-13. 

242. Wilson, A., et al., Targeted Delivery of Oligodeoxynucleotides to Mouse Lung Endothelial Cells in 
Vitro and in Vivo. Mol Ther, 2005. 12(3): p. 510-518. 

243. Maurer, N., et al., Spontaneous Entrapment of Polynucleotides upon Electrostatic Interaction with 
Ethanol-Destabilized Cationic Liposomes. Biophys J, 2001. 80: p. 2310-2326. 

244. Reimer, D.L., et al., Formation of Novel Hydrophobic Complexes between Cationic Lipids and 
Plasmid DNA. Biochemistry, 1995. 34: p. 12877-12883. 

245. Stuart, D.D., G.Y. Kao, and T.M. Allen, A novel, long-circulating, and functional liposomal 
formulation of antisense oligodeoxynucleotides targeted against MDR1. Cancer Gene Ther, 2000. 
7: p. 466-475. 

246. Stuart, D.D. and T.M. Allen, A new liposomal formulation for antisense oligodeoxynucleotides with 
small size, high incorporation efficiency and good stability. Biochim Biophys Acta, 2000. 1463: p. 
219-229. 

247. Szoka, F. and D. Papahadjopoulos, Procedure for preparation of liposomes with large internal 
aqueous space and high capture by reverse-phase evaporation. Proc Natl Acad Sci U S A, 1978. 
75: p. 4194-4198. 

248. Wheeler, J.J., et al., Stabilized plasmid-lipid particles: construction and characterization. Gene 
Ther, 1999. 6: p. 271-281. 

249. Jahn, A., et al., Microfluidic Mixing and the Formation of Nanoscale Lipid Vesicles. ACS Nano, 
2010. 4: p. 2077-2087. 

250. Hood, R.R. and D.L. DeVoe, High-Throughput Continuous Flow Production of Nanoscale 
Liposomes by Microfluidic Vertical Flow Focusing. Small, 2015. 11: p. 5790-9. 

251. Zhigaltsev, I.V., et al., Bottom-up design and synthesis of limit size lipid nanoparticle systems with 
aqueous and triglyceride cores using millisecond microfluidic mixing. Langmuir, 2012. 28: p. 3633-
40. 

252. Chen, D., et al., Rapid discovery of potent siRNA-containing lipid nanoparticles enabled by 
controlled microfluidic formulation. J Am Chem Soc, 2012. 134: p. 6948-51. 

253. Xia, G., et al., Analysis of Flow and Mixing Characteristics of Planar Asymmetric Split-and-
Recombine (P-SAR) Micromixers with Fan-Shaped Cavities. Ind Eng Chem Res, 2012. 51: p. 7816-
7827. 

254. Kimura, N., et al., Development of the iLiNP Device: Fine Tuning the Lipid Nanoparticle Size within 
10 nm for Drug Delivery. ACS Omega, 2018. 3: p. 5044-5051. 

255. Maeki, M., et al., Advances in microfluidics for lipid nanoparticles and extracellular vesicles and 
applications in drug delivery systems. Adv Drug Deliv Rev, 2018. 128: p. 84-100. 

256. Maeki, M., et al., Microfluidic technologies and devices for lipid nanoparticle-based RNA delivery. 
J Control Release, 2022. 344: p. 80-96. 

257. Maeki, M., et al., Mass production system for RNA-loaded lipid nanoparticles using piling up 
microfluidic devices. Appl Mater Today, 2023. 31. 

258. Shepherd, S.J., et al., Scalable mRNA and siRNA Lipid Nanoparticle Production Using a 
Parallelized Microfluidic Device. Nano Lett, 2021. 21: p. 5671-5680. 

259. Rodriguez, D.A. and P. Vader, Extracellular Vesicle-Based Hybrid Systems for Advanced Drug 
Delivery. Pharmaceutics, 2022. 14. 

260. Ducrot, C., et al., Hybrid extracellular vesicles for drug delivery. Cancer Lett, 2023. 558: p. 216107. 
261. Piffoux, M., et al., Modification of Extracellular Vesicles by Fusion with Liposomes for the Design 

of Personalized Biogenic Drug Delivery Systems. ACS Nano, 2018. 12: p. 6830-6842. 
262. Mukherjee, D., et al., Polyethylene Glycol-Mediated Fusion of Extracellular Vesicles with Cationic 

Liposomes for the Design of Hybrid Delivery Systems. ACS Appl Bio Mater, 2021. 4: p. 8259-8266. 
263. Sato, Y.T., et al., Engineering hybrid exosomes by membrane fusion with liposomes. Sci Rep, 

2016. 6: p. 21933. 



 

161 
 

264. Evers, M.J.W., et al., Functional siRNA Delivery by Extracellular Vesicle-Liposome Hybrid 
Nanoparticles. Adv Healthc Mater, 2022. 11: p. e2101202. 

265. Hu, Y., et al., Exosome-guided bone targeted delivery of Antagomir-188 as an anabolic therapy for 
bone loss. Bioact Mater, 2021. 6: p. 2905-2913. 

266. Shtam, T.A., et al., Exosomes are natural carriers of exogenous siRNA to human cells in vitro. Cell 
Commun Signal, 2013. 11: p. 88. 

267. Lin, Y., et al., Exosome-Liposome Hybrid Nanoparticles Deliver CRISPR/Cas9 System in MSCs. 
Adv Sci (Weinh), 2018. 5: p. 1700611. 

268. Matsuda, A., et al., Safety of bovine milk derived extracellular vesicles used for delivery of RNA 
therapeutics in zebrafish and mice. J Appl Toxicol, 2020. 40: p. 706-718. 

269. Del Pozo-Acebo, L., et al., Bovine Milk-Derived Exosomes as a Drug Delivery Vehicle for miRNA-
Based Therapy. Int J Mol Sci, 2021. 22. 

270. Zheng, Z., et al., Folate-displaying exosome mediated cytosolic delivery of siRNA avoiding 
endosome trapping. J Control Release, 2019. 311-312: p. 43-49. 

271. Li, Z., et al., Arrowtail RNA for Ligand Display on Ginger Exosome-like Nanovesicles to Systemic 
Deliver siRNA for Cancer Suppression. Sci Rep, 2018. 8: p. 14644. 

272. Kang, J.Y., et al., Co-delivery of curcumin and miRNA-144-3p using heart-targeted extracellular 
vesicles enhances the therapeutic efficacy for myocardial infarction. J Control Release, 2021. 331: 
p. 62-73. 

273. de Beer, J., Hybridosomes, compositions comprising the same, processes for their production and 
uses thereof. US 20160354313A1, 2016. 

274. Zhupanyn, P., et al., Extracellular vesicle (ECV)-modified polyethylenimine (PEI) complexes for 
enhanced siRNA delivery in vitro and in vivo. J Control Release, 2020. 319: p. 63-76. 

275. Munagala, R., et al., Exosome-mediated delivery of RNA and DNA for gene therapy. Cancer Lett, 
2021. 505: p. 58-72. 

276. Breyne, K., et al., Exogenous loading of extracellular vesicles, virus-like particles, and lentiviral 
vectors with supercharged proteins. Commun Biol, 2022. 5: p. 485. 

277. Bazzan, E., et al., Critical Review of the Evolution of Extracellular Vesicles' Knowledge: From 1946 
to Today. Int J Mol Sci, 2021. 22. 

278. Rani, S. and T. Ritter, The Exosome - A Naturally Secreted Nanoparticle and its Application to 
Wound Healing. Adv Mater, 2016. 28: p. 5542-52. 

279. Huang, Y. and L. Yang, Mesenchymal stem cells and extracellular vesicles in therapy against 
kidney diseases. Stem Cell Res Ther, 2021. 12: p. 219. 

280. Kou, M., et al., Mesenchymal stem cell-derived extracellular vesicles for immunomodulation and 
regeneration: a next generation therapeutic tool? Cell Death Dis, 2022. 13: p. 580. 

281. Sanz-Ros, J., et al., Extracellular Vesicles as Therapeutic Resources in the Clinical Environment. 
Int J Mol Sci, 2023. 24. 

282. Grangier, A., et al., Technological advances towards extracellular vesicles mass production. Adv 
Drug Deliv Rev, 2021. 167: p. 113843. 

283. Paolini, L., et al., Large�æ�V�F�D�O�H���S�U�R�G�X�F�W�L�R�Q���R�I���H�[�W�U�D�F�H�O�O�X�O�D�U���Y�H�V�L�F�O�H�V�����5�H�S�R�U�W���R�Q���W�K�H���³�P�D�V�V�L�Y�(�9�V�´���,�6�(V 
workshop. J Extracell Biol, 2022. 1: p. e63. 

284. Lener, T., et al., Applying extracellular vesicles based therapeutics in clinical trials - an ISEV 
position paper. J Extracell Vesicles, 2015. 4: p. 30087. 

285. Paganini, C., et al., Scalable Production and Isolation of Extracellular Vesicles: Available Sources 
and Lessons from Current Industrial Bioprocesses. Biotechnol J, 2019. 14: p. e1800528. 

286. Adlerz, K., et al., Strategies for scalable manufacturing and translation of MSC-derived extracellular 
vesicles. Stem Cell Res, 2020. 48: p. 101978. 

287. Hodges, H., et al., Making Stem Cell Lines Suitable for Transplantation. Cell Transplant, 2007. 16: 
p. 101-115. 

288. Cha, J.M., et al., Efficient scalable production of therapeutic microvesicles derived from human 
mesenchymal stem cells. Sci Rep, 2018. 8: p. 1171. 

289. Panagiotou, N., et al. Microvesicle-Mediated Tissue Regeneration Mitigates the Effects of Cellular 
Ageing. Cells, 2023. 12: p. 1707. 

290. Mitchell, J.P., et al., Increased exosome production from tumour cell cultures using the Integra 
CELLine Culture System. J Immunol Methods, 2008. 335: p. 98-105. 



 

162 
 

291. Watson, D.C., et al., Efficient production and enhanced tumor delivery of engineered extracellular 
vesicles. Biomaterials, 2016. 105: p. 195-205. 

292. Cao, J., et al., Three-dimensional culture of MSCs produces exosomes with improved yield and 
enhanced therapeutic efficacy for cisplatin-induced acute kidney injury. Stem Cell Res Ther, 2020. 
11: p. 206. 

293. Yan, L. and X. Wu, Exosomes produced from 3D cultures of umbilical cord mesenchymal stem 
cells in a hollow-fiber bioreactor show improved osteochondral regeneration activity. Cell Biol 
Toxicol, 2020. 36: p. 165-178. 

294. Gobin, J., et al., Hollow-fiber bioreactor production of extracellular vesicles from human bone 
marrow mesenchymal stromal cells yields nanovesicles that mirrors the immuno-modulatory 
antigenic signature of the producer cell. Stem Cell Res Ther, 2021. 12: p. 127. 

295. Mendt, M., et al., Generation and testing of clinical-grade exosomes for pancreatic cancer. JCI 
Insight, 2018. 3: p. e99263. 

296. Patel, D.B., et al., Enhanced extracellular vesicle production and ethanol-mediated vascularization 
bioactivity via a 3D-printed scaffold-perfusion bioreactor system. Acta Biomater, 2019. 95: p. 236-
244. 

297. Watson, D.C., et al., Scalable, cGMP-compatible purification of extracellular vesicles carrying 
bioactive human heterodimeric IL-15/lactadherin complexes. J Extracell Vesicles, 2018. 7: p. 
1442088. 

298. de Soure, A.M., et al., Scalable microcarrier-based manufacturing of mesenchymal stem/stromal 
cells. J Biotechnol, 2016. 236: p. 88-109. 

299. Gronemeyer, P., R. Ditz, and J. Strube, Trends in Upstream and Downstream Process 
Development for Antibody Manufacturing. Bioengineering, 2014. 1: p. 188-212. 

300. Gutiérrez-Granados, S., F. Gòdia, and L. Cervera, Continuous manufacturing of viral particles. Curr 
Opin Chem Eng, 2018. 22: p. 107-114. 

301. Esmonde-White, K.A., M. Cuellar, and I.R. Lewis, The role of Raman spectroscopy in 
biopharmaceuticals from development to manufacturing. Anal Bioanal Chem, 2022. 414: p. 969-
991. 

302. Horgan, C.C., et al., Molecular imaging of extracellular vesicles in vitro via Raman metabolic 
labelling. J Mater Chem B, 2020. 8: p. 4447-4459. 

303. Haraszti, R.A., et al., Exosomes Produced from 3D Cultures of MSCs by Tangential Flow Filtration 
Show Higher Yield and Improved Activity. Mol Ther, 2018. 26: p. 2838-2847. 

304. de Almeida Fuzeta, M., et al., Scalable Production of Human Mesenchymal Stromal Cell-Derived 
Extracellular Vesicles Under Serum-/Xeno-Free Conditions in a Microcarrier-Based Bioreactor 
Culture System. Front Cell Dev Biol, 2020. 8: p. 553444. 

305. Paganini, C., et al., High-Yield Production of Extracellular Vesicle Subpopulations with Constant 
Quality Using Batch-Refeed Cultures. Adv Healthc Mater, 2023. 12: p. e2202232. 

306. Rafiq, Q.A., et al., Qualitative and quantitative demonstration of bead-to-bead transfer with bone 
marrow-derived human mesenchymal stem cells on microcarriers: Utilising the phenomenon to 
improve culture performance. Biochem Eng J, 2018. 135: p. 11-21. 

307. Pinto, A., et al., Immune Reprogramming Precision Photodynamic Therapy of Peritoneal 
Metastasis by Scalable Stem-Cell-Derived Extracellular Vesicles. ACS Nano, 2021. 15: p. 3251-
3263. 

308. Gupta, P., et al., Optimization of agitation speed in spinner flask for microcarrier structural integrity 
and expansion of induced pluripotent stem cells. Cytotechnology, 2016. 68: p. 45-59. 

309. Greenberg, Z.F., K.S. Graim, and M. He, Towards artificial intelligence-enabled extracellular vesicle 
precision drug delivery. Adv Drug Deliv Rev, 2023. 199: p. 114974. 

310. Narayanan, H., et al., Bioprocessing in the Digital Age: The Role of Process Models. Biotechnol J, 
2020. 15: p. e1900172. 

311. Kalra, H., et al., Vesiclepedia: A Compendium for Extracellular Vesicles with Continuous 
Community Annotation. PLOS Biol, 2012. 10: p. e1001450. 

312. Keerthikumar, S., et al., ExoCarta: A Web-Based Compendium of Exosomal Cargo. J Mol Biol, 
2016. 428: p. 688-692. 

313. Cohn, W., et al., Multi-Omics Analysis of Microglial Extracellular Vesicles From Human Alzheimer's 
Disease Brain Tissue Reveals Disease-Associated Signatures. Front Pharmacol, 2021. 12: p. 
766082. 



 

163 
 

314. Reel, P.S., et al., Using machine learning approaches for multi-omics data analysis: A review. 
Biotechnol Adv, 2021. 49: p. 107739. 

315. Ramos, E.K., et al., Machine learning-assisted elucidation of CD81-CD44 interactions in promoting 
cancer stemness and extracellular vesicle integrity. Elife, 2022. 11: e82669. 

316. Kazemzadeh, M., et al., Label-Free Classification of Bacterial Extracellular Vesicles by Combining 
Nanoplasmonic Sensors With Machine Learning. IEEE Sens J, 2022. 22: p. 1128-1137. 

317. Qin, Y.-F., et al., Deep Learning-Enabled Raman Spectroscopic Identification of Pathogen-Derived 
Extracellular Vesicles and the Biogenesis Process. Anal Chem, 2022. 94: p. 12416-12426. 

318. Bamford, S.E., et al., High resolution imaging and analysis of extracellular vesicles using mass 
spectral imaging and machine learning. J Extracell Biol, 2023. 2: p. e110. 

319. Di Santo, R., et al. Machine Learning-Assisted FTIR Analysis of Circulating Extracellular Vesicles 
for Cancer Liquid Biopsy. J Pers Med, 2022. 12: p. 949. 

320. Paproski, R.J., et al., Building predictive disease models using extracellular vesicle microscale flow 
cytometry and machine learning. Mol Oncol, 2023. 17: p. 407-421. 

321. Gómez-de-Mariscal, E., et al., Deep-Learning-Based Segmentation of Small Extracellular Vesicles 
in Transmission Electron Microscopy Images. Sci Rep, 2019. 9: p. 13211. 

322. Keysberg, C., et al., Hyperthermic shift and cell engineering increase small extracellular vesicle 
production in HEK293F cells. Biotechnol Bioeng, 2023. 

323. Willemijn, S.d.V., et al., EV-Elute: a universal platform for enrichment of functional surface marker-
defined extracellular vesicle subpopulations. bioRxiv, 2023. 

324. Xu, L., et al., Design of experiment (DoE)-driven in vitro and in vivo uptake studies of exosomes for 
pancreatic cancer delivery enabled by copper-free click chemistry-based labelling. J Extracell 
Vesicles, 2020. 9: p. 1779458. 

325. Wang, F., T. Zuroske, and J.K. Watts, RNA therapeutics on the rise. Nat Rev Drug Discov, 2020. 
19: p. 441-442. 

326. Roberts, T.C., R. Langer, and M.J.A. Wood, Advances in oligonucleotide drug delivery. Nat Rev 
Drug Discov, 2020. 19: p. 673-694. 

327. Verma, M., et al., The landscape for lipid-nanoparticle-based genomic medicines. Nat Rev Drug 
Discov, 2023. 22: p. 349-350. 

328. Lokugamage, M.P., et al., Mild Innate Immune Activation Overrides Efficient Nanoparticle-Mediated 
RNA Delivery. Adv Mater, 2020. 32: p. e1904905. 

329. Kordelas, L., et al., MSC-derived exosomes: a novel tool to treat therapy-refractory graft-versus-
host disease. Leukemia, 2014. 28: p. 970-3. 

330. Nassar, W., et al., Umbilical cord mesenchymal stem cells derived extracellular vesicles can safely 
ameliorate the progression of chronic kidney diseases. Biomater Res, 2016. 20: p. 21. 

331. Morse, M.A., et al., A phase I study of dexosome immunotherapy in patients with advanced non-
small cell lung cancer. J Transl Med, 2005. 3: p. 9. 

332. Dai, S., et al., Phase I clinical trial of autologous ascites-derived exosomes combined with GM-CSF 
for colorectal cancer. Mol Ther, 2008. 16: p. 782-90. 

333. Heusermann, W., et al., Exosomes surf on filopodia to enter cells at endocytic hot spots, traffic 
within endosomes, and are targeted to the ER. J Cell Biol, 2016. 213: p. 173-84. 

334. Maugeri, M., et al., Linkage between endosomal escape of LNP-mRNA and loading into EVs for 
transport to other cells. Nat Commun, 2019. 10: p. 4333. 

335. Didiot, M.-C., et al., Loading of Extracellular Vesicles with Hydrophobically Modified siRNAs, in 
Extracellular RNA. Methods Mol Biol, 2018. 1740: p. 199-214. 

336. Rankin-Turner, S., et al., A call for the standardised reporting of factors affecting the exogenous 
loading of extracellular vesicles with therapeutic cargos. Adv Drug Deliv Rev, 2021. 173: p. 479-
491. 

337. Rui, Y., et al., High-throughput and high-content bioassay enables tuning of polyester nanoparticles 
for cellular uptake, endosomal escape, and systemic in vivo delivery of mRNA. Sci Adv, 2022. 8: 
p. eabk2855. 

338. Lin, Y., et al., Folate Receptor-Mediated Delivery of Cas9 RNP for Enhanced Immune Checkpoint 
Disruption in Cancer Cells. Small, 2023. 19: p. e2205318. 

339. Bader, J., et al., Improving extracellular vesicles production through a Bayesian optimization-based 
experimental design. Eur J Pharm Biopharm, 2023. 182: p. 103-114. 



 

164 
 

340. Akinc, A., et al., A combinatorial library of lipid-like materials for delivery of RNAi therapeutics. Nat 
Biotechnol, 2008. 26: p. 561-9. 

341. Schindelin, J., et al., Fiji: an open-source platform for biological-image analysis. Nat Methods, 2012. 
9: p. 676-682. 

342. Mok, K.W. and P.R. Cullis, Structural and fusogenic properties of cationic liposomes in the 
presence of plasmid DNA. Biophys J, 1997. 73: p. 2534-45. 

343. Hafez, I.M., S. Ansell, and P.R. Cullis, Tunable pH-sensitive liposomes composed of mixtures of 
cationic and anionic lipids. Biophys J, 2000. 79: p. 1438-46. 

344. Rädler, J.O., et al., Structure of DNA-Cationic Liposome Complexes: DNA Intercalation in 
Multilamellar Membranes in Distinct Interhelical Packing Regimes. Science, 1997. 275: p. 810-814. 

345. Koltover, I., et al., An Inverted Hexagonal Phase of Cationic Liposome-DNA Complexes Related to 
DNA Release and Delivery. Science, 1998. 281: p. 78-81. 

346. Hatakeyama, H., H. Akita, and H. Harashima, The Polyethyleneglycol Dilemma: Advantage and 
Disadvantage of PEGylation of Liposomes for Systemic Genes and Nucleic Acids Delivery to 
Tumors. Biol Pharm Bull, 2013. 36: p. 892-899. 

347. Valldeperas, M., et al., Interfacial properties of lipid sponge-like nanoparticles and the role of 
stabilizer on particle structure and surface interactions. Soft Matter, 2019. 15: p. 2178-2189. 

348. Brader, M.L., et al., Encapsulation state of messenger RNA inside lipid nanoparticles. Biophys J, 
2021. 120: p. 2766-2770. 

349. Filonov, G.S., et al., Broccoli: rapid selection of an RNA mimic of green fluorescent protein by 
fluorescence-based selection and directed evolution. J Am Chem Soc, 2014. 136: p. 16299-308. 

350. Filonov, G.S., et al., In-gel imaging of RNA processing using broccoli reveals optimal aptamer 
expression strategies. Chem Biol, 2015. 22: p. 649-60. 

351. Thalmayr, S., et al., Molecular Chameleon Carriers for Nucleic Acid Delivery: The Sweet Spot 
between Lipoplexes and Polyplexes. Adv Mater, 2023. 35: p. e2211105 

352. Joshi, B.S., et al., Endocytosis of Extracellular Vesicles and Release of Their Cargo from 
Endosomes. ACS Nano, 2020. 14: p. 4444-4455. 

353. Seth, R.B., L. Sun, and Z.J. Chen, Antiviral innate immunity pathways. Cell Res, 2006. 16: p. 141-
7. 

354. Zheng, L., et al., Lipid nanoparticle topology regulates endosomal escape and delivery of RNA to 
the cytoplasm. Proc Natl Acad Sci U S A, 2023. 120: p. e2301067120. 

355. Skotland, T., K. Sandvig, and A. Llorente, Lipids in exosomes: Current knowledge and the way 
forward. Prog Lipid Res, 2017. 66: p. 30-41. 

356. Koynova, R., et al., Lipid Phase Control of DNA Delivery. Bioconjug Chem, 2005. 16: p. 1335-1339. 
357. Zheng, W., et al., Surface display of functional moieties on extracellular vesicles using lipid anchors. 

J Control Release, 2023. 357: p. 630-640. 
358. Bashor, C.J., et al., Engineering the next generation of cell-based therapeutics. Nat Rev Drug 

Discov, 2022. 21: p. 655-675. 
359. Kalluri, R. and V.S. LeBleu, The biology, function, and biomedical applications of exosomes. 

Science, 2020. 367: p. eaau6977. 
360. Zhou, Y., et al., Exosomes released by human umbilical cord mesenchymal stem cells protect 

against cisplatin-induced renal oxidative stress and apoptosis in vivo and in vitro. Stem Cell Res 
Ther, 2013. 4: p. 34. 

361. Xin, H., et al., Systemic administration of exosomes released from mesenchymal stromal cells 
promote functional recovery and neurovascular plasticity after stroke in rats. J Cereb Blood Flow 
Metab, 2013. 33: p. 1711-5. 

362. Hu, S., et al., Exosome-eluting stents for vascular healing after ischaemic injury. Nat Biomed Eng, 
2021. 5: p. 1174-1188. 

363. Chen, A.K., et al., Critical microcarrier properties affecting the expansion of undifferentiated human 
embryonic stem cells. Stem Cell Res, 2011. 7: p. 97-111. 

364. Tavassoli, H., et al., Large-scale production of stem cells utilizing microcarriers: A biomaterials 
engineering perspective from academic research to commercialized products. Biomaterials, 2018. 
181: p. 333-346. 

365. Tan, K.Y., et al., Serum-free media formulations are cell line-specific and require optimization for 
microcarrier culture. Cytotherapy, 2015. 17(8): p. 1152-65. 



 

165 
 

366. Rafiq, Q.A., et al., Systematic microcarrier screening and agitated culture conditions improves 
human mesenchymal stem cell yield in bioreactors. Biotechnol J, 2016. 11(4): p. 473-86. 

367. Carmelo, J.G., et al., A xeno-free microcarrier-based stirred culture system for the scalable 
expansion of human mesenchymal stem/stromal cells isolated from bone marrow and adipose 
tissue. Biotechnol J, 2015. 10: p. 1235-47. 

368. Greenhill, S., et al., Bayesian Optimization for Adaptive Experimental Design: A Review. IEEE 
Access, 2020. 8: p. 13937-13948. 

369. Brochu, E., V.M. Cora, and N. de Freitas, A Tutorial on Bayesian Optimization of Expensive Cost 
Functions, with Application to Active User Modeling and Hierarchical Reinforcement Learning. 
arXiv, 2010. 1012.2599. 

370. Berkenkamp, F., A. Krause, and A.P. Schoellig, Bayesian optimization with safety constraints: safe 
and automatic parameter tuning in robotics. Mach Learn, 2023. 112: p. 3713-3747. 

371. González, J., et al., Bayesian Optimization for Synthetic Gene Design. arXiv, 2015. 10505.01627. 
372. Romero, P.A., A. Krause, and F.H. Arnold, Navigating the protein fitness landscape with Gaussian 

processes. Proc Natl Acad Sci U S A, 2013. 110: p. E193-E201. 
373. Lookman, T., et al., Active learning in materials science with emphasis on adaptive sampling using 

uncertainties for targeted design. npj Comput Mater, 2019. 5: p. 21. 
374. Narayanan, H., et al., Design of Biopharmaceutical Formulations Accelerated by Machine Learning. 

Mol Pharm, 2021. 18: p. 3843-3853. 
375. Roefs, M.T., J.P.G. Sluijter, and P. Vader, Extracellular Vesicle-Associated Proteins in Tissue 

Repair. Trends Cell Biol, 2020. 30: p. 990-1013. 
376. Rasmussen, C.E. and C.K.I. Williams, Gaussian Processes for Machine Learning. 2005: The MIT 

Press. 
377. Schulz, E., M. Speekenbrink, and A. Krause, A tutorial on Gaussian process regression: Modelling, 

exploring, and exploiting functions. J Math Psychol, 2018. 85: p. 1-16. 
378. Srinivas, N., et al., Information-Theoretic Regret Bounds for Gaussian Process Optimization in the 

Bandit Setting. IEEE Trans Inf Therory, 2012. 58: p. 3250-3265 
379. Cox, D.D. and S. John. A statistical method for global optimization. 1992 IEEE International 

Conference on Systems, Man, and Cybernetics. 1992. 3: p. 1241-1246 
380. Yang, K., et al., Multi-Objective Bayesian Global Optimization using expected hypervolume 

improvement gradient. Swarm Evol Comput, 2019. 44: p. 945-956. 
381. Couckuyt, I., D. Deschrijver, and T. Dhaene, Fast calculation of multiobjective probability of 

improvement and expected improvement criteria for Pareto optimization. J Glob Optim, 2014. 60: 
p. 575-594. 

382. Feliot, P., J. Bect, and E. Vazquez, A Bayesian approach to constrained single- and multi-objective 
optimization. J Glob Optim, 2017. 67: p. 97-133. 

383. Abdolshah, M., et al., Cost-aware Multi-objective Bayesian optimisation. arXiv, 2019. 1909.03600. 
384. Galuzio, P.P., et al., MOBOpt �²  multi-objective Bayesian optimization. SoftwareX, 2020. 12: p. 

100520. 
385. González, J.I., et al. Batch Bayesian Optimization via Local Penalization. arXiv, 2015. 1505.08052. 
386. Azimi, J., A. Fern, and X.Z. Fern. Batch Bayesian Optimization via Simulation Matching. in 

Advances in Neural Information Processing Systems 23 (NIPS 2010), 2010. 
387. Chevalier, C. and D. Ginsbourger. Fast Computation of the Multi-Points Expected Improvement 

with Applications in Batch Selection. in Learning and Intelligent Optimization, 2013. p. 59-69 
388. Azimi, J., A. Jalali, and X.Z. Fern, Hybrid Batch Bayesian Optimization. arXiv, 2012. 1202.5597. 
389. Ginsbourger, D., R. Le Riche, and L. Carraro, Kriging Is Well-Suited to Parallelize Optimization, in 

Computational Intelligence in Expensive Optimization Problems, 2010. p. 131-162. 
390. Livshits, M.A., et al., Isolation of exosomes by differential centrifugation: Theoretical analysis of a 

commonly used protocol. Sci Rep, 2015. 5: p. 17319. 
391. Strathearn, K.E. and A.M.P. Pardo. Parameters to Consider When Expanding Cells on Corning® 

Microcarrier. Corning Application Note CLS-AN-243. (accessed March 10th 2022); Available from: 
https://www.corning.com/catalog/cls/documents/application-
notes/an_243_Parameters_to_Consider_When_Expanding_Cells_on_Corning_Microcarriers.pdf. 

392. Nienow, A.W., et al., Agitation conditions for the culture and detachment of hMSCs from 
microcarriers in multiple bioreactor platforms. Biochem Eng J, 2016. 108: p. 24-29. 



 

166 
 

393. McKay, M.D., R.J. Beckman, and W.J. Conover, Comparison of Three Methods for Selecting 
Values of Input Variables in the Analysis of Output from a Computer Code. Technometrics, 1979. 
21: p. 239-245. 

394. Sokolov, M., Decision Making and Risk Management in Biopharmaceutical Engineering�²
Opportunities in the Age of Covid-19 and Digitalization. Ind Eng Chem Res, 2020. 59: p. 17587-
17592. 

395. Narayanan, H., et al., Consistent Value Creation from Bioprocess Data with Customized 
Algorithms: Opportunities Beyond Multivariate Analysis, in Process Control, Intensification, and 
Digitalisation in Continuous Biomanufacturing. 2022. p. 231-264. 

396. Paganini, C., et al., Rapid Characterization and Quantification of Extracellular Vesicles by 
Fluorescence-Based Microfluidic Diffusion Sizing. Adv Healthc Mater, 2022. 11: p. e2100021. 

397. Narayanan, H., et al., A new generation of predictive models: The added value of hybrid models 
for manufacturing processes of therapeutic proteins. Biotechnol Bioeng, 2019. 116: p. 2540-2549. 

398. Narayanan, H., et al., Hybrid Models Based on Machine Learning and an Increasing Degree of 
Process Knowledge: Application to Cell Culture Processes. Ind Eng Chem Res, 2022. 61: p. 8658-
8672. 

399. Narayanan, H., et al., Hybrid Models for the simulation and prediction of chromatographic 
processes for protein capture. J Chromatogr A, 2021. 1650: p. 462248. 

400. Priglinger, E., et al., Label-free characterization of an extracellular vesicle-based therapeutic. J 
Extracell Vesicles, 2021. 10: p. e12156. 

401. Suthar, J., et al., Amplified EQCM-D detection of extracellular vesicles using 2D gold 
nanostructured arrays fabricated by block copolymer self-assembly. Nanoscale Horiz, 2023. 8: p. 
460-472. 

402. Ridolfi, A., et al., Electrostatic interactions control the adsorption of extracellular vesicles onto 
supported lipid bilayers. J Colloid Interface Sci, 2023. 650: p. 883-891. 

403. Tsai, S.J., et al., Exosome-mediated mRNA delivery in vivo is safe and can be used to induce 
SARS-CoV-2 immunity. J Biol Chem, 2021. 297: p. 101266. 

404. You, Y., et al., Intradermally delivered mRNA-encapsulating extracellular vesicles for collagen-
replacement therapy. Nat Biomed Eng, 2023. 7: p. 887-900. 

405. Xiaoshu, P., et al., CRISPR-Cas9 Extracellular Vesicles for Treating Hearing Loss. bioRxiv, 2023. 
406. Poulsen, N.N., et al., Flow induced dispersion analysis rapidly quantifies proteins in human plasma 

samples. Analyst, 2015. 140: p. 4365-4369. 
407. Ghoroghi, S., et al., Ral GTPases promote breast cancer metastasis by controlling biogenesis and 

organ targeting of exosomes. Elife, 2021. 10: p. e61539. 
408. Verweij, F.J., et al., Live Tracking of Inter-organ Communication by Endogenous Exosomes In Vivo. 

Dev Cell, 2019. 48: p. 573-589.e4. 
409. Hyenne, V., et al., Studying the Fate of Tumor Extracellular Vesicles at High Spatiotemporal 

Resolution Using the Zebrafish Embryo. Dev Cell, 2019. 48: p. 554-572.e7. 
410. Guimaraes, P.P.G., et al., Ionizable lipid nanoparticles encapsulating barcoded mRNA for 

accelerated in vivo delivery screening. J Control Release, 2019. 316: p. 404-417. 
411. Kauffman, K.J., et al., Rapid, Single-Cell Analysis and Discovery of Vectored mRNA Transfection 

In Vivo with a loxP-Flanked tdTomato Reporter Mouse. Mol Ther Nucleic Acids, 2018. 10: p. 55-
63. 

412. Lokugamage, M.P., C.D. Sago, and J.E. Dahlman, Testing thousands of nanoparticles in vivo using 
DNA barcodes. Curr Opin Biomed Eng, 2018. 7: p. 1-8. 

 




