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Abstract

Nanomedicine provides exciting opportunities to solve medend medical problems
from disease diagnosis to therapy. From the first approved nanomedicine in 1995 against cancer,
Doxil®, to the recent sensation, lipid nanopartizésed mMRNA vaccine against COVID,
nanomedicine has come a long waythe state of becoming a platform dieal technology
Toward thisendeavor this dissertation is focused on ligihsed vesicles systems, synthetic
liposomes, and cellecreted extracellular vesicles (EVs), where we have explored and optimized
efficient engineering techniques to achieve twtaogeted drug delivery and diagnostic capacity.
Liposomes are synthetic vesicles wéh aqueos core and phospholipid bilayand EVs are
natural vesicles secreted by cells with profgid bilayer and aqueous core carrying cellular
information in tems of proteins and nucleic acid (MRNA, miRNA, DNA). These complementary
properties whepairedmake them highly efficient delivery vehislen a biological environment,
an overarching goal of this dissertation.

The main objective of this dissertation i® bvercome two major challenges in
nanoparticulate drug delivery system: 1) how to overcome endosome degradation of nanoparticles
and maximize intracellular bioavailability and 2) how to overcome biological barriers for efficient
delivery- rapid immune clarance, circulation stability, epithelial barriers, microenvironment
barriers, cellular, and intracellular barriers. Toward this aim, we engineeredsanskive
liposome with pHresponsive 3{fN-(N',N'-dimethylaminoethanejarbamoyl] (DC) moiety to
avoid endosomal degradation. pdensitive liposome showed pidsponsive cationic properties
which elevated the fusogenic characteristic of liposome at the acidic environment in the endosomes
and facilitate endosomal escape via membrane fusibagter 3). Although the invitro results

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



problem, a natural messenger of the cellular system, which has been optimized with years of
evolution, EVs, was used. We optimized a simgicient, and reproducible EVs isolation
method by combining centrifugation, ultrafiltration, and size exclubmsed chromatography.
Synthetic liposomes were used to enginaerEVs-based hybrid system that contributed to
increasing overall yield, stdity, and added functionalityGhapter 4). EVs derived from mouse
macrophage J774A.1 showed preferential interaction toward cancer cells, both in vitrgigad in
mouse models showing promises for turtangeted drug delivery. Further, a gadolinium
incomorated liposome was synthesized and hybridized with EVs to engineer a hybrid system with
diagnostic capacity, which showed contrashanced diagnostic characteristics as confirmed by
clinical magnetic resonance imagin@h@pter 5). Finally, EVs were opthized for their
reproducibility of physicochemical and functional properties. Rigorous EVs isolation technique
and characterization confirmed the EVs production is significantly higher in cancer cells compared
to nonrcancer Chapter 6). Thenanosystemengneered in this studyere successful to overcome
endosomal degradation via escape, have longer retention time, good biocompatibility, efficient
drug loading capacity, and tumor targeting characteristic, all of which are excellent properties for
drug deliwery systera. With this proof of concept and design consideration, this dissertation adds
an important understanding of the vesidbesed system for tuméargeted drug delivery. We
envision that future works on the molecular mechanism behind the achiew@dicry and tumor
targeting potential can lead toward the translatioa wésiclebased system for tumdargeted

drug delivery.
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Abstract

Nanomedicine provides exciting opportunities to seha&deraworld medical problems
from disease diagnosis to therapy. From the first approved nanomedicine in 1995 against cancer,
Doxil®, to the recent sensation, lipid nanopartizésed mMRNA vaccine against COVID,
nanomedicine has come a long way to ttegesof becoming a platform medical technology.
Toward this endeavor, this dissertation is focused on-bpgkd vesicles systems, synthetic
liposomes, and cellecreted extracellular vesicles (EVs), where we have explored and optimized
efficient engineeng techniques to achieve tumtargeted drug delivery and diagnostic capacity.
Liposomes are synthetic vesicles with an aqueous core and phospholipid bilayer and EVs are
natural vesicles secreted by cells with profgid bilayer and aqueous core cangicellular
information in terms of proteins and nucleic acid (MRNA, miRNA, DNA). These complementary
properties when paired make them highly efficient delivery vehicles in a biological environment,
an overarching goal of this dissertation.

The main objetive of this dissertation is to overcome two major challenges in
nanoparticulate drug delivery system: 1) how to overcome endosome degradation of nanoparticles
and maximize intracellular bioavailability and 2) how to overcome biological barriers foegffici
delivery- rapid immune clearance, circulation stability, epithelial barriers, microenvironment
barriers, cellular, and intracellular barriers. Toward this aim, we engineeredsanskive
liposome with pHresponsive 3{fN-(N',N'-dimethylaminoethanejarbamoyl] (DC) moiety to
avoid endosomal degradation. {sEnsitive liposome showed pidsponsive cationic properties
which elevated the fusogenic characteristic of liposome at the acidic environment in the endosomes
and facilitate endosomal escape via meanb fusion Chapter 3). Although the invitro results

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



problem, a natural messenger of the cellular system, which has been optimized with years of
evolution, EVs, wa used. We optimized a simple, efficient, and reproducible EVs isolation
method by combining centrifugation, ultrafiltration, and size exclubmsed chromatography.
Synthetic liposomes were used to engineer an-liased hybrid system that contributed to
increasing overall yield, stability, and added functional@hdpter 4). EVs derived from mouse
macrophage J774A.1 showed preferential interaction toward cancer cells, both in vitro and in vivo
mouse models showing promises for tursteigeted drug delivgr Further, a gadolinium
incorporated liposome was synthesized and hybridized with EVs to engineer a hybrid system with
diagnostic capacity, which showed contrashanced diagnostic characteristics as confirmed by
clinical magnetic resonance imagin@€h@pter 5). Finally, EVs were optimized for their
reproducibility of physicochemical and functional properties. Rigorous EVs isolation technique
and characterization confirmed the EVs production is significantly higher in cancer cells compared
to nonrcancer Chapter 6). The nanosystems engineered in this study were successful to overcome
endosomal degradation via escape, have longer retention time, good biocompatibility, efficient
drug loading capacity, and tumor targeting characteristic, all of whiokxasdlent properties for

drug delivery systems. With this proof of concept and design consideration, this dissertation adds
an important understanding of the vesidbesed system for tuméargeted drug delivery. We
envision that future works on the maldgr mechanism behind the achieved biomimicry and tumor
targeting potential can lead toward the translation of a velsaded system for tumdargeted

drug delivery.
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Chapter1-1 nt roducti on

1.1 Concept ofnanotechnology andhanomedicine

In 1956, Nobel laureate and theoretical physieigifessoiRichard Feynman gave a talk
Athere is plenty of room at the bottomo at t
Caltech! This talk Il ed to the concepwheralFeynfnanundat i
discussed the idea of writiranentire encyclopedian the tip ofanail, storing informatioron the
atomic scale, miniaturizing the computer, and developing tiny machines for medical and industrial
applications. Although not termed as nauhnology, Feynman was leading down the foundation
of nanotechnology through his groundbreaking concepts. Later on, in t@#d,er m -ifnano
technol ogyodo was fir &tnl198Kkteeihvebtipn ofdecanning tufireling g u ¢ h i
microscopded to the visualization ahdividual atomsprovidinga crucial characterization tool
for nanotechnologyEncouagedby the Feynman concept, Eric Drexler published a book in 1986
usingtheinanot echnol ogyo term pr op o’Fhesegeveldpraents d e a ¢
led to the emergence of nanotechnology as a fietdar1980s, almost 20 years later Feynman
conceptual visualization. Today, nanotechnology is present in our everyday liféghizaiothes
we wear, computer and mobile device we tisemedicine we takéo thenumber of consumable
products. According tatheNat i onal Nanotechnology Initiatiyv
engineering, and technofogy conducted at the

One of the may exciting applicatios of nanotechnology is in the field of medicine,
thereby giving rise to ANanomedicineo. Accord
of medicine that applies the knowledge and tools of nanotechnology to the prevention and
treatment of disease. Nanomedicine involves the use of nanoscale materials, such as biocompatible

nanoparticles and nanorobots, for diagnosis, delivery, sensing or actuation purposes in a living



o r g a r° Nahomdicine aims to overcome the limitations of conventional pharmaceutical drugs
by providing targeted delivery, ability to bypass complex natural barrienable
pharmacokineticsand better safety and efficacy profile. Therefdhe use of nanomedicine as a
drug delivery system (DDS) and diagnostic agents is gaining rapid attentlomscientificand
medicinal community. Nanomedicine, owing tits nanosize, provides ample surface area to
engineer foithe desired outcome. Faexample, we can decorate hanomedicine with a targeting
moiety to achieve targeted delivery, biocompatible coatings to avoid immune clearance, and
biomimicry agents to deceitbe cellular system. This flexibility in engineering nanomedicine is

key to deelop an effective drug delivery system.
1.2 Nanomedicine in drug delivery system

The discovery of therapeutic drugs is a milestone in human civilization whgchona
saved millions of lives and increased the life expectancy of human populations. Altheugte
of plants as mherbal medicine dates backtte early days of human civilization, the discovery
of modern therapeutic drugs started with the extraction of morphine from opium in 1806 as a pain
medication by Friedrich Serturn®iThe 1982discoveryof Penicillin as antibiotics by Alexander
Fleming marks another milestone in the history of meditifieday, we have more than 7000
therapeutic drugs approved the US food and drug administration (FDA) for human use. As the
number of therapeutic dg use increased, concerns about its side effects atargét toxicity
evolved as major challengekhis gave rise to a search foralternative strategy to improwkug
delivery. Theconventional noninvasive oraikansdermalor topicalroute of drugdelivery is
simple and easy to administéowever limits the bioavailability of drugs thereby limiting the
therapeutic dicacy. Oral delivery of drug often needsto face a harsh gastrointestinal

environmentSimilarly, free drugs administered through intravenous injection might be rapidly



degraded or cleared by the immune system thereby causing maximal depoghieliver and
spleen, with potentially toxic results, and minimum availability in the target site. dxawe
these limitationsof free drug and conventional deliverthe drug delivery system aims to
encapsulatand solubilizeéhe drugs in a protective delivery vehicém enveloped vehicle system,
that can be tuned for targeted drug delivery and condralielg release, thereby enhancing
therapeutic efficacy.

Various nanopartickbased delivery ehicles are available as a drug delivery system like
nanocrystal, vesicles, polymeric micelles, protefised nanoparticde dendrimers, carbon
nanotubes, and polymdrug conjugaté!® When a therapeutic drug is incorporated in these
nanoparticlebased delivery vehiciewe call them naomedicines. Each dfiese vehiclebasits
advantages and limitationBolymerbased nanoparticles have advantages of precise control of
particle characteristic, payload flexibility, and easy surface modification, however, can be limited
by theincreasedisk of particle aggregation and toxicity. Inorganic nanoparticles have advantages
of unique electrical, magnetic, and optical properti@scan be limited by toxicity and solubility
problems. Lipidbased nanoparticles have the advantages of formukitigulicity with a range
of physicochemical properties, high bioavailability, payload flexibility, yet can be limited by low
encapsulation efficiencyt.In these scenarios, the selectionhefnanoparticle pldiorm should be
done based upon the application and feasibility of optimizations to overcome the limitations.

This dissertation is focusedn vesicles basedanomedicinefor drug delivery and
di agnosi s. Strucshedal oy sithanagmeoasiceeessurraunded iya o r e
bilayer shell> The famous and widely used vesictas liposomes. Liposonseare vesicles with
anaqueous core and phospholipid bilayer. The amphiphilic characteristic of phospholipid gives

rise to seHassemby in liposomes iranaqueous solution, where the hydrophilic polar head forms



the outer structure of the bilayer and hydrophobic lipid tails form the inner layer. Since its
discovery in 1961 by Alec D Banghatiposome has been the earliest and most widely studied
vesicle systm for drug delivery® The attractive biological properties of liposome that makes
them a desirable candidate for drug delivery are excellent biocompatibilitpgicially inert,
biodegradable, ability to entrap hydrophilic drugs in the aqueous core and hydrophobic drugs in
thehydrophobic bilayemembrane, stability, easy preparatiand functionalization* As a resuilt,
liposomebased nanomedicine as the first approved therapeutics for cancer treatment and
represents a significant portion of ctially approved nanotherapeuti®sThe first approved
liposomebased nanomedicine was Doxil®, doxorubicin encapsulated liposome functionalized
with Polyethylene glycol (PEG), which was approved in 1995 for ovarian cancer aner&lHd&)
Kaposi 6s sarcoma. Till now,sbdsél manomedaineappeoved| e ast
for clinical use with the latest one approved in 2017, wtiexEDA granted regular approval to a
liposomeencapsulated combination of daunorubicin and cytarabine (VYXEOS, Jazz
Pharmaceuticals, Inc.) for the treatment of adulté atute myelogenous leukemia (AME§L
Additionally, therds around 30 liposombased nanomedicine in active clinical triflloreover,

the recent lipid nanoparticleased vaccine developed by Pfizer/BioNTech and Moderna against
coronavirus disease 2019 (COVIID) has further expanded the scagdipid/liposomebased
nanomedicineThesedata suggesthe successful translation of liposorbased drug delivery
systens for the treatment of cancer and other diseases. Howdwetiposomatbased drug
delivery system faces the challenges of rapid elimindtiom blood and accumulation ithe
reticuloendothelial cell system, primarily in the liver, and lacks the innate targeting prifpesty.
overcome this challenge, liposomes are functionalized foglymeric interface like PEG, which

can prevent protein opsonization by creating a steric polymeric protecting layer over liposomes



thereby allowing for long circulation time. Likesa, functionalizing with targeting antibiedcan
provide targeting functionality. Su@hsynthetic approach has been successfully employed in the
liposomebased approved medicine. It is however important to note the change in physiochemical
properties with eachchemical modification of liposomal system and how it affects the

biomolecular corona interface in the physiological environment.
1.3 Extracellular vesicles as emerging drug delivery agent

As an alternative to synthetic vesicle system,-detived extracellular vesicles have
emerged as a promising drug delivery system. Extracellular vesicles (EV#&)eanaturally
available delivery system dhe cellular environment. Structurally, they are made up of {ipid
protein bilayer with aqueous core carrying cellular informatiwateins and nucleic acid (MRNA,
MiRNA, DNA). Cells secrete EVs as a normal cellular process to communicate between
neighboring celland distant cells. Hence, EVs are an ideal drug delivery candnddteaturally
seeks to deliver its carg@vhile previously thought as garbage disposal urthetell, it has been
recently realized that EVs plagscrucial role in intraand intercdlular communication and has
garnered rapid attention among researcher. The role of EVs in disease progression is-now well
established. For example, cancer-cdtived EVs playa crucial role in metastas by regulating
cellular processes like angiogerggsioagulation, vascular leakiness, and reprogramming of host
stromal cells for the formation dfie premetastatic nich& These functionaliies of cancer cell
derived EVs can be exploited for the development of tutia@reted diagnosis and therapeutic
agents. In general, EVsvmthe potential to be used as imarkers, diagnostic, therapeutic, and
drug delivery agents. The major advantage of using EVs as drug delivery agents over
contemporary DDS (liposomes, micelles, and polymer) is the endogenous presence of

transmembrane proteins in EVs that contribtiebke stability and functionality of EVs.



1.4 Scope, research questions, and implications tie dissertation

In this dissertation, we have used btk liposome and EVs based vesicular system for
achieving tumottargeted drug delivery and diagno¢isgure 1.1). The dissertation has seven
chapters: 1) Chapter 1 introduce the overall aspetheflissertation, 2) Chapter 2 include
literature review focusing on the engineering approach of EVs, 3) Chapter 3 describes the
formulation of pHsensitive Iposomebased drug delivery system for endosomal escape, 4)

Experimental workflow Design consideration and proof of concept Applications

1. pH responsive liposome for endosomal escape

Engineering vesicles-based
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Figure 1.1 Scope of the dissertation.The general experimental workflow includes the
engineering approach, characterization of engineersitles, and in vitro/in vivo analysis. Three
major design considerations and proof of concept are presented to overcome the challenges in
nanoparticulate drug delivery systems and to achieve ttengeted drug delivery and diagnostic
potentials.

Chapte 4 discusses engineering of hybrid EVs for tutasgeted drug delivery, 5) Chapter 5
discusses reconstruction of EVs as a magnetic resonarageng contrast agent for cancer

diagnosis, 6) Chapter 6 discusses the rigor and reproducdfililys productbon and functionality,

and 7) Chapter 7 concludes the dissertatuith overall summary and future outlook each



chapter, we have tried to addressimportant research question related to twtaogeted drug
delivery.

In thefirst research chapter, gbter 3, our research question is how to ati@kendosomal
degradation of nanomedicine, which is one of the major biological massociated with the
drug delivery system. Towards thigection we formulated a ptsensitive DGiposome by using
a 3B[N-(N',N-dimethylaminoethanejarbamoyl] cholesterol (D€holesterol). Due to the
presence of D@noiety in DCGliposome, it showed pifesponsive cationic properties withe
elevation of surface chargetheacidic environment. This leadb elevated fusin behavioin an
acidic environment thereby facilitating membrane fusion wWithanionic endosomal membrane
by electrostatic interactiomgsulting in theendosomal escapend releasing the drug payload.
Here, we exploited the chemistry of Bfibiety to @hieve pHdependent cationic property and
the acidic environment dheendosome to achieve membrane fusion via electrostatic interaction.

Moving to our next chapter, Chapter 4, our research question was what if we used cell
derived natural vesicles deed from endogenous membrane compartment of cell (like endosome)
that can naturally avoid endosomal degradation Faiethis purpose, we used EVs derived from
mouse macrophage J774A.1. The redsonsinganimmune cell aanEV source was to exploit
the cancertargeting characteristic of immune cells. We hypothesized that EVs derived from
immune cells will sharéhe characteristic of parent celio track and target cancers, owinglie
similarity in surface protein contents. However, the applicatideMs is limited by low yield and
lack of membrane protein integrity dueth@harsh ultracentrifugation based isolation method. To
overcome this, we optimized an alternative centrifugatirafiltration based method for EV
isolation and hybridizea with synthetic liposome via extrusidrased membrane fusion. We

called these hybrid vesicles as hybrid exosomes (HE). Further, we loaded anticancer drug,



Doxorubicin, and analyzed the turAargeted drug delivery potential of HE. The incorporation of
liposomes in HE increased the overall yield of HE while maintaining stability and membrane
integrity. Owing to the presence of EVs surface proteins, HE showed enhanced internalization
toward cancer cadland HEDOX showed higher cytotoxicity toward cancer cetisnpared tdhe
normal one. This result provided proof of concept for HE to serve as a <¢argeting drug
delivery vehicle. Here, we exploited the EViatural surface membrane content for biomimicry
and used liposome lipid content to enhance the tyeeld of EV mimetic vesicles, which showed
great potential for tumetargeted drug delivery with enhanced therapeutic potential.

Next, in Chapter 5, our research question was if we can use EVs as a cancer diagnostic
agentby precisely delivering diagntis agent to the tumoi owards thi€ndeavorwe engineered
a hybrid EVs system with magnetic resonance imaging (MRI) contrast aggadolinium (Gd).
We called these vesicles gadolinium infused hybrid extracellular vesicled E@) Gadolinium
is a paamagnetic element capabtd@ enhancing nuclear relaxatioof neighboring water
molecules, hence they are widely used as a bright contrast @geagent)in clinical MRI.
However, the use of commercially available-Gabed contrast ageritke Magnevist®is now
reporting significant toxicity isswadue tonephrogenic systemic fibrosis (NSF). Also, due to the
rapid elimination of CAs and low blood retention time, the dose required for clinically relevant
contrast iscontinuously increasingro solve thesproblems in CAs, which plagsignificant role
in cancer diagnosis via MRI, we incorporated Gdha liposome and hybridized with EVs to
formulate GAHEV. We hypothesize that GdEVS, owing to the presence of immune aidrived
EV protein cargo, can eftaévely disguise themselves as a biological entity, prolong the retention
time for contrast enhancement, and show tumor specificitydEd showed enhanced contrast

property and higher blood retention time along with preferential accumulation toward oalis;er



compared to Magnevist®. This result provided the proof of concept for EVs based hybrid system
to be used as a tumtargeted delivery agent for diagnosis.

In our last research chapter, chapter 6, our research question was about the rigor and
repraducibility of EVs production and functionality. We observed a significant application of EVs
in terms of tumoitargeted drug delivery and diagnostic agent. However, these funcieseilé
applicable as long as they are replicadffeciently. Although B/s make themselves a promising
candidate for the DDS, EVs research may be limited by their heterologous functionality owing to
their heterologous supopulations. The different size and origin of these vesicles alter their
functionality which can incredilgl depend on the specific isolation procedures that dictate EV
heterogeneity. Therefore, it is imperative to address the issue of reproducibility in EVs isolation
and functionality to envision a realistic translational EVs research. Towardtteispf we
exploredthe rigor and reproducibility in EV production and functionality by varyoegtain
parameters ithe EV isolation process like incubation tiraed EV source (cancer vs noancer
cell), in 35 independent replicate analysis. We used size exolusimmatography to further
purify EVs from possible contaminations of soluble proteins and analyzed the impact of
purification in all different varying parameters.

In our concluding chapter, chapter 7, we have given concluding remarks and future iondicati
of this dissertation. The major aim of the dissertation was foausedercoming the two major
challengesassociated with nanoparticulate drug delivery systBnihow to overcome endosome
degradation of nanoparticles and maximize intracellular bitbibiy and 2) how to overcome
biological barriers for efficient and targeted delivagpid immune clearance, circulation stability,
epithelial barriers, microenvironment barriers, cellular, and intracellular barfiergchieve this

aim, we designedmo typesof vesicular systenil) a liposome responsive to pH environment for



endosomal escape and 2) EVs based hybrid system to achieve biomimicry and endogenous
targeting functionality. By the design consideration ofngdponsive liposome and EV based
hybrid system following surface functionalization and extrudgdased membrane fusion, we were

able to formulate Ddiposome, HE, and GHEV. These nanosystensuccessfully overcome
endosomal degradation via escape, have longer retention time, good bidbiitgpafficient

drug loading capacity, and tumor targeting characteristic, all of which are excellentipsdpert

DDS. The research attempts in thissertation addsnimportant understanding of vesicles based
system for tumotargeted drug delivgr We envision that future works othe molecular
mechanism behind the achieved biomimicry and tumor targeting potential can lead toward the

translation of vesicle based system for twtawgeted drug delivery.
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Chapter 2 in full, is a reprint of the material as it appearsJdournal of Materials Chemistry,B
2020, Sagar Rayamajland Santosh Aryal. doi: 10.1039/D0TB00744G

Abstract

Extracellular vesicles (EVsare lipidprotein bilayer vesicular constructs secreted to the
extracellular spaces by cells. All cells secrete EVs as a regular biological process that appears to
be conserved throughout the evolution. Owing to the rich molecular cargo of EVs witficspeci
lipid and protein content and documented role in cellular communication, EVs have been exploited
as a versatile agent in the biomedical arena, including diagnostic, drug delivery,
immunomodulatory, and therapeutic agents. With these multifaceted ajgpig in the
biomedical field, the functionalization of EVs to add diverse functionality has garnered rapid
attention. EVs can be functionalized with exogenous imaging and targeting moiety that allows for
the target specificity and the reahe trackingof EVs for diagnostic and therapeutic applications.
Importantly, such added functionalities can be used to explore EVs biogenesis pathway and their
role in cellular communication, which can lead to a better understanding of EVs cellular
mechanisms and presses. In this report, we have reviewed existing EVs surface functionalization
strategies and broadly classified them into three major approaches: physical, biological, and
chemical approaches. The physical approach of EVs functionalization includes snékieod
sonication, extrusion, and freetteaw that can change the surface properties of EVs via membrane
rearrangements. The biological approach discusses genetically and metabolically engineering cells
to express protein or cargo molecule of intereseoreted EVs. The chemical approach includes

different facile click type chemistries that can be used to covalently conjugate EVs lipid or protein
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construct with different linker groups for diverse functionality. Different chemistry like-thiol
maleimide, EIL/NHS, azidealkyne cycloaddition, and amidation chemistry have been discussed
to functionalize EVs. Finally, a comparative discussion of all approaches has been done focusing
on the significances of each approach. The collective knowledge of the majma@ppf surface
functionalization can be used to improve the limitation of one technique by combining it with
another. An optimized surface functionalization approach developed accordingly can efficiently

add required functionality to EVs while maintaigitheir natural integrity.
2.1 Background

Extracellular vesiclegEVs) are lipid and protein construdecretedby celk into
extracellular space€ells release EVs on a regular basis as a hormal cellular process that appears
to be conserved throughoutadution !° EVs biogenesis from cells has been observed in primitive
unicellular prokaryotes to complex multicellulaukaryotes. The higher organism showed the
presence of EVs in diverse body fluids, including blood, urine, saliva, breast milkearei?°

EV Cargo

Membrane
trafficking
proteins

Lipids: Sphingomyelin
Phosphatidylserine
Ceramide
Cholesterol

Proteins: Membrane transport/fusion
protein (Annexin, flotillin,
RABs)

Transmembrane proteins (CD9,
CD63 CD81)

Antigen presentation proteins
(MHC I, MHC 1)

Adhesion molecules (Integrin)
ESCRT components

Signal transduction proteins
(EGFR)

Cytoskeletal proteins (Actin,
tubulin)

Cytosolic proteins (histone,
ribosomal proteins)

Nucleicacids: mRNAs
miRNAs
Noncoding RNAs
DNA

proteins

Figure 2.1 Schematic showing the structural components and cargo of extracellular vesicles.
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EVs are released from the cell by characteristic biogenesis process which includes a cellular
mechanism of formation of EVs and their releasextracellular spaces. While earlier thought as

a garbage disposal process of the cell, it has now been realized that EVs play a crucial role in intra
and inter cellular transfer of biomolecules and information. EVs carry cellular information in the
form of protein and nucleic acids. The structural components of EVs include lipids, proteins, and
nucleic acidsKigure 2.1). Common lipid components of EVs, which form the bilayer structural
framework, include sphingomyelin, phosphatidylserine, ceramideclaolgsterol. The protein
construct of EVs comprises of membrane proteins located in the transmembrane framework and
soluble proteins residing in the aqueous core of EMsese proteins include membrane
transport/fusion proteins (annexin, flotillin, ralansmembrane proteins (CD9, CD63, CD81),
antigen presentation proteins (Major histocompatibility complex, MHC class | and 1), adhesion
molecules (integrins), endosomal sorting complex required for transport (ESCRT) components,
signal transduction protes (epidermal growth factor receptor, EFGR), cytoskeletal proteins
(actin, cofilin, and tubulin), and cytosolic proteins (histone and ribosomal prétéinleic acid

cargo reding in the aqueous core of EVs includes messenger RNA (mRNA), microRNA
(miRNA), and noncoding RNA which carries cellular information from the parent cells.

History of extracellular vesicles: from garbage disposal bag to key player incosiimunication

EVs are recently experiencing explosive research interest and attértimiast ten years
have seen multidisciplinary research interestBN's from physical, biological, and chemical
sciencegFigure 2.2). Although the research interest in Elésecently realized, the discoveries
of EVs date back tohe early 1970sEVs were initially reported inthe literature in 1971 by
Aaronson eal. where authors demonstrated the electron microscopy image of Esteddyy the
eukaryotic alg@chromonasDanica?! Before 1971, although not termed &sxtracellular

vesicle®, EVs were observed and reported asgoagulant platelets derived partigte19462,
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platelet dust in 1967, and matrix vesicles in 1969 During this time,EVs were thought to be
garbage disposal usibf cellular systemmand thereby were not attracting much research interest.
Later in 1983, Rose Johnston, a @enin &osome (EVS) discovery, and Hardirgportedthe
release of transferrin receptor from erythrocyte into small vesicles. In 1987, Rose Johnston termed
these small vesicles &sxosomes, which is now widely used to represent srilk of endosomal
origin. In 1996, Raposo et.axploredthe immunological role of exosome with the discovery of
therole of exosome secreted by B lymph@syin adaptive immune resportéén 1998, Zitvogel
etal. reported the role of dendritic calerived exosomes in the suppression of murine tumors in
a T celldependent manné? These studies slowly led to the exploratiorEdfs roles in cellular
communication sggesting that they are not just garbage disposa dfazglls. Later, in 2006 and
2007, the discovery of exosommeediated RNA and protein delivery from one cell to another
strongly put forward the role &Vs (exosomes)n intercellular communicatiaf’-? Along with
this, roles of vesicles inside the cell has also been extensively studied to understand complex
cellular transport mechanism. As a result, Ames E. Rothman, RandyW. Schekman and Thomas C.
Sudhof were awarded Nobel prize in physiology and medici@®13for their discovery of the
regulatory mechanism of the vesicular transport system, a major intracellular transporf2ystem
31 All these pioneering studies led the foundationEdfs multifunctional role in the cellular
process thereby grasping multifaceted interest with around 94000 published articles mentioning
Aerxdacel | ul ar Publddeertral databaseeaf mow i n

Currently, the number of EVs related immunization strategy against a variety of cancer are
under clinical trials. According to the clinical trials database of NIH US national library of

medichne, there are 43 ongoing phase clinical studies related to EVs and exé$Reesntly, a
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phase 2 clinical trial of vaccination with tumantigen loaded dendritic cederived exosomes

(CSET 1437) was completed in 20%¢8*
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Figure 2.2 Timeline showing major events in the discovery and research of extracellular
vesicles.

2.2 Extracellular vesicles classification and biogenesis

EVs can be broadly classified into exosomes, microvesicles, and apoptotic bodies based
upon their origin and biogenesis. Exosomes are derived from the endosomal membrane,
microvesicles are secreted by outward budding opkaema membrane, and apoptotidies are
formed from the plasma membrane during apopfSsfs These vesicles vary significantly with
their size. While exosomes are small EVs with a size less than 150 nm, microvesicles and apoptotic
bodies size can range from 200 nm to 5 um. Recent report suggests isolation of large extracellular
vesicles, as lgias 10 um, referred to as large oncosomes, which can be categorized broadly in
imi crovesi cl es & %Nmdngthese vesidles, spednferedsti¥tewards exosome

due to their specific biogenesis pathway that includes the endosomal origin and small & (50
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nm). Exosome biogenesis includes regulated machinery of cargo sorting to form multivesicular
bodies (MVB) from the inward invagation of the endosome. This process is reported to control
by the endosomal sorting complex required for transport (ESCRT) machinery which includes
around thirty proteins associated with four different ESCRT groups (ESCRT-II, andi I1).4°
However, there have been reports of the formation of MVB in an ESCRT independent fashion.
In these cases, MVBs formations are found to be regulated by lipids (ceramide), tetraspanins
(Cd63, CD81), and small integral membrane protein of lysosome and late endosome (SIMPLE)

43 This shows that MB formation is the part of the exosome biogenesis process that occurs in
both ESCRT dependent and ESCRT independent pathways. After the MVB formation, MVB can
be fused with lysosome for degradation or in an alternative pathway, it fuses with plasma
membrae thereby releasing the inner vesicusfucture, exosomes, to extracellular spaees
Different proteins are involved in the EVs secretion process. Proteins-dlagesd proteins in

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

of intracellular vesicular transport, are reported to be involved in exosome secretion.ffrbtess

the case of ecretion of microvesicles, plasma membrdeeved EVs, ESCRT and ADP
ribosylation factor 6 (ARF6) proteins are involvéd.

EVs are classified based upon their origin (endosomplasma membrane). Exosome
represents endosomal derived EVs. However, it is practically very difficult to separate EVs based
upon theirorigin as it is now evidently clearer that EVs populatiarsheterogeneous with lots
of common protein markefé 4’ Protein markers like CD68ndCD81 are generally represented
as exosome markeand considered as proof of exosomesich now arereported to be present
in other EVs populationas well** Considering these factgrhere, in this reportve are using

Aextracellular vesiclesd term to represent
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recommendtion of minimal information for studies of extracellular vesicles 2018
(MISEV2018)48
2.3 EVs Surfacefunctionalization strategies

EVs have innate functionality due to cellular origiiese vesicles have beeeported to
play a role in inter and intreellular communicatioA?>® EVs cargo consists of cellular
information in terms of proteins and nucleic acid. The functional characteristic of EVs has made
them a perfect candidate to be exploited in the biomedical field, as a biomarker, vehicles
immunotherapies, and therapeutic agéfit€ To further add desired functionality to these natural
vesicles different surface functionalization strategies have been explored which can be broadly
classified into three major approaches: physical, chemical, and biological engineering methods

(Figure 2.3).5384 These functionalization strategies have allowed for the added functionality in
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Figure 2.3 The surface functionalization capsule. Schematic showing physical, biological, and
chemical strategies of surface functionalization of extracellular vesicles.
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EVs while preserving the EVs membrane integrity. Some of the dadldectionality includes
higher yield, fluorescent tags, imaging probes, immactevating agents, and targeted therapeutic
agent%7 In this report, surface functionalization strategies osEMing physical, biological,
and chemical approaches will be explored independently. In the physical approach, physical
methods like extrusion, sonication, and fretdzv will be explored for surface functionalization.
Likewise, in the biological approhc EVs functionalization process by exploiting cellular
machinery and EVs biogenesis process will be explored. Finally, in the chemical approach, EVs
functionalization process using click chemistry like EDC/NHS chemistry andtatdimide
chemistry willbe discussed.
2.3.1 Surface functionalization strategy: Physical method

The physical method of surface functionalization comprises of using physical force to
change the surface construct of the EVs. The common method includes sonication, extrusion, and
freezethaw, which by the physical force temporarily disrupts the lipid constafiatssicles into
their constituents. After the removal of the force, vesicles spontaneously self assembles into their
natural structure. This characteristic of spontaneoftasseémbly has been exploited in the surface
functionalization of EVS$>%8 Sato etal. reported functionalization of the surface of EVs by
hybridizing it with PEGylated liposoe using freez¢haw facilitated membrane fusiofigure
2 4A).%° The freezethaw method briefly disrupts membrane construct by the temporary formation
of ice crystals, thereby causing hydratependent phase changes and prompting membrane
fusion®7° The functionalization method adopted here allowed for the optimization of the
properties bEVs surface talecrease their immunogenicapnd increase colloidal stability, thereby
improving the haHife of EVs in blood. Here, repeated freebaw cycles were carried out by

freezing the mixture in liquid nitrogen and thawing at room temperaaceihe fusion process
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was monitored by fluorescent resonance energy transfer. Although this method is simple and
readily initiates membrane fusion, the repeated frtleae cycle can damage the protein content

of EVs/! Repeated changes in temperature associated with the-freezeycle can lead to the
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Figure 2.4 Surface functionalization grategies using physical methods(A) Schematic
showing the freei¢haw method of membrane fusion. Reproduced frorfénefider the terms of
Creative Commons CC BY licens€opyright 2016, Springer Nature, (B) schematic showing
different physical methods for surface functionalizaiigonication, extrusion, and freézleaw,

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

methal of membrane fusion. Reproduced from S. Rayamajhi, T. D. T. Nguyen, R. Marasini and
S. Aryal, Macrophage€erived exosomenimetic hybrid vesicles for tumdargeted drug delivery,

Acta Biomater., 2019, 94, 48294, with permission from Elseviét.

denaturation of protein and tledéore compromise the innate functionality of EVs. Study has shown
that environmental changes like temperature and pH can alter the EVs protein content and
internalization behavior, thereby changing the innate functionality of EX?é\s an alternative to

this approach, we have explored the extruslased membrane fusion methwdour recent
work.6>* Here, EVs were hybridized witliposome using sonication followed bgembrane
extrusion process. This process facilitates membrane assembly by physically forcing the mixture

through nanosize (400nm, 200nm, 100nm) polycarbonate membtanéigure 2.4).”>7¢ After

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

increased the overall yield of EVs along with the incorporation of rhodamine Buiyeh was

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

extrusion mediated hybridization of EVs with gadolinium infused liposome to formulate

gadolinium infused EVs as a magnetic resonance irgagontrast agentFigure 25).”"
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Figure 2.5 Evaluation of the magnetic properties and in vivo tumor targeting properties of
surface-functionalized extracellular vesicles.(A) T1 recovery curve of extracellular vesicles
functionalized by the inging agent gadolinium (ExGdL) at different concentrains of
gadolinium, (B) longitudinal relaxivity {§ of ExoGDL compared to the commercial contrast
agent Magnevist. Ex@&dL shows a significant enhancementims represented by the slope of
the best fit line, (C) Tweighted image of Ex&DL and Magne\st at different concentrations of
gadolinium, (D) in vivo magnetic resonance imaging of ¥dl injected mice showing
localization and enhancement of contrast in the tumor area, and (E) in vivo biodistribution of
extracellular vesicles labeled with a naarared dye (ExeDiR) showing significant localization

in the tumor area compared to the control PEGylated nanopatrticle. Reproduced and adapted from
ref.”” under the terms of the Creative Commons Attribution (CGNBY) license. Thdigure is

adapted from three different figures from the original paper.

International Publisher.

Copyright 2019, Ivyspring

Gadolinium (Gd) is a widely used magnetic resonance imaging contrast dgéntith the

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

magnetic (relaxivity) and tumeargeting properties, saconfirmed by magnetic resonance

imaging. They further incorporated neafrared dye in the EVs construct using extrusion
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mediated hydrophobic insertion strategy to track the biodistribution of EMsvino conditions.

The surfacdunctionalized apprazh adopted in this study added a contrast agent and a fluorescent
agent to the EVsinvitbandinvivdtnackimgl*? owi ng it 6s

Tamura et al reported surface functionalization of EVs with cationic polysaccharidaeguply
pullulan, by simple incubation method facilitated by electrostatic intera&tibhe EVs surface
functionalized by catiowi pullulan showed enhanced accumulation in hepatocellular carcinoma
HepG2 cellsin vitro compared to an unmodified one. Further functionalized EVs showed
enhanced accumulation and ainflammatory effectin vivo in mice induced with liver injury,
showingefficacy in the treatment of the liver injury. Another study by Sawada et al. reported
surface functionalization of EVs with cationic nanogel CHP (ethylenediaimine modified
cholesteryl pullulan) via the incubation metd8d:he amphiphilic cationic nanogel effectively
preserves the functional integrity of EVs while enhancing internalization behavior. Polysaccharide
based nanogel stems are an effective carrier for protein and nucleic acid delivery (SiFNA).

Here, the surface polymer engineering approach used to fabricate hybrid nanogel/EV system
successfully deliver functional EVs into cells, as indicated by their ability to induce Aéweon
differentiation in the recipient cells. Another studyy Khvorova and group reported
functionalization of EVs with cholesterobnjugated, hydrophobically modified asymmetric
SiRNAs (hsiRNAS) via céncubation for siRNA deliver§®®”hsiRNAs functionalized EVs were
efficiently internalized by target cell and showed ddspendent silencing of the target gene,

while the size distribution and integrity of Evsmained intact®
Significance of physical surface functionalization strategy

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

functionalization of tk EVs. Compared to biological and chemical approaches, it may be the
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simplest approach without the need of additional reagent ebasfid system. The reagent free
approach helps to maintain the integritygdfs content while avoiding complex purificatiateps.
Purifying EVs is one of the major challenges in this field and physical approach can give a major
advantage by omitting this step. Along with that, the extrusion process applied in the physical
approach can help to maintain the size homogenelyefpopulation, which is another important
aspect in the application of EVs in the delivery field. However, one of the major disadvantages
associated with the physical approach is the loss of internal cargo of EVs, which carry essential
cellular informatim. Also, the physical approach of functionalization is limited to the application
compared to a wide variety of functionalization strategies offered by a biological and chemical
approach. However, can be beneficial to engineer the system where presefiatemal cargo
is not necessary such as in surface functionalization of drug delivery vehicles with EVs membrane
to target diseased cell as discussed by Pitchaimani‘@tinathis research, authors reported the
selective extraction of natural killer celerived EVs surface membrane protein and lipid via
sucrose gradient centrifugation and its integration with synthiptsome to deliver anticancer
doxorubicin to the tumor in a targeted fashion. Collectively, the physical approach can be used for
quick labeling of EVs with imaging or fluorescent tag or can be used in combination with a
chemical or biological approacto tmaintain the size homogeneity of EVs population after
functionalization.
2.3.2 Surface functionalization strategy: Biological method

The biological approach for surface functionalization of EVs is appvduction EVs
engineering technique by geneticatliggineering cells to express proteins/cargo of interest. This
method exploits cellular machinery, along with EVs biogenesis process to engineer surface

characteristics of EVd-(gure 2.6). Generally, in this approach, cells are loaded with expression
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vecbrs (plasmid/virus) with chimeric gene/protein which contains genes/proteins that will be part
of EVs (CD63, CD9, CD81, Lamp2b) fused with a protein of interest. These chimeric
genes/proteins are expressed in a cell and due to the presence of EVs refeiedipey become

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

functionalized with different moiety for variofignctionality.

© _ Evswith

E—— e Figure 2.6 Schematic showing the
® 5 g functionalization strategy of extracellular

vesicles using the biological approach.
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Zachary et al. reported the development of EVs surface display technology using a
biological surface functionalization methdeldure 2.7).%” For this, they selected one of the highly
expressed surface proteins in EVs: tetraspanins. Tetraspanins are transmembrane proteins that
transverse four times in membrane with definite idrad extravesiculardomains$®® CD9, CD63,
and CD81 are the most common transmembrane proteins present in EVs. These proteins can be
genetically engineered to display specific pmatmolecule in the surface for various biological
functions. Zachary et al. fused these transmembrane proteins with fluorescent reporter proteins
(green fluorescent protein GFP and red fluorescent protein RFP) and expressed them in human
cells, thereby meating a surface display technology for EVs. Transfected cells expressed the
fluorescent signal in the endocytic region of cell suggesting successful expression of the expression
vector. Further, CD63 was genetically engineered to express fluorescemergpotein GFP in
the intravesicular domain at the-@rminal of CD63 and RFP in the extrasicular domain

(Figure 2.7A). The engineered CD63 with a dual fluorescent reporter can have dual functionality
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intravesicular GFP can explore the correct anidgoof protein in EVs membrane while extra
vesicular RFP can explore different protprotein interactions. This dual engineering method can
be beneficial in accurate EVs tracking and imaging, theegpioring the processes of EVs

Surface display using CD63 molecular scaffold
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Figure 27 EVs 6 surface display usi n(@) SthematicODite3 mo |l
CD63 scaffold docking RFP to the outer and GFP to the inner vesicular space, (B) DNA construct

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

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

in the merged figure in HEK293 cells 72 h after incubation. Reprinted and adapted from Z.
Stickney, J. Losacco, $McDevitt, Z. Zhang and B. Lu, Development of exosome surface display
technology in living human cells, Biochem. Biophys. Res. Commun., 2016, 4i729,5&ith

permission from ElsevieY.

biogenesis and release. More importantly, the choice of using CD63 as an anchoring scaffold
allows simultaneous outer and inner surface engineering thereby allowing to add dual

functionality, e.g. inner vesicular domain for drug packaging and outer vesicular domain for tissue
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targeting. Finally, the authors showed engineered stable cell lines expres$3EBG8d secrete
surfacedisplayed EVs. Here, EVs were engineettefore tkeir productionby genetically
engineering the cell exploiting the cellular machinery of EVs biogenesis. This study provided a
proof-of-concept of pregoroduction engineering of EVs to display cargo of interest in EVs surface
with potential applications in EVs tracking aintlaging, proteirprotein interaction, targeted drug
delivery, and therapeutics.

In another study, Yim et al. developed an optogenetically engineered EV system called
EXPLORs éxosome for protein loading via optically revetsi proteinprotein interactia) by
exploiting the biological method of surface functionalization for intracellular protein defi¥ery.
This novel method which uses ligbased reversible ptein-protein interaction for controlled
loading and release of protein can overcome the current limitation in intracellular protein delivery
method and protein therapeutics. Current protein therapeutics (cytokines, hormones, and
monoclonal antibodies) arémited by the extracellular mechanism of action of proteins as
intracellular delivery is challengirfy. The existing method for intracellular protein delivery
includes protein transduction and lipid nanopartiolediated protein delivery. These methods are
limited by various factors, such as exposure of protein in solution, low refolding rate of
recombinant proteins in target cells, lack of proper separatichanesm between protein cargo
and lipid nanoparticles, and complicated protein purification steps.

Here, authors have used a photoreceptor cryptochrome 2 (CRY2) as a photosensitive agent,
and CRY interacting basieelix-loop-helix 1 (CIB1) protein module. CRY2 is activated by blue
light, which on activation docks with CIB 1. This docking is liglepeneént, thereby allowing for
CRY2 to dock with CIB1 in the presence of light and release from CIB1 in absence of light.

Authors have exploited this liglatlependent reversible docking mechanism of CRYRL1 to load
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proteins in EVs in a controlled and reversiblannerkigure 2.8B). For this, they have genetically
engineered DNA constructs with CRY2 genes fused with cargo protein mCherry (mCherry
CRY2), and another DNA construct with CIBN (a truncated version of CIB1) genes fused with an
enhanced green fluoresat protein (EGFP) and CD9, a transmembrane protein expressed in EVs
(Figure 2.8A). When these DNA constructs are expressed in a cell, @8RRCD9 will be
expressed in the endosomal membrane and mGB&N2 will be expressed in the cytosol. The
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Figure 2.8 Engineering of EXPLORs (exosome for protein loadingia optically reversible
proteini protein interaction). (A) DNA construct for production of EGFP labeled CIBN protein
anchored with CD9 and cargo pratdiused with CRY2, (B) schematic showing a working
mechanism of EXPLORKght-dependent reversible protéprotein interaction, (C) confocal
microscopy of transfected HEK293T cells showing lidbpendent proteimprotein interaction.
The merged figure shawcolocalization of mCherr€RY2 with CIBNiEGFR CD9, (D)
mCherryCRY?2 distribution in a cell preand poststimulation with blue light, (E) variation of
mCherry fluorescence intensity with respect to light stimulation. Reproduceddféfunder the
terms of Creative Commons CC BY license. Copyright 2016, Springer Nature.
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author confirmed their claim of reversible protein loading using fluorescericroscopy. In the
absence of blue light, mCher@RY2 was observed to be distributed all over the cell, whereas
with the treatment of blue light (488 nm laser stimulation, 15 s, 350 u#,amCherryCRY?2
was localized in the endosomal compartment V@tBN-EGFRCD9 (Figure 2.8C). After a
certain time of posstimulation, mCherry was again observed to be delocalized all over the cell
(Figure 2.8D and E). This observation shows lighiependent docking and release of mCherry
CRY2 with CIBNNEGFRCD9 whichwas further confirmed by immunoblot analysis. Further,
successful intracellular delivery of cargo protein was shown using the engineered method.
Cheng et al. used a biological surface functionalization method to reprogram EVs as a
nanoscale controller afellular immunity Figure 2.9).°° Here, they used EVs to redirect and
activate cytotmic T cells against cancer cells by genetically displaying two distinct types of
antibodies on the exosomal surface. Antibodies targeting T cell CD3 and epidermal growth factor
receptor (EGFR) were fused with the transmembrane domain of human glatelett growth
factor (PDGFR) receptor and the fusion construct was expressed in a cell by transfection.
Transfected cell line secreted EVs containing both antibodies CD3 and EGFR, as confirmed by
immunoblot analysisRigure 2.9A). Here, theygenetically engineered cells to express a fusion
protein of interest which was then integrated with EVs by EVs biogenesis process to obtain
surfacefunctionalized EVs with antibodies, termed as SMART Exos (synthetic multivalent
antibodies retargeted exoses). These SMART EVs can induce crosslink between CD3
expressing T cell and EGFR expressing tripdgyative breast cancer (TNBC) cells, as confirmed
by confocal microscopy, where we can see green colored SMART EVs crosslinkiogjoesztl
MDA-MB-468 cells (TNBC cells) and naolored Jurkat cells (T cell)F{gure 2.9B).

Overexpressed EGFR is one of the major characteristics of TNBC and can be exploited to
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specifically target these cefl5T cell activation analysis confirmed the specificity of engineered
SMART EVs in which significant activation was observed in the case of SMBRS against
EGFR positive TNBC MDAMB-468 cells whereas nominal T cell activation was observed in
EGFR negative MDAVIB-453 cells Figure 2.9C). Importantly, SMART EVs expressing CD3
only or EGFR only was also showing nominal T cell activation. Also, infamal analysis, no
crosslink was observed with SMART EVs expressing one type of antibodies. This observation
signifies the need for the presence of both types of antibodies in SMART EVs to induce crosslink
between T cell and TNBC and subsequently inducelllactivation. This was further confirmed
by thein vitro andin vivo therapeutic study, where SMART EVs expressing both antibodies
showed a significant effect in EGFR positive TNBC cell or xenograft mo#ejsire 2.9D and
E). Here, the authors succadly demonstrated a biological approach of surface functionalizing
EVs with multiple antibodies to achieve dual targeting functionality for effectively modulating
antitumor immunity. The proposed surface functionalization technique may provide a gederal a
versatile platform technology for the development of a new class of EVs therapeutics.

Various biological surface functionalization strategy has been explored to add targeting
peptide or ligands in the EVs surface to enhance the targeting charactéristis. Pioneering
work in this area was reported by Matthew Wood and group, where authors reported biologically
engineered brain targeted EVs for the delivery of small interfering RNA (siRNiAgre, the
author genetically engineered lysaseassociatenembrane glycoproteizb (Lam@2B), a
protein highly expressed in EVs surface, fused to peptide obtained from rabies virus glycoprotein
(RVG). Dendritic cells were transfected with plasmid encoding Lamp2B fused with RVG to
produce RVG surfactinctionalized EVS2%3 RVG peptides are neurespecific as they bind

specifically to the acetylcholine receptor and thus can provaie targeting functionality* RVG
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functionalization in EVs resulted in increased brain accumulation and delivery of siRNA with
subsequent knockdown of the target g&iEhis kind of brain targeted EV based delivery system
can be used in the treatment of neurodegeneratieasts like Alzheimer. A similar study carried
out by Andaloussi and group explonedvivo biodistribution of RVG functionalized EVs, which
showed higher accumulation of RMB/s in brain, heart, and muscle compared to-non
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Figure 2.9 Synthetic antibodies retargeted exosomes (SMARIEXx0s) characterization and
therapeutic analysis.(A) Immunoblot analysis showing the presence of CD3 and EGFR in
different SMARTEXxos, (B) confocal analysis showing crosslinkingwestn Jurkat cells and
MDA-MB-468 cells promoted by SMARIExos expressing both CD3 and EGFR antibodies
( UCD3/ UE GF FEx08.N6MRRIFExos expressing only one kind of antibodies did not
show crosslinking, (C) T cell activation assay showing the percentdgeetl activation with the
treatment of SMARTEXxos in human peripheral blood mononuclear cells (PBMCguttared
with human breast ¢ an c ebxosshewet significahClzéll/adivat®ir R
against the tripkmegative breast cancer (TNBCglls MDA-MB-468, (D) in vitro cytotoxicity
assay showing cytotoxicity of SMAREXxos in human breast cancer cells, and (E) in vivo
therapeutic analysis of SMAREXos showing sharp reduction of tumor volume along with
activation of T cells with SMARIExostreatment. Reprinted (adapted) with permission from Q.
Cheng, X. Shi, M. Han, G. Smbatyan,-H.Lenz and Y. Zhang, Reprogramming Exosomes as
Nanoscale Controllers of Cellular Immunity, J. Am. Chem. Soc., 2018, 140(48),I 164113 .48
The figure is adaptedom four different figures from the original paper. Copyright 2018 American
Chemical Society.
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functionalized EVS® Other organs including lungs, liver, and spleen did not show a difference in
the accumulation of RVG functionalized EVs and +fionctionalized EVsBrain, along with heart

and muscle shows a higher expression level of acetylcholine receptor which explains the higher
accumulation of RVG functionalized EVs in these organs and further confirms the specificity of
RVG toward acetylcholine receptt*® In another study, Yang et al. reported using RVG
functionalized EVs to deliver micro RNA, miR24, to the ischemic region of the brain to
ameliorate bria injury.®’Another study by Tian et al. reported biological surface functionalization
of EVs b y-spdoific IRGDt(@RGDK/RGPD/EC) peptide for turaargeted delivery of
doxorubicin® Here, dendritic cells were transfected by vector expressing iR&@ip2b fusion

protein and EVs from transfected cell were isolated to oliRED peptidefunctionalized EVs.

The functional i z a t-dpexific IRGD peptMealldwy spddific binding tewgard i n
Uv integrins that are hi g hdssociated \mscass endotheliom t um
thereby facilitating vasculand tissue penetration of functionalized E¥% Likewise, cardiae

specific delivery of EVs was reported by functionalizing EVs surface with cardiac targeting
peptides (CTP) with gride sequence APWHLSSQYSR®.These functionalization strategies
successfully functionalized EVs surface by using a genetically engineered expression vector to
equip EVs with desired targeting ability.

As an alternative to the genetic engineeringhoe of the biological approach of surface
functionalization, Wang et al. have proposed a metabolic engineering and labeling strategy for the
surface functionalization of EVFigure 2.10).2%! Here, authors have exploited the metabolic
process of cells to functionalize EVs surface with azide moiety thereby diversifying the chemistries
of EVs andexpanding their function®uthors have used two different approactoesnetabolic

labelingl) residuespecific protein labeling strategy and 2) metabolic glycan labeling. Residue
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specific protein labeling strategies incorporate-nanonical amino acids in newly synthesized
proteins in cell$®? Here, L-azidohomoalaningAHA), an azidebearing amino acid analog of
methionine incorporates in newly synthesized proteins by replacing natural methionine, by
residuespecific protein labeling mechanism. Thus incorporated Aat¥elled protein can be
expressed in EVs by the virtwé EVs biogenesis. Likewise, glycans and glycoproteins are also
expressed in EVs, and metabolic labeling of this moiety can be exploited for EVs
functionalizationt®1%* Here, tetraacetylatedN-azidoacetl-D-mannosamine (ManNAz), an
azidosugaris metabolized into azido glycans during glycan biosynthesis process of the cell. These
azido glycans are recruited in EVs surface during EVs biogenesis and cargo sorting process and

hence expressed in secreted EVRe confirmation of successful metabolic labeling of azide

A Metabolic engineering approach for azide functionalization in EVs B TEM and Flowytometryanalysis
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Figure 2.10 Azide functionalization in extracellular vesicles via metabolic engineeringA)
Schematic showing metabolic labeling of newly sysihed proteins by an azide labeled amino

acid (AHA) via residuespecific protein labeling and glycan labeling by azido sugar (ManNAz)
via the glycan biosynthesis pathway, and (B) TEM image of metabolically engineered extracellular
vesicles and flow cytomet analysis to confirm the azide conjugation. Enhancement of Cy3 in
metabolically engineered EVs shows successful conjugation of the azide group. CD63 was used
as a marker protein for EVs. Reproduced and adapted froti! refder the terms of Creative
Commons CC BY license. The figure is adapted from two different figures from the original work.
Copyright 2015, Wang et al.
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moiety in secreted EVs was carried out by Cy3 conjugatezhdobicyclooctyndDBCO-Cy3).
DBCO-Cya3is abright, farred-fluorescent, probe routinely used for imaging/quantifyingzifle
containing biomolecules. Cy3 DBC®acts withazidesvia a coppef r ee fAcl i ck che
reaction to form a stable triazole complex, and thus acta asadytical tool toquantify azides.

Flow cytometry analysis shows enhanced Cy3 fluorescence in metabolically labeled EVs (AHA
EVs and ManNAZVs) compared to control EVs secreted by B16F10 cells, whereas the
expression of£D63, oneof the EVs marker protein, were similar lith EVs Figure 2.10B).

This observation clearly shows the presence of azide group in metabolically labeled EVs, and thus
confirms successful metabolic labeling strategy. The functionalized azide moiety in EVs surface
gives opportunities toward various@de based chemistry thus expanding the functionality of EVs.
This will be discussed in detail in the chemical approach of surface functionalization.

Significance of biological surface functionalization strategy

The biological approach of surface functiamation exploits the cellular processes to
functionalize the surface of EVs. In this context, a cell can be seen as a complex reaction system,
which by the years of evolution has managed to carry out the various regulated interlinked
chemical reaction in dighly energyefficient way with extreme specificity. The idea of a
biological approach of surface functionalization is to exploit this system to express cargo of
interest in EVs surface. Here, we have discussed the genetic and metabolic engineecily of a
to specifically functionalize EVs with a cargo of interest for various functionalities. While the
method is noanvasive compared to chemical functionalization strategy and thereby can preserves
crucial EVs integrity and functionality, the major clealjes in the biological approach can be the
heterogeneity in secreted EVs populateord their comlicated purification process to separate

functionalized EVs from the naive ones.
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2.3.3 Surface functionalization strategy: Chemical method

The chemical mettd of surface functionalization includes the direct use of chemical
reagents to add functional moiety on the surface of EVs. EVs surface is characterized by the
presence of amine/carboxylic terminated phospholipid or transmembrane protein moiety which
can be directly functionalized with different functional groups. Alternatively, functionalized
phospholipids can also be incorporated in EVs by simple incubation following hydrophobic
insertion strategy. A wide variety of simple, one step efjgde chemistrycan be exploited to
functionalize EVs using the chemical meth&ay(re 2.11). Click chemistry is more desirable and
explored in a chemical approach because of its ease of synthesis with high yield, wide in scope,
and easy produseparatiort®1%in this regard, different chemical strategies like Timaleimide

coupling chemistry, EDC/NHS coupling chemistry, azadleyne cycloaddition chemistry, and
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Figure 2.11 Schematic showing different facile chenstries for surface functionalization of
extracellular vesicles.
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amidation chemistry can be used to functionalize EVs surface with amine bearing or thiol bearing
functional moiety. The coupling chemistry strategy helps to link EVs surface with ligandéfargo
interest by strong covalent bonds. For example, fluorescent dyes, imaging agents, and targeting
agents can be covalently linked with EVs surface to provide the desired functionality. The
chemical method of surface functionalization is gamstduction egineering of EVs where EVs

are engineered after production using simple click chemistries. As such, the purification or
separation step to isolate functionalized EVs is much simpler in the chemical method compared to
the biological or physical method.

Di et al. reported functionalizing EVs with maleimide terminated lipids via hydrophobic
insertion strategy’’ The maleimide moiety in EVs surface was exploited to conjugate thiol
bearing species via highly effectivea! chemistry to award different functionality to EVs while
retaining their structural integrity and biological activity. MaleimiEds was conjugated with)
dithiol bearing molecule (1;6exanedithiol) to link with Matontaining fluorescent dye
(fluoresceins-maleimide, F5M) for EVs monitoring, 2) thigbntaining magnetic particle to help
in EVs separation process, and 3) thiohtaining groups to conjugate with bare gold nanopatrticles
through AuS bonds for vibration detection of EVs surface cardbegire 2.12). EVs separation
or enrichment technique can be crucial to maximizing yield. Here, the functionalization approach
used allows for the efficient interaction between EVs and magnetic nanoparticles. Magnetic
isolation/enrichment of EVs was mamied using DID dyeKigure 2.12D). DID is a lipophilic
environmentally sensitive dye that shows strong fluorescence when incorporated with biological
membranes like EVs, whereas in aqueous solution shows negligible fluorescence. The authors
used the subdiction method to calculate the capture efficiency of metal nanoparticles based upon

the reduction of the fluorescent signal after capture. The method capture efficiency was around
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70% for EVs from cell supernatant and 55% for EVs in serum samples. Tlhsdrein be used

as an alternative for a variety of immunomagnetic technique developed for EVs enrichment. The
immunomagnetic technique is usually based upon antigéhody or recepteaptamer specific
binding thereby giving high selectivity and spectiiaf separation, however, are limited by high
cost and low yield of EVs. In this scenario, the proposed clickable lipid probe technique with a
hydrophobic insertion strategy combined with clickable magnetic enrichment can provide
alternative simple, lowast, and efficient isolation/enrichment of EVs. In another strategy, gold
nanoparticles (AuNPs) were immobilized with theélposed EVs for characterization using
surfaceenhanced Raman spectroscopy (SERB)Ure 2.12C). Due to the plasmonigroperties

of immobilized AuNPs in EVs, the molecular vibrations of-BMdmolecules can be recorded with

A EVs functionalization with DSPPEGMal B Functionalized EVs chemistry C  Enhanced characterization
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Figure 2.12 Surface functionalization of EVs with maleimide (Mal) terminated lipid for the
addition of diverse surface functionalities. (A) Schematic illustration of surface
functionalization of EVs by DSRIPEQG Mal via the hydrophobic insertion strategy, (B) Mal
functionalized EVs were conjugated with thiolated species by using thaéimide conjugation
chemistry for tracking, characterization, and separation of EVs, (C) enhanced characterization of
EVs functionalized with AUNPs via Raman spectros¢apyl (D) magnét enrichment technique

of functionalized EVs. The DIiD dye was used to track enrichment of EVs. The figures show
enriched EVs at three different concentrations. Reprinted (adapted) with permission from H. Di,
E. Zeng, P. Zhang, X. Liu, C. Zhang and J. Y,aagal., General Approach to Engineering
Extracellular Vesicles for Biomedical Analysis, Anal. Chem., 2019, 91(20), 122%%9.89 The
figure is adapted from four different figures from the original paper. Copyright 2019 American
Chemical Society.
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high seasitivity. Here, the incorporation of Mal functionality in EVs allows for the efficient
clicking with thiolated groups thereby adding significant functionality like EVs tracking, EVs
enrichment, and EVs characterization.

A Surface functionalization of EVs using copper catalyzed click chemistry C Flow cytometry
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Figure 2.13 Functionalization of extracellular vesicles via coppercatalyzed click chemistry.

(A) The terminal amine of EVs is activated by the terminal alkyne group via EDC/NHS coupling
chemistry following the conjugation of azifleor 545 via coppeicatalyzed azidealkyne
cycloaddition, (B) cellular internalization assay showing the internalization of-Hawmte545
conjugated EVs in 4T1 cell s. /QlekEVs,sandy® floew 1 nc ul
cytometry analysis for the intaatization behavior of EVs in 4T1 cells. EVs were fluorescently

labeled with DID, aziddluor 545, or both and analyzed using flow cytometry for an increase in
fluorescence. Reproduced and aptkd with  permission from réf¥, DOI:
http://10.1021/bc500291r. Further permissions related to the content of this figure should be
directed to ACS. Copyright 2014 American Chemical Society.

Coppercatalyzed azidalkyne cycloaddition is another click chemistry strategy that can
be utilized to functionalize EVs surface with azide functionality. Smyth et al. conjugated a terminal
alkyne group to EVs using EDC/NHS coupling chemistry, where aneagnoup of EVs protein
or lipid was crossinked with 4pentynoic acid bycarbodiimide activatioA®® Following this
functionalization with a terminal alkyne, EVs were conjugated with azide moiety (hide

545) using oppercatalyzed azidalkyne cycloadditionKigure 2.13). Coppefcatalyzed azide
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alkyne cycloaddition is a highly efficient click reaction that forms a triazole linkage and is highly

accelerated by Cu(l) catalyst.

The extent

of functionalization can bentifige

spectrophotometrically by measuring the fluorescence of Azider 545. The size and

internalization behavior of EVs before and after Azidieor conjugation did not show any marked

difference, as suggested by nanoparticle tracking analysis, soogy, and flow cytometry

(Figure 2.13B and C). For flow cytometry, EVs were labeled with DID dye and internalization

behavior was assayed in 4T1 cells. The internalization profile of unmodified EVs resembled
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closely with AzideFluor 545 functionalized
EVs. With reference to these data, the
authors claim that the proposed method of
surface functionalization has little to no
impact on EVs functionality.

The azide functionalization in EVs
allows for a wide range of additional
functionality. E.g. azide can be linked with
cargo conjugated DBCO buysing azide
alkyne cycloadditionKigure 2.14A). The
strained alkyne group present in DBCO
facilitates this reaction. Wang et al. reported
biotin functionalization in EVs by using
biotin linked with DBCO by PEG (DBCO
PEG-biotin).1* DBCO-PEGx-biotin was

clicked with azide functionalized EVs.



Biotin is a small molecule that shows a strong binding affinity to avidin or streptavidin pfStein.
The biotinylation of EVs diversifies the EVs functionalities through various batidin
interacton chemistries that cabe widely used inbiomedical applicationsF{gure 2.14B).
Biotinylated EVs can be used in protein delivery by integrating protein of interest with
streptavidin, e.g. streptavidimorseradish peroxidase (HRP). This conjugationesjsatan also be
used as an analytical tool to confirm the successful biotinylation of EVs via dot blot assay. EVs
can be dot blotted in the PVDF membrane followed by incubation and imaging with streptavidin
HRP. HRP can give chemiluminescence by intergatiith a chemiluminescent substrate, which
can be used to quantify biotinylation. Further, biotinylated EVs can be used to link- biotin
conjugated cargoes of interest using avidin as a likgu(e 2.14C). Therefore, the incorporation

of azide functionaty opens the door for various functions like biotinylation which can further
diversify EVs functionality by various biotialicked EVs. As discussed earlier, the copper
catalyzed click chemistry allows for efficient conjugation of the functional moidgy/msurface.
However, the use of copper in biological molecules like EVs can be complicated by the associated
cellular toxicity of Cu(l). To address this issue, an alternative ceipperapproach of click
chemistry has been developed which can providatgadvantages in biorthogonal coupling
chemistry. Gai et al. discussed the strain promoted alyike cycloaddition (SPAAC) to
conjugate DBC@iposome with azide bearing moietig§. Amine terminated liposome was
functionalized with DBCO using DBC®EG-NHS following NHS chemistry to introduce
strained alkyne (DBCO group) in a liposonkegure 2.15A). Successful conjugation of DBCO
can be monitored by anthraceaeide assay by quantifying fluorescence of anthracene after
conjugation Figure 2.15B). The proposed SPAAC strategy can be utilized to functionalize any

amineterminated selhssembled vesicles including EVs. SPAAC strategy can be employed to
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functionalizeEVs with antibodies by using azide conjugated antibodies on DBCO functionalized
EVs (Figure 2.15C). The extent of functionalization can be quantified using flow cytorssed
binding assay using fluorescently labeled secondary antibdedasé 2.15D).

Significance of chemical functionalization strategy

Different facile coupling chemistry like EDC/NHS chemistry, amidation chemistrythiol
maleimide chemistry, coppeatalyzed azidalkyne cycloaddition chemistry, and strain promoted
azidealkyne cycloaddition chemistry have been discussed as a chemmabelp of surface
functionalization of EVs. All these chemistries have the advantage of being easy and quick and
compatible with biomolecules and therefore are widely used in functionalizing biomolecules.
While these functionalization steps are rapid andngjfiable, attention should be given in the
retention of membrane integrity and functionality of EVs following these strategies.

A Functionalization of liposome with linker carrying strained alkyne group DBCO

Liposome modification with DBCO B  Quantification ofalkynationusing anthracenazide assay
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Figure 2.15 Surface functionalization of liposomes using strain promoted &lnei azide click
chemistry (SPAAC). (A) Functionalization of the amirerminated liposome with DBCO, (B)
guantification of DBCO functionalization by anthraceamde assay, (C) functionalization of
DBCOi liposome with azide integrated antibodies via SPAAQ] (D) analysis of SPAAC using
flow cytometry. Reproduced and adapted from‘tééinder a Creative Commons Attribution 3.0
Unported license with permission finthe Royal Society of Chemistry. The figure is adapted from
three different figures from the original work.
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2.4 Comparative analysis of different surface functionalization strategies

This review discusses the physical, biological, and chemical approathssrface
functionalization of EVs membranes. While each approach has differences in their fundamental
level, the aim is the same i.e. to add various functionality to EVs for biomedical application. In
this regard, each approach has its own advantagedisadvantages. A physical approach like
sonication, extrusion, and freeteaw method provides reagent free and simplest strategy for
surface functionalization facilitated by membrane fusion that can integrate functionality in EVs
without disrupting thei naturalfunction. However, these methods are often dependent upon and
biological or chemical methods for substrate preparation, which is later utilized in membrane
rearrangements. Also, there is a chance of leakage of the internal cargo of EVs whicmtaiay
crucial cellular information in the form of MRNA and proteins. Likewise, sonication and freeze
thaw method of membrane fusion can lead to heterogeneity in the size and surface property of
functionalized EVs. Therefore, the extrusion process isivgoprtant to maintain the proper size
and homogeneity of functionalized EVs. In this regard, the physical approach is usually
advantageous when used in combination with a biological or chemical approach, and generally
should be followed by the extrusiorogess to get the maximum benefit of this strategy. Biological
and Chemical approach of functionalization is the two main independent approach of surface
functionalization. Although the approaches are different, both methods use the chemistry of
biomolecues to add functionality. In biological approach, we are exploiting cellular reaction
system that has been optimized by years of evolution by living system whereas, in chemical
approach, we use the knowledge of chemistry which is also optimized overddesletevolving
modern science. The biological approach is also called-prpdiction engineering strategy as

the raw materials that make up the EVs (lipids and proteins) are engineered or functionalized
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before their biogenesis. Chemical approach, an dther hand, is called as p@sbduction
engineering strategies as this modification takes place after the biogenesis and extraction of EVs.
The idea of using a cell's own machinery to functionalize the EVs as per our needs is fascinating,
and with propeoptimization, several EVs functionalization has been reported with high efficiency
for adding various functionality like surface display technology, targeted imaging, and targeted
drug delivery. These functionalities can have a huge impact on undenst&\ role in cellular
processes and pathogenesis for biomedical applications. Despite these fascinating results and the
tremendous scope of the biological approach of EVs functionalization, one of the major limitations
in this method is the heterogeneq@pulation of EVs secretion with varying levels of surface
expression which makes it difficult to standardize the method. The complexity of the biological
environment along with the inadequate knowledge of EVs biogenesis makes this method complex.
Owing  this complexity, there can be an issue with the low yield of sufta#ionalized EVs

using the biological method. Here, the physical approach like extrusion can be used to maximize
the yield and improve the homogeneity of the EVs population.

The chental approach of surface functionalization provides easy and highly efficient
conjugation of the different cargo of interest like antibodies, proteins, and small molecules. Due
to the different click chemistry method and facile coupling strategy, thesgdinalizations can
be done in simple steps and purified easily. Also, since it is gopodtiction strategy, there is no
problem with EVs isolation from complex biological media as compared to the biological
approach. With this perspective, the chemiapproach of functionalization seems to have
significant advantages with diverse functionality and simplicity. However, one major issue can be
the retention of EVs integrity, functionality, and the biocompatible cellular fate of functionalized

EVs. The usef chemical reagents can affect protein integrity and function. E.g. Cu(l), a catalyst
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in many click reactions, has reported toxicity towards cells and can interfere with protein
activity.*** There are however Cu(l) free click chemistry that can be used to gain the same function.
Nonetheless, it is crucial to explore the effect of other alternative reagents in EVs integrity and
function. Therefore, while the chemical approach provides simmedaverse opportunities to
functionalize EVs, special attention should be given to confirm the biocompatibility of reagents in

terms of EVs membrane integrity and functionality.
2.5 Challenges in surface functionalization strategy

One of the big questionthat are often not addressed in the research of surface
functionalization strategy is whether the applied method interferes with the innate functionality of
extracellular vesicles. This is a big question that needs to be addressed if we want to witly expl
the natural functionality of EVs. Most of the studies have shown the confirmation of surface
functionalization in EVs along with the added functionality of EVs using various strategies. For
example, surface display technology of EVs successfully ldiig#s with fluorescent dye to track
EVs®’ But it is unknown whether the functionalization strategy changemtiage functionality
of EVs in vitro. For this, a comparative study with naive EVs, without any functionalization,
should be conducted. It is, however, challenging to study naive EVs behavior without doing any
engineering. As such, without labeling withdrescent dyes or imaging agents, tracking EVs is
extremely difficult. In this scenario, the analysis of the proteomics profile of EVs, before and after
engineering might be helpful, as the proteomics profile is responsible for the function& tHle.
There has been researched effort in quantifying EVs protein after functionalization to confirm the
integrity of EVs. As an example, Ming et al. quantified GRBter the metabolic engineering of
EVs to add azide functionality via flow cytomet}.Here, although the similar protein level of

CD63 in functionalized EVs and naive EVs may signify the retention of protein contents it doe

42



not necessarily signify the retention in the functionality. Also, the analysis of single protein may
not correlate to the extensive proteomic profile of EVs. In this scenario, analysis of whole
proteomic profile along with the structures of major prateimay reflect true retention of EVs
innate functionality. The structure of a protein can be assessed by a spectroscopic technique like
Circular Dichroism, Raman Spectroscopy, and NNfR?° These techniques provide crucial
information about the secdary structure of proteins. As evident, the structure of a protein is
directly linked to its function, analysis of EVs protein structures may give valuable information
about the retention of protein functionality with the functionalization proés$ Further,in

vitro andin vivo experimentation of naive EVs and surface functionalized EVs can be crucial to
confirm the retention of naive EVs functional integrity. The retention of functional integrity of
naive EVs with different functionalization strategies is particularly impbiftare want to explore

the innate role of EVs in various biological processes. With the assurance of the functional integrity
of EVs, different surface functionalization strategies discussed here can be applied. The surface
functionalization strategy witmominal alteration in the naive EVs functionality should be
preferred.

2.6 Conclusion

EVs functionalization approaches have added various functionality to EVs which can be
applied in diagnostic and therapeutic applications. All three different approaches discussed for
EVs functionalization physical, biological, and chemical have succegsfiuinctionalized EVs
and added desired functionality. All three approaches have their benefits and shortcomings. The
physical approach can be used in combination with a chemical or biological approach to ensure
the EVs homogeneity. Biological approachthaligh being complex, can give naturally

functionalized EVs. So, once the method is optimized, it can be beneficial for théefong
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production of functionalized EVs. Whereas, the chemical approach can give a guistepne
functionalization opportunityBased on the need, both biological and chemical approaches can be
equally beneficial. These functionalization strategies have further diversified the tremendous scope
of EVs in biomedical applications. As of now, we are yet to completely understandetioé EMs

in cellular processes. By properly functionalizing EVs, we can garner important information to

understand EVs potential in the bitedical field.
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Chapter3-pH responsive cationic | ipos:

medi ated drug delivery

Chapter 3, in full, is a reprint of the material as it appears @olloids and Surfaces B:
Biointerfaces 220, Sagar Rayamajhi, Jessica Marchitto, Tuyen Duong Thanh Nguyen, Ramesh

Marasini, Christian Celiaand Santosh Aryal. doi:0.1016/j.colsurfb.2020.110804

Abstract

Endosomal degradation of the nanoparticle is one of the major biological barriers
associated with the drug delivery system. Nanoparticles are internalized in the cell via different
endocytosis pathways, where they are first delivered to earlysens which mature to the late
endosome and to the lysosome. During this journey, NP encoati@rsh chemical environment
resultingin the degradation of NP and its content. This process is collectively called as intracellular
defenses against foreigraterials. Therefore, to avoid this degradative filieendosomal escape
technique has been explored following membrane fusion or membrane destabilization
mechanisms. However, these methods are limited to the application duedpenifict membrane
fusion. To overcome this limitation, wieave designe@gH-responsive liposome made up of-3i3
[N-(N',N'-dimethylaminoethanejarbamoyl]cholesterol hydrochloride (Blfposome) in which
the cationic nitrogen of the ammonium moiety occupies only ~2.5% of the molScglea small
percentage dthe cationic moiety is sufficient enough to exhibit ypesponsive properties while
maintaining the biocompatibility of the Dliposome. DCliposome showed pidependent
cationic properties due to the protonation of-DGiety atacidic pH. The fluorescendsased
experiment confirmed pidependent fusogenic properties of Igbsome. Furthermorethe

endosomal colocalization study revealed higher localization oflii@Some in the early
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endosome compared to that of the late endossuggesting possible endosomal escape. Elevated
cationic and fusogenic properties of Hifosome at acidic pH can mediate membrane fusion with
anionic endosomal membrane via electrostatic interaction, thereby causing endosomal escape.
Moreover, doxorubici-loaded DCliposome showed higher cytotoxicity than that of free
doxorubicin further supporting our clam of endosomal escape. These findings suggest the potential
of DC-liposome to break the endosomal barriers to enhance the therapeutic efficacy thereby
guiding us in design consideration in the field of stirreBponsive delivery agents.

3.1 Introduction

Endosomal degradation of therapeutic agents is one of the major challenges in
nanoparticulate drug delivery systems. Endosdgsalsomal system activelgncapsulates
nanoparticles in endocytic vesicles and facilitates its recycling or degradation. This system
includes intracellular vesicular systems including early endosome, late endosome, and lysosome,
which actively participates in cargo internalizatioecycling, modulation, and degradatigh
Internalized cargo is first delivered to early endosome which plays a crucial role in determining
their fate: recycling, excretion, or degradation. Depending on fate, cargo can be exported out of
early endosome or continue iary endosome which matures to the late endosome and finally
fuses with lysosome forming endigsosome vesicles for degradatith Cargoes like
nanoparticulate drug delivery systems are mostly internalized in the cell via different endocytosis
pathways where its fate is determifé8Owing to the exogenous property, these nanoparticles
are subjected to degradation in englmosome vesicles, ainique intracellular defense
mechanismt?® Therefore, it is crucial for the nanoparticulate drug delivery system to escape early

endosomes and avoid immediate degradation to maintain thécapkicacy.

46



Efforts have been made to fabricate and engineer the drug delivery system to ovkecome
endosomal barrier. Towards this direction, liposomal and polymeric materials have been used to
fabricate nanoparticle for endosomal escape via memkusioe or membrane destabilizatibi
A liposome isa lipid bilayer enclosed membrane structthatis widely investigated as a drug
delivery system. The cationic liposome can undergo electrostatic interaction mediated membrane
fusion with anionic endosome membrane thus escaping endd3b8imilarly, the polymeric
nanoparticle can escape endosomes via membrane destabilization following osmotic rupture,
particle swelling, and particle disassembly mechari@t® These technique has shown
significant promises to overcome the endosomal barrier. However, the application of cationic
liposomes can be limited by n@pecific membrane fusion with other membrane compartments.
Likewise, in polymeric materials, endosomease mediated by membrane destabilization may
be limited due to the molecular weight of cargo that can diffuse across the destabilized
membrang3*13¢To overcome these limitationthe pH-sensitive lipidpolymeric hybrid system
has been developed which can selectively undergo membrane fusion at the endosomal membrane
and release its payload. This system exploits the acidic pH environment of endessitias.

The polymeric part shields the cationic surface in neutral pH aistiid&ls in acidic pH, thereby
exposing the cationic surface to fuse with the anionic membrane of endb¥adffie

Here, we have designgaH-responsive dimethylaminoethanarbamoyl function&ed
liposome (DCliposome) that can show pé#ependent cationic properties for endosomal escape
mediated drug delivery. D@posome wasdesignedusing common lipid 1 2lipalmitoylsn
glycera3-phosphocholine (DPPC) and -BR-(N',N'-dimethylaminoethane)
cabamoyl]cholesterol hydrochloride (BCholesteroh H CVig thinfilm hydration technique.

Owing to the presence of DOmoiety, we hypothesize that Diposome shows pHependent
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cationic properties that can initiate and enhance membrane fusion withcaaimosomal
membrane via electrostatic interaction, thereby causing endosomal escape. Endosomal escape was
analyzed using a confocal microscepgsed colocalization experiment. Further, doxorubicin, a
clinical anticancer drug, was loaded in liposome tal@ate drug delivery potential. This study
explores the endosome escape capability ofgaponsive Ddiposome. A better understanding

of mechanistic detail of nanoparticulate drug delivery systems to overcome the endosomal barrier

will greatly contributeoward the development of effective nanotherapeutics.

3.2 Materials and methods

3.2.1 Chemicals and Reagents

1,2-dipalmitoytsn-glycera3-phosphocholine (DPPC) and  3fF[N-(N',N-
dimethylaminoethane)arbamoyl]cholesterol hydrochloride (BCholesterch H CPhpspholipid
conjugated-J-Phosphatidylethanolamieé-(lissamine rhodaming sulfonyl) (Ammonium Salt)
(RhB), and {U-Phosphatidylethanolamiré-(4-nitrobenze2-oxa-1,3-diazole) (Ammonium Salt)
(NBD) were purchased from Avanti Polar Lipid Inc. (Alabaster, AL, USA). Cell('iigarly
EndosomessFP and CellLight Late Endosome&FP were purchased from Thermo Fisher
Scientific. BDAaidino-2-gphemylindo(e 4dNjydfochloride) and (84,5
dimethylthiazoi2-yl)-2,5-diphenyl tetrazolium bromide) (MTT) reagent were purchased from
SigmaAldrich. Doxorubicin Hydrochloride (DOX) European Pharmacopoeia (EP) Reference

Standard was purchased from SigAldrich. All otherreagents and chemicals were of analytical

grade.
3.2.2 Cell lines

Mouse normal fibroblast (NIH/3T3) and mouse osteosarcoma (K7M2) were purchased
from ATCC, Manassas, USA. Cell s were maintair
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(DMEM) supplemented with 0 % ( v/ v) Fet al Bovine Serum (FBS)
in 5% CQ environment.

3.2.3 Synthesis of dimethylaminoethanearbamoyl functionalized liposome (DC

liposome)

Dimethylaminoethanearbamoyl functionalized liposome (Bl{posome) was
synthesied using 1,alipalmitoytsnglycera3-phosphocholine (DPPC) and -BR8-(N',N-
dimethylaminoethane)arbamoyl]cholesterol hydrochloride (BCh ol est er ol AHCI ) i
ration of 7:3 via thin film hydration followed by membrane extrusion as described bgiRitati
et al’* Briefly, DPPCandD& hol est er ol AHClI were dispersed i
7:3. The mixture was then left to dry overnight to creetiein film of lipid and cholesterol. Thin
film was hydrated with phosphate buffer saline (PBS). It was then vortexed and sonicated for
proper mixing and formation of a liposome. Liposomes were then extruded using 400 and 200 nm
polycarbonate membranetéf, respectively, to control size homogeneity. Control liposome was
formulated using DPPC and normal cholesterol following the same method. RhB and NBD labeled
liposomes were synthesized using RhB and NB@njugatedipid in a final volume concentration
of 0.01% via hydrophobic insertion following thin film hydration technique.
32.4Characterization

Formulated liposomes were characterized for hydrodynamic size and surface property
using dynamic light scattering (DLS, Malvern ZSP). Morphologyipiisomes was analyzed by
using transmission electron microscopy (TEM, FEI Technai G2 Spirit BioTWIN). The stability of
liposome was studied by monitoring hydrodynamic size and zeta potential over a period. Serum
stability of liposome was studied by traggioptical absorbance of liposome at 560 nm wavelength

in serum environment using Microplate reader (BioTek, Synergy H1 Hybrid reader). pH
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responsive characteristic of Bl{posome was analyzed by studying surface zeta potential of DC
liposome at acidic (pH.5), basic (pH 10), and neutral condition (pH 7.4). Liposdesgned
using DPPC and cholesterol (7:3 molar ratio) was used as control. Fusogenic characteristic of DC
liposome was studied using fluorescence resonance energy transfer fF£RBT this, fusogenic
FRET liposome with an electron acceptor was created by incorporating lipid conjRiydetye
in cationic DGliposome @#U-Phosphatidylethanolamiré-(4-nitrobenze2-oxa1,3-diazole)
(Ammonium Salt) and fusogenic FRET liposome with an electron acceptor was formulated by
incorporating lipid conjugated NBD dye in anionic liposome (DPPC:DSRA: = 5:2:3). The
molar ratio of RhB to NBD in the final mixture was 7:1. For fusion study, 50 pl of cationie RhB
FRET liposome was incubated with 50 ul of anionic NBRET liposome in a 9@vell plate for
5 min, and the mixture was analyzed spectrofluerimr i cal | y by exciting sz
recording emission spectrum between 500 nm an
3.2.5 Drug loading and release study

Active and passive drug loading strategies were carried out to analyze the drug loading
efficiency of DGliposome. (DOX), a clinical anticancer agent was used in this study. The different
initial input of DOX with different concentration viz. 25, 50, 100, 150, 200, and 400 pg/mL was
used to find the optimum initial input with the highest loadffeciency. For passive loading, the
membrane extrusiebased physical encapsulation technique was followeBriefly, lipid thin
film was hydrated with DOX solution and mixed weélhe mixture was vortexed (3 min), bath
sonicated (5 min), and probe sonicated (3 min, 50% amplitude). Finally, the mixture was extruded
through 400 nm and 200 nm polycarbonate membrane filter, respectively. DOX loaded DC
liposome was purified to remove loaded DOX by Amicon Ultra centrifugal filter, 10kDa

(Millipore Sigma).
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For active loading, an ammonium sulfate gradient was.tf#8atiefly, lipid film was
hydrated with one ml of 300 mM Ammonium Sulfate and mixed well. The mixture was vortexed
(3 min), bath sonicated (5 min), and probe sonicated (3 min, 50% amplitude). The mixture was
extruded using a polycarbonate membrane filter to fabricatéig@8ome Ammonium sulfate
was exchanged with PBS by Amicon Uttacentrifugal filter, 10 kDa (Millipore Sigma) to create
a transmembrane ammonium sulfate gradient. After that, liposome was incubated with DOX for 4
h (50°C) for DOX encapsulation. Finally, DOX hied liposome was purified to remove unloaded
DOX by Amicon Ultra4 centrifugal filter, 10 kDa (Millipore Sigma). The amount of DOX loaded
was quantified spectrofluorimetrically.

DOX loading efficiency was calculated by the following equation:

% Loading Effciency = (encapsulated DOX/ initial input of DOX) x 100

Drug release study was carried out in physiological (PBS, pH 7.4) and acidic (Acetate
buffer, pH 5.5) <condi t-liposonse.(2 mg/mi)lwasadialyzé&l@sing | o a d «
3.5 kbDa dialwnsil2O0Omenbbrodnelrug release media ke
(80 rpm) to maintain the sink condition duri ng
at regular intervals and replaced by fresh media. The amount of DOX in the releagevagdi
calcul ated spectrofluorimetrically by measur.
595 nm.

Drug release was quantified by using the following equation:

% Drug release = (DOX amount in release media/ DOX amount in 100% release) x 100
3.2.6 Biacompatibility

Biocompatibility of DCGliposome was analyzed in mouse osteosarcoma (K7M2) and

mouse normal fibroblast (NIH/3T3) using MTT ass&/***Briefly, 10,000 cells were seeded in
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96 well plates and incubated with Bigosome at varying concentration range (3.125, 6.25, 12.5,
25, 50, 100, and 200 pg/mL) for 48 h at 37 °C in 5%, @0@vironment. Control cells were
maintained wth media only. After 48 h incubation, treatment media was removed and cells were
incubated with MTT reagent for 2 h. DMSO was added to dissolve the insoluble formazan crystal
formed after MTT treatment, and absorbance was recorded at 550 nm using aateaeguder
(BioTek, Synergy H1 Hybrid reader).
3.2.7 Endosomal escape study via confocal microscopy

Endosomal escape behavior of i@some was studied using confocal microsctpy
For this, the cdocalization experiments of RhB labeled Hifosome with early and late
endosomswere carried out. CellLight' Early Endosomegreenfluorescent protein (GFP) and
Cell Light™ Late Endosome&FP were used to label early and late endosomes in cells,
respectively, following manufacturer protocol. Briefly, 10,000 cells were seeded in 96 well plates
and incubated with 10 uL GFP for 20 h fvansfection. After that, transfection media was
removed with fresh media and transfected cells were incubated with rhodamine B labeled DC
liposome for 3 h. Cells were then fixed by 4% paraformaldehyde. Nucleus was stained by DAPI
and cells were observeaider a Confocal Laser Scanning Microscope (Carl Zeiss-ZSD). The
degreeofcd ocal i zati on was quantified based upon |
ImageJ colocalization analysis.
3.2.8In-Vitro Toxicity

In-vitro toxicity of Free DOX andOX loaded DGliposome (DOXDC-liposome) were
analyzed in mouse osteosarcoma (K7M2) and mouse normal fibroblast (NIH/3T3) following MTT
assay. Briefly, 10,000 cells were seeded in 96 well plates and incubated with Free DOX and DOX

DC-liposome at varying ementration range (uUM) for 48 h at 37 °C in 5% €hvironment.
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Control cells were maintained with media only. After 48 h incubation, treatment media was
removed and cells were incubated with MTT reagent for 2 h. DMSO was added to dissolve the
insoluble famazan crystal formed after MTT treatment, and absorbance was recorded at 550 nm
using a microplate reader (BioTek, Synergy H1 Hybrid reader). IC50 concentration was calculated
using GraphPad software foll owi n-gariafbll eg s(liompleid
model !4
3.2.9 Statistical analysis

GraphPad software was used to analyze statistical models for IC50. All data represent the
mean N standard deviation. Bi ocompatibility a

All other major data includes atleash r ee repl i cates (n = 3).

3.3 Result and Discussion

3.3.1 Fabrication and characterization of DCliposome

DC-liposome was designed using dimethylaminoethane carbamoyl conjugated cholesterol
(DC-cholesterol), which contains ~2.5% of cationitogen, and DPPC lipid (7:3 molar ratio) via
thin-film hydration technique as detailed in methods. The presence of DC moiety -in DC
cholesterol gives rise to characteristic cationic property in the liposomdipBgdme was
characterized for size and sagé property using dynamic light scattering (DLS). Morphological
properties were analyzed by transmission electron microscopy (TEM). DLS showed the average
hydrodynamic size of D&holesterol to be 113 = 2 nm with an impressive polydispersity index of
0.08+ 0.03 and a positive zeta potential of 7.6 + 1 igyre 3.1). TEM showed the crystals of
DOX at the core ofhesphericaDC-liposomes Figure 3.1B). DC-liposome was analyzed for its
hydrodynamic size and PDI for seven days to ensure its colloidalitgtébigure 3.1C). The

nominal changes observed in both hydrodynamic size and PDI over the week of observation
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confers the stability of the liposome. Further, serum stability oflip@dome was analyzed to
examine the stability of particle in serum eowment spectrophotometrically. This is the measure
of rapid change in serum absorbance due to the particle aggregation with serum.{irdt€ins
Aggregation isarapid process that happens at its fiostch with serum, therefore, the change in
absorbance at early time points of serum and NP interaction is crucial. As shiéi\gare 3.1D,
there is no change in serum atimonce over a period suggesting a higgrde of serum stability

of the DC-liposame. Poly(lacticco-glycolic acid) (PLGA) nanoparticle was used as positive

control which showed aggregation in serum environment as depicted by the increase in optical
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Figure 3.1 Characterization of DC-liposome. (A) Hydrodynamic size distribution and zeta
potential of DCliposome showing stace charge distribution, (B)ransmission electron
microscope image of D@posome adifferent magnification, (C)tability of DC-liposome oer
seven days in terms of hydrodynamic size and polydispersity index (PDIDpeet(m stability
of DC-liposome over sixty minute in terms of optical absorbance at 560 nm. Polyfectic
glycolic acid) (PLGA) was used as positive control.
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absorbance. Aese findings of stability assay confied the stability oDC-liposome in aqueous
and serum environment.
3.3.2 pHresponsive characteristic of DGliposome

Nanoparticle formulation responsive to pH gradient can be desirable for drug delivery as
we can ex[oit the differential characteristic of nanoparticle at a specific{3*f° Here, pH
respons/eness ofDC-liposome was characterized by tracking the change in surface charge
properties of Ddiposome at physiological (pH 7.4), acidic (pH 5.5), and basic condition (pH 10).
As depicted irFigure 3.2A, zeta potential measurement showed around 8gnment in cationic
property of DGliposome at acidic condition, from +7.6 mV at pH 7.4 to +64 mV at pH 5.5. While
in basic condition, D&iposome showed a broad distribution of zeta potential without any
significant peak suggesting particle instability dm@akdown. The observed distinct surface

property of DCliposome at three different pH conditions clearly showed that the surface property

A 64 mV B 0.94 mVv
pH 5.5 /\ pH 5.5 A
7.6mV -2.7 mV
l‘\ '
1\ n
i
PR N pH74 SN Do
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o S N et pH 10 ARG
-100 0 100 200 -100 0 100 200
Apparent Zeta Potential (mV) Apparent Zeta Potential (mV)

Figure 3.2 pH-responsive characteristic of DGliposome.(A) Zeta potential of D&iposome at
different pH condition viz. pH 5.5, pH 7.4, and pH 10 showing significant variatiareta
potential with pH and (B)eta potential of control liposome at different pH cdiodi viz. pH 5.5,
pH 7.4, and pH 10 showing minimal variation in zeta potential with pH.
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of DC-liposome is a function of pH environment, confirming thenesponsive characteristic of
DC-liposome. As a control experiment, the surface property of colipagomes with normal
cholesterol was analyzed at different pH environmdtitgi(e 3.2B). Zeta potential measurement
of control liposome showed minimal changes in zeta potential at differerRgHnV (pH 7.4),
0.94 mV (pH 5.5), andl1 mV (pH 10). Thelramatic increment in cationic property observed in
DC-liposome at acidic conditions may be due to the protonation of the amine group of
dimethylaminoethane carbamoyl moiety in {8fiolesterol. This enhanced cationic property at
acidic conditiols can be exjpited in endosomal escape mediated drug delivery via membrane
fusion.
3.3.3 Fusogenic property of DGiposome

Fusogenic property of D@posome was characterized by fluorescence resonance energy
transfer (FRET) followingnestablished protocdf!14615IFRET has been widely used to analyze
membraneusion!41151154 Here, two FRET liposomes were prepared and fusion behavior was
studied. @tionic DGliposome was incorporated with FRET acceptor RhB lipid and anionic
liposome was formulated by incorporating FRET donor NBD lipid. The fusion behavior of these
two lipids with the opposite surface charge was analyzed at three different pH environments;
physiological (pH 7.4), acidic (pH 5.5) and basic (pH F)yure 3.3 shows results from FRET
experiments with emission spectra of anionic, cationic, and hybridized lipestrdéferent pH
conditions. Decrement of donor mafandiiocrementcoe nt 1 n
acceptor fluorescent iadueto mdioh, puggest suéc8ssful enengy( a c ¢
transfer between FRET pairs validating our cldrfusion between two liposomes. To understand
how the pH environment can interfere with this fusion behavior, fusion was carried out in acidic

and basic conditions. Experiments showed successful fusion in all the different pH environment,
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with different eficiency. Importantly, emission spectra of acceptor showed significant increment
in fluorescence at 595 nm with different pH conditions suggesting the influence of pH in the

fusogenic characteristics of Biiposome.The hghest increment in acceptor flusment intensity
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Figure 3.3 Study of the fusogenic characteristics of Ddiposome through Fluorescence
Resonance Energy Transfer (FRET)DC-liposome with the positive surface charge was labeled

with fluorese nt acceptor RhB (@&em= 595 nm). Anioni c
donor NBD (@2em= 525 nm). The fusion between
interaction (schematic illustration on the right) was confirmed by FRET analysis at ani@xcitat
wavelength of 470 nm. Emission spectra of RhB+NBD liposome showed energy transfer from
FRET donor NBD to FRET acceptor RhB showing successful fusion. Fusion behavior was
characterized at three different pH environment (pH 5.5, pH 7.4, and pH 10).

at M5 nm was observed in acidic condigo(pH 5.5) suggesting maximum fusion. This
differential fusogenic property at different pH is in accordance with theegplonsive cationic
property of DCliposome. Here, membrane fusion is mediated by electrost&i@ation as two
membranes are oppositely charged. So, high fusion characteristics at acidic pH can be attributed
to enhanced cationic property of Bigosome thereby accelerating membrane fusion. The

observed enhanced fusogenic characteristic at acididitans can be favorable for endosomal
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membrane fusion resulting in the endosomal escHpe.aendosonal membrane is characterized
by anionic property and acidic pH environmé&htin such ascenariopH-responsive cationic DC
liposome can be an ideal candidate for endosome escape mediated drug delivery.
3.3.4 Drugloading and release characteristic

With the assurance of desirable-pttponsie characteristic dC-liposome, drug loading
and release behavior of Bi(posome was studied. DOX, a clinical anticancer drug, was used as a
model drug. DOX was loaded with Imopassive and active method and loading efficiency was
evaluated to investigate the influence of the loading method in drug loading effidteguoe 3.4
shows DOX loading percentage and DOX content (wt%) with respect to different initial input of
DOX (25, 50, 100, 150, 200, and 400 pg/mL) usegive Eigure 3.4A) and passiveHigure
3.91) loading methods. As expected, the active loading method showed higher DOX loading
characteristics compared to thatloé passive method, facilitated by the active asmniam sulfate
transmembrane gradient. Due to ammonium gradient, free DOX actively diffuses inside liposome
core and crystallize as Doxorubicin sult4té Active loading method showed DOX loading
percentage from 24% to 70% and DOX content from 1.5 wt% to 2.7 wt%, at different initial input.
Based upon overall DOX loadintpeinitial DOX input of 200 pug/mL showethe optimum result,
with 59% loading efficiencyand 2.7 wt% DOX content.

Similarly, passive loading method showed DOX loading percentage from 12% to 42%, and
DOX content from 0.6 wt% to 1.2 wt%, at different initial input. Héne,initial input of 150 and
200 pg/mL showetheoptimum result of 21% kding efficiency and 1 wt% DOX content. These
numbers clearly suggest the advantage of using an active loading method for high loading
efficiency. However, it is important to note that we observed a significant increment in size and

PDI of DGliposome afte active loadingFigure 3.4B), with an average size of 196 nm (vs 113
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nm) and 0.16 PDI (vs 0.08). This change in the size of thdip@Some might be due to the effect

of a transmembrane influx of DOX and the formation of DOX crystal due to active loading
Contrary to that, in the case of passive loading, there was minimal change in the average size and
PDI after loading, with an average size of 143 nm (vs 113 nm) and 0.09 PDI (vs 0.08). Both active
and passive loading method suggested the use of 200 pgémén initial input of DOX

concentration for the best loading efficiency. DOX loading assayrowed the loading capability

of DC-liposome by both active and passive loading methods.
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Figure 3.4 In-vitro drug loading study. (A) Doxorubicin (DOX) loading efficiency and DOX
content by weight percentage with respect to carrier in different initial input concentration of DOX
(ug/mL) via active loading method and (Bpsation in hydrodynamic size amublydispersity
index (PDI) of DCliposome after active and passive loading with respect to different initial input
concentration of DOX (ng/mL).

Further, drug release behavior was studied to characterize the drug release kinetics of DOX
loaded DCliposane (DOXDC-liposome) under physiological condition (pH 7.4) and acidic
condition (pH 5.5), as depictéd Figure 3.5A. DOX release assay showed an initial burst release
of DOX up to 8 h followed by sustained release up to 48 h. ID@Xiposome showed highe
drug release characteristics in the acidic environment compared to normal physiological

conditions, with the release of 91% of DOX compared to 60% in normal conditions. Observed

higher release at acidic conditions might be due to the elevated catiop&rtgratthe acidic
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condition which can potentially result in membrane leakage and/or instabitth/ This elevated
release characteristic at acidic pH can be attributed as anothrespéhsive feature along with
cationic and fusogenic properties. All these -g@dponsive chacteristics can collectively
contribute to the endosomal escape mediated drug delivery.

3.3.5 Biocompatibility

Cationic liposomes are a favorable agent for drug delivery due to their ease of cellular

internalization assisted by electrostatiteraction!>d 161 However, the major concern with the use

of cationic liposome is their associated genotoxicity. Due to the cationic surfaeegelthe
cationic liposome can potentially damage genetic materiaiseafell including DNA%2163Tg
address this issue of toxicityhe biocompatibility of cationic D&iposome was evaluated in
mouse osteosarcoma K7M2 and mouse normal fibroblast NIH/3T3 using cell viabiéity fass

48 h. Cell viability assay showed concentratt@pendent biocompatibility with above 70% cell
viability up to 50 pg/mL liposome concentration in both cancer and normal celFigeré 3.5B).
Beyond that concentration, at 100 and 200 pg/mL;lip@some showed poor biocompatibility

showing a toxic effect in K7M2. Interestingly, for NIH/3T3, Bfgosome showed
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Figure 3.5 In-vitro drug release and biocompatibility study of DC-liposome.(A) DOX release
characteristic of DOX loaded Dliposome at acidic condition (Acetate buffer, pH 5.5) and normal
physiological condition (PBS, pH 7.4). Biocompatibility of Bifosomeevaluatedon mouse
osteosarcorm K7M2 and mouse normal fibroblast NIH/3T3 in terms of percentage cell viability
calculated using MTT assay. Cells were treated withlip@some for 48 h.
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biocompatibility even at a high concentration of 100 ug/mL with 75% cell viability. At a high
concentation of 200 pg/mL, D@iposome showed significant toxicity for both K7M2 and
NIH/3T3. Biocompatibility assay revealed the effect of cationic liposontbecell is dependent
upon cell type and concentration. So, it is crucial to optithizeafe conceimation dose of cationic
liposomes to avoid any possible toxic effect of the carrier. Here, our observations revealed good
biocompatibility of DCliposome at a concentration below 100 pg/mL.
3.3.6 Endosomal escape study

Endosomal degradation of the thenafpe agent is one of the major problems associated
with nanoparticulate drug delivery technici§&1% Here, we hypothesized that due to the- pH
responsive catimc and fusogenic propwes of DC-liposome, it can escape endosome via
membrane fusion. To test this hypothesis, the endosome escape study was done via confocal
imaging in mouse osteosarcoma as a model cell line. Early and late endosomes in cells were
labeled by green fluoresdeprotein (GFP) via transfection using CellLighEarly Endosomes
GFP and Late Endosom&d-P, respectively following manufacturer protocol as detailed in the
method. DCGliposome was labeled RhB via hydrophobic insertion using membrane extrusion. RhB
labekd DCliposome was incubated with early and late endosome labeled cell independently for
3 h to study the localization of Dliposome.Figure 3.6 represents the confocal image for
colocalization study where red color representlipGsome and green coloepresent early and
late endosome. The yellow color observed in the merged figure signHiesatzation suggesting
the localization of D&@iposome inthe endosome. The merged figure of the confocal image
revealed a higher amount of-taxalization betwen early endosome and Bigosome compared
to late endosome and Biposome. To quantitatively analyze this difference;lamalization

analysis was done using ImageJ following thdomalization threshold and coloc2 pludfif¢®
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Pearsonods correlation coefficient (PCC) was
colocalization'® P CC or P evaluegamge$ foomIRo +1. Higher the PCC numerical

value, the higher will be the extent of elmcalization. PCC analysis confirmed higher-co
localization of DGliposome with early endosome, with PearsewaRie of 0.69, compared to that

ofthel at e endos ome,-valueiot OM4. Phese desiow & 36% Reduction in €0
localization athelate endsome. This significant reduction in-tacalization from DGliposome

early endosome to D{posomelate endosome suggests possible endosomal escape-of DC
liposome fromthe early endosome.

The endosome/lysosome system works in the trafficking of cargdeirthie cell, it's
recycling, and degradatidi® Foreign materials are internalized in the cell by endocytosis. Primary
endocytic vesicles containing internalized foreign materials deliver their content into the early
endosomes. Early endosome accumulates cargo andrsoppealing to the plasma membrane
before it matures to the late endosome. This usually takids Bin'’® After maturation, late
endosome fuses thelysosome to generate endolysosome where active degradation takeé$®place
So, it is crucial for the therapeutic agents to escape early endosomes to awemmbis
degradation and maintain its therapeutic effect. Here, based uponit@lization study, DE
liposome escapes early endosomes. The mechanism of escape can be attributed to the elevated
fusogenic characteristic of Dlposome contributed by thedher cationic property at acidic pH.

The endosome is characterized by the acidic environment and anionic lipid bifayése acidic
environment of endosome increases the cationic property elipp€ome thereby increasing

fusion, as depicted igraphical abstracthis leads to release of payload, here DOX. This kind of
membrane fusion based endosomal escape has been hypothesized as one of the major pathways of

endosomal escape in literaturé®'’*13 Here, the unique piesponsive characteristic &fC-
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liposome has successfully assisted to escape endosome thereby facilitating maximum efficacy in

drug delivery.
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Figure 3.6 Endosomal escape study via confocal microscopyigureshows the confocal image

of mouse osteosarcoma K7M2 showing internalization and endosomal localization of rhodamine
B labeled DGliposome (RhBDC-liposome) (Label: 50 pum). Cells were transfected by
CellLightTM Early Endosomegreen fluorescent protein (®F and CellLightTM Late
EndosomessFP separately to label early endosome (top row) and late endosome (bottom row),
respectively. The transfected cell line was incubated with rhodamine B labeldgd3Gme
(RhB-DC-liposome) for 3 h and imaged via confoeaicroscopy. The colocalization of BC
liposome with early and late endosomes was analyzed separately. Yellow color in the merged
figure represents elocalized DCliposome in the endosomal compartment. Colocalization was
guantitatively analyzed in terms dPear sonos correlation coef fi
colocalization analysis.

3.3.7In-vitro toxicity

Finally, the therapeutic efficiency tfeproposed nanosystem was evaluated. DOX loaded
DC-liposome (DOXDC-liposome) was assessed forvitro toxicity in mouse osteosarcoma
K7M2 and mouse fibroblast NIH/3T3 using MTT asskig(re 3.7). DOX-DC-liposome showed
higher toxicity compared to free DOX in both cell lines tested. Half minimal inhibitory

concentration (IC50) showed a clear distinction of eleviedity by DOX-DC-liposome in both

cell lines. In NIH/3T3, DOXDC-liposomes showed significant reduction in IC50 (IC50=0.9
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MM) compared to free DOX (IC50=2.1 uM). Likewise, in K7M2, DADC-liposome showed

IC50 of 0.42 uM and that of free DOX exhibit IC®f 0.89 uM. Observed elevated toxicity of
DOX-DC-liposome can be attributed to the endosome escape mediated release of DOX, which
increases the local drug concentration thereby increasing its therapeutic effieaty toxicity

assay of DOXDC-liposame further supported the hypothesized endosomal escape mediated drug

delivery.
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Figure 3.7 In-vitro toxicity assay. (A) Toxicity of Free DOX and DOX loaded Dliposome
(DOX-DC-liposome) on mouse normal filllast NIH/3T3and (B) mouse osteosarcoma K7M2.
Half minimal inhibitory concentration (IC50) shown in the inset was calculated using GraphPad
software following Alog(vahi &dbter3l egeodo nmo dhal

3.4 Conclusion

This study has scessfully explored the pkesponsive characteristic of Bi{posome
using surface characteristic analysis, fluoresbased energy transfer study, and drug release
kinetics. The consequences of -pgsponsive characteristics have been explored in endosomal
escape behavior and toxicity of delgpded carriers in terms of IC5DC-liposome showed pH
responsive cationic, fusogenic, and drug release properties with higher expression in acidic
conditions. With good stability at both aqueous and serum envirorioliemted by concentration

dependent biocompatibility, D{posome can be considered as an ideal delivery agent.

Importantly, the observed endosome escaping capability via the elevated membrane fusion
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mechanism at the acidic endosomal compartment canrdsaading characteristic for the drug
delivery system. Further, the successful loading of anticancer drug, doxorubicin, and high
therapeutic value of DOXC-liposome against cancer cells confirmed the therapeutic advantage
of the proposed liposomal systefiese preliminary results contribute to the probtoncept of

using pHresponsive cationic liposomes to break the endosomal barrier in drug delivery for better

therapeutic efficacy.
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Chapter4-Ma cr o pdhargiev e d -neixmoestomee hybri d

f otrumor targeted drug del i

Chapter4, in full, is a reprint of the material as it appearsActa Biomaterialia 2019, Sagar
Rayamajhi, Tuyen Duong Thanh Nguyen, Ramesh Maraami Santosh Aryal. doi:

10.1016/j.colsurfb.2020.110804

Abstract

Extracelldar vesicles (EVs) are phospholipid and protein constructs which are
continuously secreted by cells in the form of smalle-Z80 nm) and larger (micron size)
particles. While all of these vesiclase calledas EVs, the smaller sizze normally calleds
exosomes. Small EVSEVY have now been explored as a potential candidate in therapeutics
delivery owing to their endogenous functionality, intrinsic targeting property, and ability to
cooperate witha host defense mechanism. Considering these potenté hypothesize that
immune ceHderivedsEVs can mimic immune cell to target cancer. However, different sEVs
isolation technique reported poor yield and loss of functional properties. To solve this problem,
herein we hybridizedEVswith synthetic lipoeme to engineer vesicles with size less than 200
nm to mimic the size ad&xosomeand named as hybrid exosome (HE).achieve this goabEVs
from mouse macrophage was hybridized with synthetic liposome to engineerTh¢E.
fluorescencédasedexperiment cofirmed the successful hybridizatigmmocessyielding HE with
the sizeof 177121 nm. Major protein analysis from Blot techniques reveals the presence of EV
marker proteisCD81, CD63, and CD®Differential cellular interaction of HEvas observe@hen
treated with normal and cancerous cells thereby supporting our hypotiieseover a water

solubledoxorubicinwas loadedn HE. Drug-loadedHE showed enhanced toxicity against cancer
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cells andpH-sensitivedrug release in acidic condition, benefiting drug delivery to acidic cancer
environment. These results suggest that the engineered HE would be an exciting platform for
tumortargeted drug delivery.

4.1 Introduction

Extracellular vesicles (EVs) are nanonicron sizedparticulates secreted by cells which
later excreted to the extracellular spa@There are three types of EVs categodeghe basis of
their biogenesis and size viz.; (1) exosomesl®B0 nm), (2)micro vesicleg200-500 nm), and (3)
apoptotic bodies €10 pum).1”>While all these vesiclesre calledhs EVs, the smaller sized vesicles
are normally callecas exosomes which differentiate itself from other EVs duéstanique
biogenesis. Exosome biogenesis differentiates it from other extracellular vesicles due to the
endocytic origin and unique cargo sorting process to load cellular content like proteins, nucleic
acid, and lipid$’® Microvesicles and apoptotic bodies, on the other hand, are EVs subtypes
derived frontheplasmamembrane and havke relativelylarge size. Since it is extremely difficult
to find the particular biogenesis pathway of EVs, here, we have térmecha | | SE\E§Vhstéad (
of Aexosomeso to represent EVs of size | ess tF
for studies of extracellular vesicles 2018 (MISEV2048)sEVs here, includes exosomes and
small micovesicles with size below 200 nm. These vesicles are made up skeletonof a
phospholipidbilayer that carbe picturedas a typical drug delivery liposome. Theref@sBVs
have nowbeen exploreds a potential candidate in therapeutics delivery. Toward this attempt,
initial studies have been carried out to understand sV cellular internalization processyagich
found to follow the path similar to that of tHgosomal nanoparticulate system &u as

opsonization, receptor interaction, and fusion to deliver its céfdichasbeen reportethat SEV
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deliveryledto higher drug accumation in target cells and improve small molecule stability and
blood circulation time, thus improving the potency of small molecule drdd¥

sEVsaresecretedby most cell types including immune cells, stem cell, endothelial, and
epithelial cells’"18Y187 A variety of both membranrkound and intracellular proteins dag found
in sEVs The most common of these include membrane transport and fusion proteins, major
histocompatibility complexes, heat shock proteins, tetraspanins, proteins of the endosomal sorting
complex required for transport (ESCRT) complex, and lipidas$ociatd proteins® They are
recognized as important messengers of long distance intercellular communication and are involved
in a diverse range of th®ological process. Due to these unique properties, sii¥¢segardeds
a vector that opatesintra- and intercellular signaling ofarget cells®8 This communication skill
is naturally acquiredrom its origin, whichis specific in recognizing its target, therefore hold
properties to adapt itself in harsh in vivo conditions such as communication with immune cells to
convince the body that they belot@ya common biological linead&**°Due to these skilsets
of SEVS they havebeen exploitedn drug delivery to théumor where itdeservegso recognize
cancer and reduces the nonspecific distribution of the drug to a wide range of tissues and organs.
Recently, Batrakova and coworkers reported a macropteieed exosome for targeted
paclitaxel delivery to pulmonary metastases, which shesignificantly strong suppression of
metastases growth and greater survival fith&imilarly, an array o6EVshavebeen evaluated
for their drug delivery potentiafd®191:1911% A comparative study of different cell tyjuerived
exosomesvas conductedby Xianget. al, in which researchersound the effectiveantitumor
immunity when treated with dendritic celerived exosomes than that of tumor -ckdlived
exosomes®’ sEVsfrom professional antigen presenting cells, such as dendritic cells, B cells and

macrophages are known to express functional immune modulating proteins including|&4C
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| and/or MHC classl, which preferentially induce Thiype (cellmediated)immune response
that directs T cells to attack abnormal cells (such as cancer cells) or cells infected with intracellular
parasiteg®”19

However, the isolation (fEVsin the quantities needed fapplicationis limiteddue to its
poor yield?%%2%1 Therefore, several techniques for sEV isolation including ultracentrifugation,
ultrafiltration, precipitation, immunoaffinitpasedseparation and microfluidicsbased, which
separatsEVsbasedupon their size, density, and protein markers have been exptéiet, the
preservation of structural integrity and functiopedperties o8EVsisolated with these techniques
area major concern. Therefore, to address these issues, membrane fusion techniques have been
reported For examplea freezethaw and incubatiomediated membrane fusion technighase
been exploredy the researchef§203204A|| these techniques have the&wn advantages and
disadvantagem regard toensurethe purityand abundance, which is critical for the development
of EV-based drug delivery. For example, Freeze thaw method can damaggéM\herotein
content®, the ircubation method of membrane fusion can lead to particles Withsize and high
polydispersity index, and the immunoaffinityased separation results in the proteterogeneity
due to the difficulty in separatirgeVsfrom the substrateMost importarly, a major hurdle in
these methodss lack of maintaining size homogeneity in the product. Amtng technique
ultracentrifugation based technique is one of the most commonly used due to its simplicity and
reagentfree approach, andre reportedo accaints for over 56% users in the figf} Therefore,
considered as a gold standard $&Vsisolation,however,may damagesEVsdue to vigorous
mechanical stres822%To address this problem, here, we have developed an optimized method
for sEVsisolation by combining normalentrifugation, filtration, and size extrusion techniques to

get ahomogenougpopulation ofsEVs This technique is simplegagentfree and uses relatively
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less stress osEVSs Further, to solve the issue of togv yield, SEV was hybridized with liposam
using extrusiorbased membrane fusion technique to engineer vesicles with size less than 200 nm
to mimic the size oéxosomeand named as hybrid exosome (HE).

The aim of this membrane fusion mediated HE formulation is to take advantages of both
sEV andiposomal drug delivery system, overcoming their respective shortcomings. sEVs has the
advantage of being endogenous nanocarrier, but lacks the modification flexibility, and have low
yield.?°” On the other hand, liposome shows prominent flexibility for surfaoglification
facilitating for different engineeringapproachesut lacks the endogenous functionafit§?°®
While structurallyboth sEVsand liposomes are similar having lipid bilayer with ranges in size,
sEVs differs from synthetic liposome mainly by the presence of EV proteins. In this study, sEVs
derived from mouse macrophage J774A.1 were hybridized with synthetic liposome to formulate
HE with uniform size distribution. The aim of using macrophage as sEV source is to exploit the
tumor targeting characteristic of macrophaf&!* Align toward this directionwe hypothesize
thatmacrophagealerivedsEVs will carry the tumor targeting properties of macrophage which can
be usedor cancerspecificdrug delivery Combiningthese twedrug delivery systerwould make
an efficienthybrid drug delivery tool with the endogenous naturesiBY¥s and flexibility of

liposomes that would eventually help in accelerating the development of cancer nanomedicine.

4.2 Materials and Methods

4.2.1 Chemicals and reagents

Lipid L-U-phosphatidylcholine (Egg, Chicken) (EggR@re purchaseflom Avanti Polar

Lipid Inc. (Alabaster, AL, USA). Cholesteralere purchasedrom Fisher Mouse monoclonal

antibody CD81 (5A6), CD63 (M»9.129.5)CD9(G4) , I ntegrin UM (44) al

TSG101 (51), Histone H3 (FIL36), andb-Actin were purchasefiiom Santa CruBiotechnology
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Phospholipid conjugated-U-Phosphatidylethanolamisé-(lissamine rhodamine B sulfonyl)
(Ammonium Salt) (REB) andl-U-Phosphatidylethanolamieé-(4-nitrobenze2-oxa-1,3-diazole)
(Ammonium Salt) (NBD)was purchaseffom Avanti Polar Lipid Inc. (Alabaster, AL, USA).
DAPI dye ( 4 4Bjiansidino-2-phenylindole dihydrochloride)(3-(4,5-dimethylthiazoi2-yl)-2,5
diphenyl tetrazolium bromide) (MTTleagentand Proteinase K fronfritirachium albumwas
purchasedrom SigmaAldrich. Halt™ Protease Inhibitor Cocktail, EDTFAree (100X) was
purchased from ThermoFisher SCIENTIFWI other reagents and chemicakwe of analytical
grade.
4.2.2 Cell lines

Mouse macrophage cells (J774A.1), mouse osteosarcoma (K7M2), mouse breast cancer
cell (4T1), mouse normafibroblast (NIH/3T3)were purchaseftom ATCC, Manassas, USA.
J774A.1, K7M2 and NIH/3T3 were maintaineddru | beccods Modi fi ed Eagl ec
supplemented with 10% (v/v) Fetal Bovine Serum (FBS) and 1% streptomycin ah %P6 CQ
environment. 4T1was maintainedin Roswell Park Memorial Institute medium (RPMI)
supplemented with 10% (v/v) Fetal Bovine@a (FBS) and 1% streptomycin ats37n 5% CQ
environment.
4.2.3 Extracellular vesicle isolation

Small Extracellular vesicles sEV9 were harvested from J774A.1 cells using
centrifugation, filtration, and membrane extrusion techniques. J774A.1 cellsculéwead in
serumfreeand phenol red free Dul beccods Moakified I
in 5% CQ environment to harvest EVs. The media was collectedcanttifuged at 2000 g to
remove cell debrisThenthe supernatanvas collected and concentrated arodfdimes using

10k molecular weight cut off (MWCO) amicon filter (2000 g, 15 min). Theceatrated
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supernatant was then extruded with 400 and 200 rycgronate membrane filter consecutively
to get uniformsEVs
4.2.4 Synthesis of liposome

Liposome was synthesized by using simple thin film hydration followed by membrane
extrusion as described by Pitchaimani al”® Briefly, L-Uphosphatidylcholine (Egg, Chicken)
(EggPC)and Cholesteralere dispersenh chloroform inamolarratio of 66:34. The mixture was
then left to dry overnight. Then the dried film was hydrated by PBS. It was then vortexed and
sonicated for proper mixingThe liposome solution was extruded using 400 and 200 nm
polycarbonate membrane filter, respectively, torgetesizedunilamellar liposomes.
4.2.5 Synthesis of hybrid exosome

Hybrid Exosomes (HE}vere synthesizethy simple thin film hydration followedyba
membraneextrusion method. Previously isolatsHVswere used to hydratée dry lipid layer.
200 pg protein equivalent of sEMas addedio 1000 ug of lipid film in a final volume of 1 mLt
was then vortexed arsbnicated (30% amplitudd) segulse on/off, for 2 min) foproper mixing.
Thus formed multilamellar HE solution was extruded through 400 and 200 nm polycarbonate
membrane filter, respectively, to genasizedunilamellar HE.
4.2.6 Characterization

LiposomessEVs and HEswere charactexedfor hydrodynamic size and surface charge
via dynamic light scattering assay (DLS, Malvern ZSurface morphology of liposomeiVs
and HEs were studied using Transmission electron microscopy (FEI Technai G2 Spirit BioTWIN).
Protein quantification o§EVswere doneby using Bradford ass&y? Stability of vesiclesvas
studied by monitoring the changesize and PDI for up to 30 days. Protein characterization of

sEVsand HEwere donevia SDSPAGE analysis, Dot blot assay, and western blotting. For-SDS
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PAGE analysissEVsand HEswere mixedwith sample loading buffer (1:1) withafinal protein
concentratio of 330 pug/mL. The mixturevas incubateat 98 for 7 minutes, and 25 pL of each

samplewas loadedn the wells of 420% Mini-PROTEAN TGX Protein GelsThe gel was

stained by Coomassie Brilliant Blaad imaged by BidRad imager. For Dot blot assay, ajliof

each sample (3 uL) was addedo Polyvinylidene Fluoride (PVDF) membrane. The membrane
was incubateavith blocking buffer for 30 min at room temperature and tineatedwith primary
antibodies CD81, CD63, CD9, CD11b, TSG164Actin, and histone H3 (Santa CruzAfter
overnight incubation witlthe primary antibody,the membranevas washed with wash buffer and
incubated with HRP conjugated amuse IgG secondary antibodCell signaling). The
membrane was further developed using Signal Fire ECL TM Reagent and immediately imaged by
Bio-imager (Kodak).

For western blotting, SDS PAGEas runas described earlier. 25 yL of samples mixed
with sample loading buffer (1:1) coméng 25 pg proteinwere loadedn the gel After the
completion ofthe SDS PAGE, the gel was transferredo PVDF membrane for the transfer of
protein bythewetblot method as described in our recent publicatfSi8PVDF membranevas
treatedwith primary antibodie®-Actin andCD63 (Santa Crz) along with HRP conjugated anti
mouse IgG secondary antibody (Cell signaling). The membrane was further developed using
Signal Fire ECL TM Reagent and immediately imaged for chemiluminescence hsn&ier
(Kodak).

4.2.7 Proteinase K assay foprotein digestion

Proteinase K solution (2 mg/mL) was prepared from lyophilized proteinase K powder in

50 mM Trizma HCI buffer, pH 8.0 with 5 mM Ca3olution as recommended by provider. For

protein digestion, SEVs were incubated with proteinase K salatid:1 (w/w) enzyme: substrate
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ratio for 2.5 h at 37 °€*3 Control SEVs were not treated with Proteinase K. Protease inhibitor
cocktail was added at a final conceniton of 2x to stop the protease activity. SEVs were then
washed with PBS three times using 10k MWCO amicon filter to wash out digested protein
fragments and proteinase. Control sEVs and proteinase K treated sEVs were analyzed for size and
protein contentising DLS and Bradford assay respectively. Herein, the goal of Proteinase K assay
is to validate the tumor targeting activitysiVsas hypothesized.
4.2 .8 Elucidation of hybridization

Validation of hybridization of liposome andEVs producing HE were dme by
fluorescence resonance energy transfer (FRET) study. FRET liposomes were synthesized as
described in our publicatiorf$®>2*FRET fluorophore lipids, NBD actingsan electrondonor
and RRB acting asan electronacceptorwere incorporateh lipid mixture in the molar ratio of
1:7 resultingin the formation of FRET liposome. For fusion analysis, iD6f sEVs(1mg/ml)
was addedo 20pul FRET liposome (1mg/ml), mixed and bath sonicated for 5 minutes to initiate
fusion. FRET liposomes, before and after fusions&Vs were analyzed by fluorescence
spectroscopy by exciting samples at 470 nm and measuring the emission spectra between 500 to
700 nm.

Percentage FRET efficiency was calculated usiegollowing equation:
% FRET Efficiency = (F(FatFg)) x 100
where = emission fluorescence of acceptor {Bhand k = emission fluorescence of donor
(NBD)
4.2 .9 Biocompatibility Assay

Biocompmtibility of vesicleswas analyzed on different cell lines using MTT asd&y
Briefly, 10,000 cells were seeded in 96 well plates for 24 hati@5% CQ environment. After

that, cellswere incubatedvith samples at varying concentration range (6.25, 12.5, 25, 50, 100,
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and 200 pg/mL) for 48 h. Control cellgere maintaineaith media only. MTT solution was added
and further incubated f@&h. DMSO was added to dissolve the insoluble formazan crystakfl
after MTT treatment, and absorbance was recorded at 550 nm using microplate reader (BioTek,
Synergy H1 Hybrid reader).
4.2.10Drug loading andrelease study

Drug loading was carried out by physical encapsulation techAiddig was prepareds
described earlier and calculated amount of DOX (50 pg/ml, 100 pg/ml, 200 pg/ml and 400 pg/ml)
was directly addetb the hydrated lipid cake. The HE dispersion with DOX was vortexed and bath
sonicated before é&xiding through 200 nm polycarbonate membrane fibEDX-loadedHEs
were purifiedby using 10k molecular weight cut off (MWCO) amicon filter where excess
unloaded DOXwas washecaway with PBS. Amount of DOX in the wash was quantified
spectrofluorimetricdy by measuring DOX excitation and emission at 490 nm and 595 nm. DOX
loading efficiency and percentage drug conteith respect tahe weight of the carrier were
guantifiedby calculating DOX in both filtrate and HE.

DOX loading efficiency was calculatdxy thefollowing equation:

% Loading Efficiency= (encapsulated DOX/Initial input of DOX) x 100

Drug release study was carried out in physiological (PBS, pH 7.4) and acidic (Acetate
buffer, pH 5.5) conditions. 2 mL of 40 pg/mL of DOX encapsulated in Wé&® dialyzed using
3.5 kDa dialysis membrane bag in 100 mL of drug release media kept at 37°C while constant
stirring (80 rpm). 500 pL of release media was takeregularintervals and replaced by fresh
media. The amount of DOX in the release media walsulatedspectrofluorimetrically by

measuring DOX excitation and emission at 490 nm and 595 nm. For control study, DOX
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encapsulated liposome was prepared, and its release characteristic was studied foll@aimg the
protocol.

Drug releassvasquantifiedby usingthefollowing equation:

% Drug release = (DOX amount in release media/ DOX amount in 100% release) x 100
4.2.11 In-vitro toxicity

In-vitro toxicity of Free DOX andOX-loadedHEswere analyzetly MTT assay. Briefly,
10000 cellsvere sededin 96 well plates. After 24 h, cell culture media was replaced by treatment
media with FreddOX andDOX-loadedHE (HE-DOX) and kept in incubation at 37in 5% CQ
environment for 48 h. Control celisere maintainedvith media only. After 48 h, mediaas
removedandthe MTT solution was added and further incubatedZdr. DMSO was added to
dissolve the insoluble formazan crystal formed after MTT treatment, and absorbance was recorded
at 550 nm using microplate reader (BioTek, Synergy H1 Hybrid reader).
4.2.12 Confocal Imaging

Cellular internalization of vesiclegasstudied using confocal microscopy. 10,68@000
cells were seeded in 8 well plates for 24 h & 3 5% CQ environment. Cellsvere incubated
with Rh-B labeledsamples foB h at 33 in 5% CQ environmentCells were then fixed by 4%
ParaformaldehydéNucleus was stained by DAPI and cellsre observed undarConfocalLaser
Scanning Microscope (Carl Zeiss, LSM0). ImageJ was used to quantify the intensity of
internalized RKB labelednanovesicles terms ofcorrected total cell fluorescence (CTCF).

CTCFwas calculatethy usingthefollowing equation:

CTCF = Integrated Densifiy (Area of selected cell x Mean fluorescence of background

readings)
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4.2.13 Flow Cytometry

Cellular internalization of HEs and liposies were further studied using flow cytometry.
Cells were cultured in T25 flask up to around 80% confluency. Cell culture mediaeplaced
by 4 mL of 50 pg/mL of RB labeledHEs and liposomes, respectively. Af@eh of treatment,
mediawas removegdard cells were washed with DPBS three times and trypsinized. Finally, 1
million cells were resuspended 500 ul of PBSandcellular internalization was analyzed using
BD LSRFortessa X0 Special Order Research Product Flow Cytometer.
4.2.14 Statistical analysis

Different statistical model and testere carried out including fest, Ftest, and dose
responseinhibition model fit using GraphPad software according to requirement. All data
representthe mean+ standard deviationBiocompatibility and Cytotoxicit data include six

replicates (n=6). All other major data includes at least three replicates (n=3).
4.3 Result and Discussion

4.3.1 Extracellular vesicle isolation, hybridization,and Characterization

Small Extracellular VesiclessEVg were harvestedrom conditioned media of mouse
macrophage cells J774A.1 using differential centrifugation, filtratm membrane extrusion
technique as described in theethod HarvestedsEVswere hybridized with synthetic liposomes
using thin film hydrationtechnique followed by extrusion through 400 and 200 nm size
polycarbonate membrasie respectively. Synthetic liposome was prepared usingt L
phosphatidylcholine (Egg, Chicken) (EggP®)d Cholesterol iamolarratio of 66:34 following
thin film hydrationtechnique’> 779216218 The atio of theliposometo SEV was optirized to 5:1.
sEVs was quantified based upon protein contdr@reasiposome was quantified based upon lipid

weights.200 pg protein equivalent sEVsdispersed in 1 mL Phosphate buffer saline (PB&)
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addedto 1000 ug of lipid film.This initiates the hydration of lipid film to lipid cake which after

extrusionresulsin the formation ohybrid exosomefHE) as shown irfrigure 4.1

A

Membrane extrusion

. Amicon filtration (400nm 200nm)
EVs 10K Dalton ! —
: :
Centrifuge Centrifuge 8
@ 2000 g @2000 g
10min 15 min Small EVs

J774A.1Cells in culture

ff’ S ‘:.‘Q : . .,é |
Liposome Extracellular Vesicles Membrane Fusion (Extrusion) Hybrid Exosomes
(/% Exosome Cargo (mRNA, DNA, Proteins) -~ == Transmembrane Proteins &= Cholesterol

Figure 4.1 Schematic representation of the fabrication of hybrid exosome(A) Isolation of
small extracellular vesicles (EVs) from J774A.1. (B) Hybridization of immunedegiVed small
extracellular vesicles (sEVs) with synthetic liposome using membrane extrusion method.
Liposones, sEVS and HEswere characterizefor size, surface property, and protein
content.Figure 4.2 showsa comparativestudy onthe hydrodynamicsize distribution and zeta
potential along with the stability of theses nanovesicles. Hydrodynamic size of liposome and sV
was found to be 113+ 21 nm (PDI= 0.16 + 0.05) and 139 + 19 nm (PDI= 0.25@pwith zeta
potential of-31 + 2 and12 £1 mV, respectively. Whereas that of HE was found to be 177 + 2
nm (PDI= 0.19 = 0.04) an6 + 3 mV. While there is not much variation in the hydrodynamic
size of liposome and sEV when extruded through 200 nm polycarbonate membrane, the size of
HE was found to bexcreasd to 177 nm. The increase the sizeof HE is probably due to the

insertion of SEV into the bilayer of synthetic liposome which increases the interaction points of

water molecule thereby increasing the hydration layers. Although the size ofatifeisthan the

78



bare liposome and sEV, the most important factor is the homogeneity in the size distribution, which
canbe indexedy determining the polydispersity index (PDI). We observed PDI of HE as 0.19 +
0.04 andthat of sEV was 0.25 + Q2. It isworth to note that the small variation in PDI broadly

vary the distributionwhereinthe size homogeneity is significantly greater in case of HE compared

to sEV.
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Figure 4.2 Characterization of nanovesicles(A) Hydrodynamic size distribution of liposome,
small extracellular vesicle (sEvand hybrid exosome (HE), (Beta Potential of nanovesicles
showing surface charge disttion, (C) transmission electron microscopiage of nanovesicles

at different magnification, (D & E) ®bility of nanovesicles over the period in terms of PDI and
size, respectivelyand (F) omparison between nanovesicles in terms of size, PDI, and surface
charge.

Liposome, sEV, and HE were fhdr characterized by transmission electron microscopy
(TEM) to study the morphological characteristic. TEM imadégyre 4.2C) shows a
morphologicalcharacteristic of these nanoparticles at lower and higher magnifications. Lower
magnification images showeal generaldistribution of nanoparticles with vesicular structure.

Higher magnification images of Liposome, sV, and HE of similar size (around 100 nndiy the

state under high vacuum) were selected for comparative morphological analysis, which exhibited
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a cleardistinction between the nanoformulations. sV surface show@e denser and darker
characteristic compared to liposome which may be due to the preseartaadteristic exosomal
membrane proteins that are stained heavily with uranyl acetatengteéSimilar TEM images of
sEVshave been reported in othéerature®'9 2?1 | ikewise, HE showed distinct different surface
morphology than that of liposome and sEV with deeasenetwork around the surface whiofay
be due to hybridization of exosomal proteins withlipesomalsystem.

To further examine the stability of these nanovesicles, we monitored their colloidal stability
up to 30 days as depicted kigure 4.2D and E. HE showed better stability comparedsEV,
bothin terms ofPDI and size. Durinthe period o80 days, PDI of HE varied from 0.166 to 0.223
compared to 0.243 to 0.356 for sEV. Also, HE shoaeadnimal variation on size, from I77nm
to 182 nm, compared to sV, from86m to 235 nm. These characterization data show that
incorporation of sEV inthe lipid bilayer of the liposomein HE results in better stability of
engineered HE compared to naive sSEV.

4.3.2 Validation of hybridization

Fluorescence resonance energy transfer (FRET) and proteinnaessaarried out for the
confirmation of hybridization between liposome and seV. FRET has been widely used to study
membrane fusiafP80-203214216.222ERET  |iposomeswere preparedwith FRET pairs: 40
Phosphatidylethanolamiré-(4-nitrobenze2-oxa1,3-diazole) (Ammonium 9§ (PE-NBD)
(Fluorescent do n elkPhosphaidyletfagommimetissanzne chodamine B
sulfonyl) (Ammonium salt) (PRhB) ( Fl uor escent acceptor, e m=
Energy transfer in FRET liposome was monitored before and lafteidization as depicted in
Figure 4.3A. Liposome spectra represent before hybridizateod HE spectrarepresentafter

hybridization. A diminished FRET effeetas seerafter hybridization which can only happen
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when the distance betwetre FRET pair increasesThis suggestthat there has be¢heinsertion

of EV content inthelipid bilayer of liposome validating successful hybridizatida.quantify the
diminished FRET effectFRET efficiencywas calculatedrigure 4.3B shows quantification of
time-dependentFRET efficiency in FRET Liposome and HE showitlte decay of FRET
efficiency in bothiposome and HE over a period. Importantly, we s@&®decrement of FRET
efficiency after hybridization to HE. This decrement éesed over a period. But, we still see a
decrement of 2% after 120 minutes of fusion. This observatidearly signifies a stable

decrement of FRET effect after hybridization, which confirtexsuccessfuformation of HE.
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Figure 4.3 Validation of hybrid exosome formation (A) Fluorescence Resonance Energy
Transfer (FRET) study showing successful hybridization of SEV and liposome. FRET study was
conducted using fluorescent donor NBPé m=525 nm) and fl uorescent
nm) at excitdon wavelength of 470 nm, (Buantification of FRET efficiency over a period and
decrement of FRET efficiency after hybridizati@md (C) SDSPAGE analysis of SEV and HE.

Both samples wereoacentratd to get distinct protein bands. (D) Dot blot asaayg (E) vestern

blot assay for the identification of EV marker proteins in whole cell lysate (WCL), small
extracellular vesicle (sEYand hybr i d eActinsasmuged s H o}itive cbntrol and
histone H3 was used as negative control.
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Hybridizationwas also confirmedby protein characterization. Protein cargo of SEV is
important for their unique characteristic’®??® Sodium dodecyl sulfatpolyacrylamide gel
electrophoresi6SDSPAGE) analysis showed distinct protein bands in both sV and HE as shown
in Figure 4.3C. Samples were concentrated to get higher signal intensity. HE showed similar
protein band$ike that of SEV, signifying that the $Fprotein content haseen conservettirough
the hybridization. More importantlypot-blot assay showed the presence of major EV marker
proteins like transmembrane proteins (CD81, CD63, and CD9), tumor susceptibility gene 101
protein (TSG101), and integrialpha M (ITGAM) protein. ITGAM is also known as CD11b
protein, which is apecificprotein marker of macrophage amécrophagealerivedEVs (Figure
4.3D).?** These proteins were present in both SEVs and HE as shown in Figure 2D, which signify
the successful retention of major EV proteins through hybridization process in HE. The slight
decrement of intensity in blot signal in case of HE may be due to thesheteck by synthetic lipid
content of HE (sEV: Lipid=1:5 in HE). To further confirm the presence of EV marker protein in
sEVsand HE, one of the major and widely used EV marker protein CD63 was chosen and analyzed
via western blotting. Western blot assagodiurther confirmed the presence of CD63 in lsiik's
and HEs confirming our claiff:1®8p-actinwas sedas positive control and histone H3, a nuclear
protein was used asn@gativecontrol in dot blot study. All three nanovesicles studied showed the
presencen f -actn. However, the nuclear protein histone H3 was not present in SEV and HE,
which also sugested that the isolatettVsare free from possible nucleaontaminationResult
of both positive and negative control confirms the specificity of the assay performed. These
analyses further support the successful fabrication of HE with the consemvhtbaracteristic

EV protein cargoes.
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4.3.3Doxorubicin loading and release study

Next, we studied the drug loading and release kinetics to explore the potential application
of HE in drug delivery. Doxorubicin (DOX)as usedisa modeldrug. DOX was load®in HE
using membrane extrusion mediated physical method of drug lo&dfigure 4.4 represergthe
in-vitro drug loading and release studiygure 4.4A shows the optimization for the best initial
input of DOX. The percentagdoading efficiency of DOXwith respect tovariousinitial input
concentration of DOX (50, 100, 200, 400 pug/mias calculatedThe hgh loading efficiency of
82% to 99%was observewith input DOX concentration ranging from 400 pg/mL to 50 pg/mL,
respectivelyBased upon this datpercentage drug contemith respect taheweightof thecarrier
was quantified gravimetrically after lyophilizatioRercentagef drug contentwith regect to
carrier increased withthe increasinginitial concentration of DOX from 0.9% to 5.7%.
Unfortunately, HE in the case of higggading contengets aggregated as observed from #ttered
size and PDI. However, in the case of 100 pg/ml of initial ighDOX, size and PDI of HE after
loading (176 nm, 0.25 PDI) was similar to that of before loading (168 nm, 0.27 PDI) as shown in
Figure 4.4B. Also, the loading efficiency was 99&tdthe percentagelrug content (Yowtyvith
respect tahe carrierwas 1.8%.So, among different study groups of initial DOX input, it was
found that 100 pg/mL DOX input showed theststability in media while maintaining its loading
content Figure 4.4C).

With the assurance of good stability of HE, we further studied drugseeteaexplore the
release kinetics at normal physiological pH (pH 7.4, PBS) and acidic (pH 5.5, Acetate buffer) as
depicted inFigure 4.4D. HE-DOX showed bursts release in both pH condition ughédirst 8h,
with enhanced drug release characteristic didia pH compared to physiological pH when

evaluated for 48 h. The initial burst release of the drug was found to follow first order release
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kinetics model (Rof 0.96 and 0.8). After the initial burst release, sustained drug release was
observed up to 4&. Doxorubicinloaded liposome (LiposomdéOX) was used as control.
LiposomeDOX showed similar release characteristic with that of[HEX with initial burst

release (first order release kinetics modef, (98 and 0.99) angH-responsiverelease
characteristic. The initial burst release up to 12 h showed higher drug release in both pH conditions
studied. After annitial burst release, both HBOX and LiposoméDOX show sustained release,
which was slightly higher in case of Liposoi@®©X compared to HEDOX. Higher release at

later time points in liposomBox is probably due to the fact that its surface is not passivated with
transmembrane protein like in HEOX. All in all, our formulated HEDOX showed asimilar

trend of drug release chatadstic to that of control liposome signifying that the engineering

method applied have retained the drug release characteristic.
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Figure 4.4 In-vitro drug loading and release study.(A) Doxorubicin loadimg efficiency and
drug content by weight with respect to carrier in different initial concentratiddoxorubicin

( € g/ ml ydrodynamiB $ize Histribution of hybrid exosomedrefand after DOX loading,
(C) gability of DOX loaded HE (HEDOX) over a pdod in terms of hydrodynamic size and PDI,
and(D) percentage release of Doxorubicin from4BBEX and control Liposom®OX in normal
physiological condition (PBS, pH 7.4) and acidic condition (Acetate buffer, pH 5.5)
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Observed higher drug releasetlire acidic microenvironment is a desirable characteristic
for drug delivery agent for cancer therapeutics. Cances amdloften characterizetdy acidic
microenvironmerft® 227, and we found that formulated HEOX can release up to 83% tife
drugin such acidic environment compared to 55% drug releasarmalphysiologicalcondition
when studied up to 48 h. Further to understand the drug buest acidic environment, we
incubated HEand Liposomat pH 5.5 and found a broad distributionsize Figure 4.8). This
broad distribution of hydrodynamic size is possible due to the aggregation and disruption in the
structure of vesicles in acidic condition, which renders the faster drug release. Considering the
acidic tumor microenvironment, av hypothesized that the phenomenon would benefit in
suppressing tumor growth.
4.3.4Biocompatibility

Biocompatibility of liposomesEVs and HEwas analyzet mouse breast cancer cell 4T1,
mouse osteosarcoma K7M2, and mouse normal fibroblast NIH/3T®ssnped irFigure 4 for
48 h of treatment. Liposome biocompatibility was analyzed with different lipid concentration,
whereas irsEVs andHE, the protein concentration was used handleto track biocompatibility.
Liposome showed at least 80% cell vilapieven at high concentration (200 pg/ml) in all three
cell lines. Cellular viability of liposome was found to be 93% to 80% in 4T1, 100% to 81% in
K7M2, and 100% to 86% in NIH/3T3 in the concentration ranges from 6.25 to 200 pg/mL,
respectively Figure 4.5A). This datasignifies biocompatibility of liposome even at high
concentrationin case oBEVS the range of cell viability with different protein concentration was
from 92% to 95% in 4T1, 79% to 89% in K7TM2, and 79% to 94% in NIH/3T3 in the conbentra
range from 6.25 to 1000 pg/mEigure 4.9B). Likewise for HE, the range of cell viability with

different protein concentration was from 71% to 99% in 4T1, 73% to 91% in K7M2, and 82% to

85



91% in NIH/3T3 in the concentration range from 6.25 to 100 pg/mL of pr¢kegure 4.5C).

Cell viability of greater than 70% wasund even at high protein concentratiotathsEVsand
HE. These observations reflect good biocompatibility of our HE signifying that iecaseds a
safe delivery agent.
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Figure 4.5 In-vitro biocompatibility study. (A) Biocompatibility of synthetic liposome, (B)
small extracellwr vesicles (sEVs), and (C) hybridcsome on mouse breast cancer cell 4T1,
mouse osteosarcoma K7M2, and mouse normal fibroblast NIH/3T3. Percentage cell viability was
guantified using MTT assay. Cells were treated with liposome, with different lipid concentration,
and small extracellular vesicles and hybrid exosome, with different protein concentration, for 48
h.

4.3.5 Cellular internalization study

Cellular internalization of HEwvas studiedon mouse macrophage (J774A.1), mouse
osteosarcoma (K7M2), mouse breast cancer (4arid mouse fibroblast (NIH/3T3) cells using
confocal imaging and flow cytometry analysisgure 4.6 shows confocal imaging of ffierent
cell lines showing internalization of RhodamiBe(Rh-B) labeledHE and liposome and their
subsequent quantification aftgéh of treatment (Detail figure cdre foundin Figure 4.3, 454
4.3, and4.%). To optimize the incubation time, we diche-dependeninternalization assay of
Rh-B labeledHE in NIH/3T3 and 4T1 from 1.5, 3, ardh time points Figure 4.S1 and 4.22).
Maximum internalizatiorwas seenn 3 and6 h incubation time with no significant differences

between them. So, we decidedymwith 3 h incubation time in all our further experiments.
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Figure 4.6 Cellular internalization study via confocal imaging. Confocal image of mouse
macrophage J774A.1, mouse breast cancer cell 4T1, nustsesarcoma K7M2, and mouse
normal fibroblast NIH/3T3 showing cellular internalization of Rhodamine ledehybrid
exosome (HE) andidosome, after 3 h incubation. Internalinat was quantified in terms of
corrected total cellliorescence (CTCR)sing ImageJ. (*** = p<0.0001, N.S= Neignificant,
unpaired t test)

Nanovesicles were stained withf8h dye and nucl eus of -the ¢ce
diamidine2-phenylindole (DAPI). RiB fluorescence intensity in the individual cell was
guantified using Imagd. Untreated cells were used as control. Significant higb&ular
internalization of HE compared to liposome was observed in EV parent cell J774A.1, mouse

cancer cells 4T1 and K7M2, whereas there was no significant difference in the case of mouse

fibroblast NIH/3T3 (p<0.0001, Unpairedtast) (Figure4.6). Likewise, a similar result was

Yy

observed in the internalization behavior of
parent cell and tumor cell compared to that of normal fibrobkagu(e 4.9). No RhB signal

was observed in control. This clearly shaws selectivity of SEV and HE toward its parent cells

and tumor cells compared to that of normal cells. In order to further confirm this finding with a

more robust quantitative analysis, a flow cytometry assay was performed in 4T1,
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Figure 4.7 Cellular internalization study via flow cytometry. Flow cytometry analysis showing
internalization of Rhodamine labelled Hybrid exosome (HE) and liposome in (A) mouse fibroblast
NIH/3T3, (B) mouse breast cancer celll(), and(C) mouse osteosarcoma (K7Mafter 3 h
incubationand(D) ratio of median fluoresence of HE internalization tgpbsome internalization
in different cell lines (* = P value < 0.05, Friedman Test, one way ANOVA).
K7M2 and NIH/3T3.Figure 4.7 shows the flow cytometry analysis on three different cell lines
showing internalization of RhBabeledliposome and HEwith respect tocontrol, after3 h of
treatment. As can be seen in the fluorescesa®unt plot of NIH/3T3, the fluorescemttensity
of HE and liposome was similar and overlapped, signifying similar uptake characteristic of HE
and liposome. Contrary to that, in case of tumor cells 4T1 and Kifid2urvefor HE shifted to

the right compared to the liposome showing enhancedrmalization. This observation was

analyzed quantitatively by taking the median fluorescence value of nanovesicles internalized cell
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and calculating the ratio of fluorescence value in HE internalized cell to liposome internalized cell,
as depicted ifrigure 4.7D. This analysis shows that HE was internalized 1.1 times higher than
liposome in NIH/3T3 cell, wheream case of tumor cells (4T1 and K7M2), HE was internalized

3 and4 times higher compared the liposome respectively. Both confocal imaging afidw
cytometry analysis confirmed the selective internalization of HE towards tumor cell thereby
supporting our hypothesis.

HE differs from liposome by the presence of characteristic EV surface proteins. So, the
differential cancer targeting observed be¢énw HE and liposomenay be due to the presence of
acquired surface proteins froamimmunecell in HE. We confirmed the presence of one of the
main EV marker proteiD63, along with CD81, CD9, TSG101, and CD11b in. EP63 is a
transmembrane protein thads reported to enhance cell adhesf8$o, herein this protein along
with other surface proteins migbliay significant ole in cellular internalizatiorAlso, reports have
shown evidence of receptarediated internalization of EMacluding 1) Intercellular adhesion
molecule 1 (ICAM1) binding to lymphocyte function associated antigenl (LFAphdphatidyl
serinebinding to T cell immunoglobulin domain and mucin domain protein 1 (TIM1), and 3) Milk
fat globule EGF factor 8 protein (MFGES) binding to integfiisll these evidences increasingly
suggest that EV proteins are involved in its internalization process. Further, to analyze the role of
EV protein content in the observed enhanced internalizafiéiE, we carried out Proteinase K
assay. Proteinase K is a serine protease enzyme that has a broad cleavage specificity of proteins.
sEVswere treated with Proteinase K to digest the membrane proteins as described in methods.
Control seVs were not treateFigure 4.8 shows size, protein characterization, and cellular
internalization behavior of proteinase K treas&¥/s(sEV-proteinase (+)) and contrelEVs(SEV-

proteinase-)). sEVs showed slight incrementhydrodyanimicsize and PDI after proteinase
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Figure 4.8 Proteinase K assay and cellular internalization study(A) Hydrodynamic size of
proteinase K treated small extracellular vesicles (-pEdfeinase (+)), and proteinase K untreated
small extracaular vescles (SEVfproteinase-), (B) protein quantification of SEV before and after
treatment of proteinase K via Bradford assayd (C) confocal image of mouse osteosarcoma
K7M2 showing cellular internalization of Rhodamine labelleV-protenase {) and sEV
proteinase (+after 3 h incubation. Control cells were incudzhtvith cell culture media onlyD)
Quantification of cellular internalization of sEV via ImageJtéamms of corrected total cell
fluorescence (CTCF) beforacafte Proteinase K treatmer(t** - P value< 0.0001, two tailed
t test).
treatment, from 112 nm and 0.231 PDI to 137 nm and 0.283 Piguré 4.8A). Protein
guantification by Bradford assay showed about 50% reduction in total protein content after
proteinase& treatment, from 441 pug/mL to 205 pug/mL. After proteinase K treatmesEbF its
cellular internalization behavior was analyzedritnto on K7M2 cells Figure 4.8C). sEVswere
labeledwith rhodamine B and nuclei of theell were stained by DAPI. Cellat internalization
assay showed significantreduction of internalization of protease K treas&fl/scompared to
untreated one as represented byititensityof theredsignal in cells. Control cell incubated only
with cell culture media did not show thred signal. Further, the intensity of internalized

Rhodamine BabeledsEV-proteinase (+) and sEproteinase ) was quantified using ImageJ,

which showed about five times reduction of internalization in case oijsB¥inase (+) compared
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to sEVtproteinae €). A similar result of reduction of proteinase K treated exosome was reported
by Escrevente et. al., where they observé8 @ reduction of exosome uptake by ovarian cancer
cell (SKOV3) after proteinase K treatmefif These results clearly suggest that EV proteins are
involved in its cellular internalization and observed enhanced internalization of HE incalhor
couldbe due to the presence of EV proteins.
4.3.6In-vitro cytotoxicity

In-vitro cytotoxicity of HEDOX was studiedn mouse cancer cell 4T1, K7M2, and mouse
normal fibroblast NIH/3T3Figure 4.9 shows the comparative cytotoxicity of HEOX and Free
DOX treatment for 48 h. Mvas foundhatthe cytotoxicity profile of HEDOX was similar to free
DOX on K7M2 and NIH/3T3, whereas, interestingly, it was differetth@caseof 4T1.The &tra
sum of square F test, with LogIC50 and hillslope as a compgresametey was carried out to
analyze the statistical difference in cytotoxicitythe differentcell line. For this, cytotoxicity data
werenormalized and fitted in Dos@sponsénhibition model using GraphPad Prism softwie
2BALog (inhibitor) -War. i aatolremad |i daesHivequaimtratiRsgea v e
squarevalue ranging from 0.96 up to 0.99. In case of K7M2 and NIH/3T3, Fltesnot reject
the null hypot hesidtasetfHE-D@Xnaad Feee DQResigriifying that o t h
cytotoxicity profile of HEDOX and FreeDOX is not statistically differentR value: 0.2 for
K7M2, 0.98 for 4T1). Whereas, in case of 4T1, Ftegcst he nul | hypothesi s o
both dataset: H®OX and Free DOX signifying that cytotoxicity profile of HEDOX and Free
DOX is significantly different (P value<0.00I)his canbe clearly seem IC50 values of HE
DOX and FreedDOX in thedifferentcell line. IC50 values of HPOX and Free DOX was 0.42
MM and 0.41 uM in K7M2, and 20 uM and 1.88 uM in NIH/3T3, showing close similarities in

IC50 values in these cell lines. Contrary to that, in 4T1;IMEX showed relatively low IC50
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value of 0.82 uM compared to 3.16 uM of Free DOX. From this comparative cytotoxicity data,
we can confirnthat our formulated HIDOX is as compelling as Free DOX to arrest cancer.

B NIH/3T3

A K7M2

120 4 --O---Free DOX —@— HE-DOX
--0--- Free DOX —@— HE-DOX

100 ¢

Cell Viability (%)

Cell Viability (%)

O

{ @

8 10 0 2 4 6 8 10
ConcentrationgM) ConcentrationgM)

4T1

~ 120 —O— K7M2 —e—4T1 --O---NIH/3T3

X
S
120 --O---Free DOX —e—HE-DOX é\ 100 - IC50 Values
- 5 | =g <}\ Free DOX HE DOX
g g 80 X V) )
g. T 60 \\§ 471 3.16 0.82
3 o K7M2 041 042
8 o \
S g 40 \ NIH3T3 188 190
3 £ 20
[=}
Z0 A e
0.01 0.1 1 10 100
Concentration¥M) ConcentrationX¥M)

Figure 4.9 In-vitro toxicity assay. Toxicity of Free DOX and HEPOX on mouse osteosarcoma

K7M2 (A), mouse normal fibroblast NIH/3T{B), and mouse breast cancer cell 4T) after 48

h of incubation,and (D) comparative toxicity of HEDOX againstK7M2, 4T1, and NIH/3T3

showing IC50 value of Free DOX and HEDX treatment. Cell Viability data was normalized and

fitted in Doseresponsdn hi bi ti on model : ALog (i fariakdei t or )

sl oped using GraphPad soft Wwaalue0.G0@l). comparati v
To explore if there is any selectivity in cytotoxicity of HEEDX towards tumor cell

compared t@anormalcell, we analyzed the difference in cytotoxicity profile of X in mouse

cancer cell K7TM2, 4T1, and mouse normal fibroblast NIH/Fi@ure 4.9Dshows the normalized

cell viability percentagevith respect tahelogarithmicof uM concentration of HEDOX in three

different cell lines. As can be seen in tlieseresponsegraph, HEDOX showed lower cell

viability in tumor cell KM2 and 4T1 compared to normal fibroblast NIH/3T3, signifying clear

selectivity of cytotoxicity toward tumor cells. Quantitativetire IC50 value of HEDOX on

K7M2 and 4T1 was 0.42 uyM and 0.82 pM, which is significantly lower compare®tpiM
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IC50 in case of NIH/3T3. This difference in IC50 value and cytotoxicity profile ofZHEX on

three different cell line was statistically significant as confirmed by F test from Graph Pad as
described earlier (P value<0.0001). From this cytotoxicity stdyyere able to confirm that HE

DOX is as potent as free DOX and further shows the selectivity in cytotoxicity for tumor cells
compared tehenormalone.This observed enhanced cytotoxicity of HIEDX towards tumor cell

adds another advantage of using-BI&X for tumortargeteddrug delivery platform.

Tumor cell contains lots of overexpressed surface proteins compared to norA#l cell
Owing to this characteristicthere might be elevated events of specifceptormediated
internalization of engineered HE in tumor cell leading to observed higher internalization. Also,
since sEMs derivedfrom animmunecell, it may carry the intrinsic characteristictb€immune
cell to target tumors as discussed in the literattrémmunological experiments need to be
conducted to confirnthese hypothesihich is out of the scapof this paperNonethelessthe
characteristic of our formulatetHlE showing tumor selective enhanced internalization and
cytotoxicity is very desirable ithe drug delivery field for cancer therapeutics. Also from the
observed interaction of HE with itparent cell (J774A.1)Hgure 4.S7), an outstanding
opportunity to targetumorassociatednacrophage, which has reported role in tumor progression
and metastasis, can be pictufétiHowever, a comprehensive study is needed tauggcthe
realistic intracellular fate of HE.

The optimized sEV isolation method used in this study is simeégentfree and uses
relatively less strain iBEVscompared to traditional available methods. The isolsitsshowed
homogenous size distribution with anpressivepolydispersity index (139 nm, 0.25 PDI) and
presence of major EV marker proteins. However, since the method does not include direct

preciptation ofsEVslike in ultracentrifugation method or immuwadfinity precipitation method,
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isolatedsEVsmay contain secretory proteins and other-wesicular compartments, which is the
limitation of this optimized sEV isolation method. Additional optiatian of the method like a
densitygradient separation method to remove thevesicular compartment and secreted proteins

is recommended if purity ismaajorconcerrf® However the method described herein is best suited
for high yield and aggregation free sEV isolation with structural integrity and homogenous size

distribution, which is very important to maximize intracellular drug delivery.
4.4 Conclusion

Here, the aim of engineering HE was to merge the advantage of sEV and liposome drug
delivery system. By hybridizing sEV witheliposome we have successfully forfated HE that
retains the functional properties slEVswith a higherorder of colloidal stability, drug loading,
and pH-sensitivesustained drug release. Engineered HE showed the differential targeting and
cytotoxicity against normal and cancerous cdilsréby putting itself in the group of potential
tumortargeteddrug delivery candidates. These outstanding findings of HE validated our
hypothesis of acquired properties of macrophagartetcancer cell. While the application of EV
for therapeutic drudelivery is still in developing era, these preliminary results and hybridization
approach presented would hold promises in addressing issues related to the largescale production

and surface functionalizatiasf EV mimic structures.
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extracellular vesicles as a magne

agent

Chapter5, in full, is a reprint of the material as it appearsBiomaterials Scienge2®0, Sagar
Rayamajhi, Ramesh Marasini, Tuyen Dudranh Nguyen, Brandon L. Plattner, David Biller,

and Santosh Aryal. ddi0.1039/D0BM00128G

Abstract

Contrast agent (CA) in magnetic resonance imaging (MRI) is now an essent@t &ald
get highquality contrasenhanced anatomical images for diseasendisig and monitoring the
treatment response. However, the rapid elimination of CAs by the immune system and excretion
by the renal route has limited its application. As a result, the CAs dose for effective contrast is
everincreasing, resulting in toxic dg effect such agadolinium (Gd) related nephrogenic
systemic fibrosis (NSF) toxicity. Considering the widespread application dfaSed CAs, it is
now very important to revisit its formulation in order to improve local concentration and minimize
dose wiile achieving clinical goals. Therefore, we have adapted a unique strategy to maximize Gd
delivery tothe target site using macrophage-citived extracellular vesicles (EVs) reconstructed
with Gd-conjugated liposomal system herein called as gadolinifused hybrid EVs (GHHEV).
We hypothesize that GEHEV, owing to the presence of immune eddlrived EVs protein cargo,
can effectively disguise themselves as a biological entity, prolong retention time for contrast
enhancement, and show tumor specifidibgorporation of @ in nanoformulations can enhance
longitudinal relaxivity £ by reducing the tumbling rate of paramagnetic metal complexes. Here,

Gd-HEV showed highernirelaxivity of 9.86 mM's® compared to 3.98 mi&?! of Magnevis? at
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equivalent Gdconcentration, when measured in clinical 3T MRI. This will allow us to reduce
clinically usedGd concentration about thrdeld while maintainingcontrast in clinical window
thereby supporting our hypothesis. Further; eV showed preferential cellularteraction and
accumulation towards cancer cells compared to thecaaner cell, botin vitro andin vivo. More
importantly, GAHEV showed excellent contrast enhancement in blood vasculature with higher
retention time compared to its counterpart, Magn®vidur study successfully showed that the
incorporation of Gd in EVs framework can help to enhance contrast ability, and therefore can be

a platform technology for the development of safer MRI contrast agents.

5.1 Introduction

Magnetic resonance imaginglRI) is a widely used neimvasive imaging technology that
produces highresolution anatomical images for disease diagnosisraatinent monitoring. MRI
is often accompanied by the administration of MRI contrast agents (CAs) such as gadolinium,
manganesgnd ferric ironbased positive CAs and iron oxid@sed negative CAs to enhance the
contrast of an image for improved diagnostic capability. Positive CAs are desigmaake the
intraluminal contents brighter whereas the negative CAs are designed tahmaddarker. Due
to brighter image, gadolinibased contrast agents (GBCA) are widely used in sladcounting
for 50 tons of gadolinium (Gd) administrated annually with a total global market over 1 billion
dollars per yeaf®’ This dramatic growth of GBC#is driven bya noninvasive technique
associated with GBCAisage,and its immediate effect that can provide essential diagnostic
information. However, the rapid elimination of GBCA througle renal route, extravasation in
interstitial space, and nephrogenic systemic fibrosis (NSF) toxicitye hmited its clinical
apgication?*2%°To solve this problem, GBCA has been incorporated witferent types of

nanoparticulate systesmcluding liposomal, polymeric, and hybrid nanoparticulate systems with
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the goal to enhance contrageduce the clinically used dage improveprecison targeting tahe
disease site, and lionit associatedaixicities *® 4> Here, we have proposed to incorporate GBCA
in the extracellular vesicles framework to mimic endogenous functionality for immune evasion
and enhanced intraluminal residence.

Extracellular vesicles (EVs) are bilayered proteolipid vesicles secreteéllsyt@ the
extracellular environment. They are distinguished into exosomeks@am), microvesicles (200
500 nm), and apoptotic bodies (10 um) based upon their size and oritffhHere, extracellular
vesicles represent vesicles with size less than 200 nm that may constitute exosomes and small
mi crovesicles. Throughout thi s pavpeesri,c|ltehse s(eE Ws
as per the recommendation of minimal information for studies of extracellular vesicles 2018
(MISEV2018)%*°Owing to the unique endosomal derived biogenesis which accompanies complex
endosomal sorting process, EVs share characteristic of their parert*t®fisFor example,
tumorderived EVs have tumor homing characteristic and immunealeeled EVs naturally seek
diseased cells and exogenous matétf=>® These parentell derived characteristicean be
attributed to he presence of parent especific protein cargoes of EV$ As such, tumederived
EVs contain tumor antigens and dendritic cells derived EVs contain -NHg€ptide
complexeg>! EVs also share common charactersitieespective of their origisuch as theirole
in cell-cell communicationgiven thatlarge portions of EVs derived from different cell share
common cargo including cytoskeletal (actin, fibronectin), transmembrane proteins (CD9, CD63,
CD81), heat shock proteins (HSP 90, HSP 70), and proteins involved in vesicular trafficking
(ESCRT, Tsg101, Alix)?5225* With this rich protein cargo content and endogenous origin, EVs
can effectively communicate with thendogenous environment. bhis study, our aim of

incorporation of GBCA withhese EVs framework is to exploitabeendogenous functionalities
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to develop a biomimetic contrast agent that can effectively communicate with the endogenous
environment, thus avoidingapid immune clearance. Such feature may leatb high blood
retention time where contrast agents can be monitored in the vasculature for an extended period of
time thereby providing essential diagnostic information.

In thisstudy, EVs were isolated from mouse macrophage J7 &eMslusing an optimized
centrifugaton-ultrafiltration method and reconstructed with Gd conjugated liposomal system by
extrusion mediated membrane fusidmydformulating gadolinium infused hybrid extracellular
vesicles (GeHEV). Mouse macrophage J774A.1 cell were selected as the solt¥s @fith the
expectation of improved communication with the endogenous immune system and potentially
enhanced tumetargeting functionality. We hypothesize that the reconstructeHBd, owing to
the presence of EVs, can disguise themselves as a biolegiitglandprolong retention time for
contrast enhancement. Also, due to the immunological origin of EVs, we hypothesize that Gd
HEV would show tumor specificity and preferentially accumulate in tumor tissue. To test these
hypothess, GAHEV were trackedn vitro andin vivo by - 1) incorporating fluorescent imaging
tag, Rhodamine B conjugated lipid, to track the cellular localization, 2)}ineaf r ar ed 1,
dioctadecy3 , 3 -t&rhljpethyMpdotricarbocyanine iodide (DiR) dye to trackitheivo particle
localization ina tumor, and 3)3T clinical MRI to analyze the biodistribution and contrast
enhancement characteristic of particles. FurthermoreilBd wasextensively evaluated for its
physcochemical properties such as hydrodynamic size, surface fyrgp@tein content, colloidal
and serum stability, and magnetic properties to ensure its fit for in vivo analysis. This study has
demonstrated the peptoduction reconstruction of EVs with imaging agents to formulate Gd

HEV and monitor it'sn vitro andin vivofate. The overarching aim of formulating GiEV is to
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develop multimodal imaging agents with contrast enhancement, longer retention time, and

differential cellular interaction for disease diagnosis and treatment monitoring.

5.2 Materials and methods

5.2.1 Materials

Lipids 1,2distearoyisn-glycera3-phosphoethanolamine (DSPE), -k
phosphatidylcholine  (Egg,  Chicken)  (EggPC), Phospholipid  conjugated) |
Phosphatidylethanolamiqé-(lissamine rhodamin8 sulfonyl) (Ammonium Salt) (RiB), and }
U-PhosphtidylethanolamineN-(4-nitrobenze2-oxa1,3-diazole) (Ammonium Salt) (NBD) were
purchased from Avanti Polar Lipid Inc. (Alabaster, AL, USA). Cholesterol was purchased from
Fisher. Gd (lll) acetate (Gd(OA®) was purchased from Alfa Aesar (USA).- N
Hydroxyswecinimidyl ester activated 1,4,7 A6traazacyclododecaiig4,7,10tetraacetic acid
(DOTA-NHS) was purchased from Macrocyclics. CellLightEarly Endosome&FP was
purchased from Ther mo Fi s h &©mamidisoe-phenylindole i c . C
dihydrochlaide) and (3(4,5-dimethylthiazol2-yl)-2,5-diphenyl tetrazolium bromide) (MTT)
reagent were purchased fromSiglhd dr i ch. Mouse monocilAdimeeie anti b
purchased from Santa Cruz Biotechnology. All other reagents and chemicals werlytofana
grade.
5.2.2 Cell linesand animal model

Mouse macrophage J774A.1, mouse normal fibroblast NIH/3T3, mouse osteosarcoma
K7M2, and human peripheral blood monocyte THRere purchased from ATCC, Manassas,
USA. Cells were maintfaede&aghe®s!| Medcaoats ( BIVME N
with 10% (v/iv) FetaBovi ne Serum ( FBS) and 1 %esvironmeptt o my c i

For THR1 cells,Roswell Park Memorial Institute MediurRPMI) was used.
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All animal experiments and protocols were perfornredtrict accordance with the NIH
guidelines for the care and use of laboratory animals (NIH Publication &8 8%/. 1985). The
animal protocols were approved by the Institutional Animal Care and Use Committee (IACUC)
and Institutional Biosafety Comntéte (IBC), Kansas State University, Manhattan, Kansas. Six
weekold female NU/NU nude mice were purchased from Charles River Laboratories
International, Inc. and used for the study after 10 days of acclimation.

5.2.3 Synthesisof gadolinium infused liposone (Gd-Liposome)

Gadolinium lipid was synthesized by chelating Gd in DERETA following two-step
method as reported in our previous wotks>’ First, DSPEDOTA was synthesized via NHS
coupling chemistry. Briefly, 75 gnDSPE dissolved in 10 mL chloroform containing 2% (v/v)
triethylamine (TEA) was mixed with 86 mg DOTIRHS ester and incubated for 3 h at 40°C. The
product DSPEDOTA was purified by repeated freetteaw cycles followed by centrifugation
(45009, 10 min, rom temperature) to precipitatedpyoducts. The supernatant was syringe filtered
(0.22 pm) and lyophilized to get pure DSBPETA. Thus obtained DSRBOTA was chelated
with Gd. For this, 0.05 mmol of DSPBOTA in acetate buffer (pH 5.5) was treated withr@rbol
of Gd(OAc} at 50 °C for 12 hAfter incubation, the GdDOTA-DSPE (GdLipid) was purified by
centrifugation at 450Q for 10 min at room temperature. Nehelated Gd was removed by
washing the product with acetate buffer (pH: 5.5) and distilled watémes each, and then
lyophilized to get pure GBOTA-DSPE (GedlLipid).

Gd-Lipid, EggPC, and cholesterol were used in 20:50:30 molar ratio to formulate
gadolinium infused liposome (Gdposome) using thufilm hydration technique following
membrane extrien 262" Briefly, lipid mixture equivalent to 500 pg was taken and the thin film

was created by overnight solvent evaporatidre Ipid film was then hydrated by 1 mL phosphate
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buffer saline (PBS) followed by vortexing and sonication (bath and probe sonication, 50%
amplitude, 2 min) for proper mixing resulting to the formation of liposome (500 pg/mL). Liposome
solution was then extruded through a 200 nm polycarbonate membrane filter to get unilamellar
liposomes. For dye labeling of Gdposome, 20 ug of rhodaminewBas added in 1000 pg of Gd
liposome formulation to give rhodamine B labeledIGplosome following thiafilm hydration.
5.2.4 Synthesis of gadolinium infused hybrid extracellular vesicles (GHEV)

Small extracellular vesicles (SEVs) were isolated from mowserophage J774A.1 using
the optimized centrifugatieunltrafiltration method as described in our earkesrk.2>° Briefly,
cells were grown to 70% confluency-§million cells) in T75 flask before adding 15 mL
conditioned DMEM media without serum and phenol @ell culture supernatant was harvested
after 48 h incubation with cells and centrifuged at 2000g for 15 min to remove cell debris. The
supernatant was purified and concentrated aro
(MWCO) amicon filter (200 g, 15 min). The concentrated su,
220 nm filter to remove large EVs. Further, SsEVs was purified using sephared48 Gize
exclusion chromatograpfs?. The purified SEVs were quantified in terms of protein content using
the Bradford assay. Gerally, around 8.0 mL of purified EVs solution is obtained from 100 mL
of conditioned EV media, which give a protein yield of around-300 pg/mL.

Gd-Liposome and sEVs were hybridized using membrane extrusion to formulate
gadolinium infused hybrid extraiular vesicles (GAHEV). Briefly, Gd-Liposome was mixed
with sEVs in a 5:1 ratio of lipid: protein weight, vortexed, sonicated (bath and probe sonication,
30% amplitude, 2 min), and finally extruded with 200 nm polycarbonate filter for hybridization.

Theillustration of hybridization is presented $thematic 1
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5.2.5 Characterization

The phystochemical characterization of G¢EV was studied by dynamic light scattering
(DLS, MALVERN ZSP) and transmission electron microscopy (TEM) (FEI Technai G2 Spirit
BioTWIN). The gability of nanoformulations was measured in terms of hydrodynamic size (nm),
polydispersity index (PDI), and serum stability over a period. For serum stability, 50 pL of 90%
fetal bovine serum was added in 150 pL of nanoformulations, and absorbance was taken
immediately at 540 nm using Microplate reader (BioTek, Synergy H1 Hylaakerg at every 6
seconds with double orbital shaking till 90 min. Protein characterization of SEVs ahEGd
were carried out using Bradford assay, Fodti@nsform infrared spectroscopy (FTIRpdium
dodecyl sulfatépolyacrylamidegel electrophoresisSDSPAGE), and Dot blot. For Bradford
assay, Bradford reagent was used for protein quantification by measuring the absorbance at 595
nm2*®°For FTIR, GdHEV and sEVs were |yophilized -and an
IR Spectromete(Thermo Fisher). For SDBAGE, samples were concentrated and mixed with
sample loading buffer in a 1:1 ratio. Protein concentration was maintained at 1 pg/pL. 25 pl of
each sample was loaded in wells e2@6Mini-PROTEAN® TGX Protein Gels and gel was run
in the electrophoresis chamber (200V, 25 mA) until the protein band reaches the base of gel which
may take around 4%0 minutes. After the completion of electrophoretsiegel was stained using
Coomassie Bitiant Blue and imaged by Bi®ad imager for the analysis of protein bands. For dot
blot, a drop of samples {2 uL) were added in Polyvinylidene Fluoride (PVDF) membrane and
incubated with blocking buffer for 30 minutes at room temperature. The blobkifigr was
replaced by a pri mary an tActin,amdyncubated overnigatrateds t h

Celsius.The pimary antibody was washed by wash buffer and replaced by HRP conjugated anti
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mouse IgG secondary antibody (Cell signaling). Following incubation, the membrane was
washed and developed using Signal Fire ECL TM Reagent for imagingniBger, Kodak).

Hybridization leading to the formulation of G4EV was monitored by fluorescent
resonance energy transfer (FRET) as described in digregork 2°°2%Briefly, FRET liposome
was prepared by incorporating NBD lipid (electron donor), and RhB lipid (electron acceptor) in a
1:7 molarratio. For membrane fusion analysis, 20 yuL of FRET liposome was fused with 100 uL
of sEVs containing approximately 100 ug proteins. The mixture was bath sonicated for 2 minutes
to initiate fusion. Emission spectra (500 to 700 nm) of FRET liposome befdm@ter fusion with
SEVs was measured by exciting the samples at 440 nm to analyze the hybridization between Gd
HEV and sEVs.
5.2.6 Gadolinium loading and release study

Three different GEHEV formulation was prepared to vary the molar ratio of the
constiuents: EggPC:Gdlipid: cholesterol. The ratio of EggPC: dpid was varied while
keeping cholesterol constant to make three different formulations viHEM1 (EggPC:Gé
Lipid:cholesterol= 20:50:30), GHEV-2 (EggPC:GeLipid:cholesterol= 35:35:30), and dS
HEV-3 (EggPC:Gelipid:cholesterol= 50:20:30). Percentage Gd loading and Gd weight
percentage (wt %) were calculated in each formulation using the equation given below to optimize
the best formulation. The amount of Gd in fabricatedHEY was quantifiedusing inductively
coupled plasma mass spectrométGP-MS).

% Gd loading = (Initial Gd input/ Gd in fabricated GdEV) *100
Gd wt % = (weight of Gd in G$HEV/ weight of GAHEV) *100
Free Gd3ion release from G#IEV formulation and Magneviwas trackd over a period

of 72 h by dialysis. 1 mL of GHEV and Magnevi containing 20 pg/mL of Gd was dialyzed
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using 100-500Da (olecular weight cut off) dialysis membrane in 100 mL PBS release media kept
at 37 °C while constant stirring (80 rpm) to maintaia sink condition during the experiment. 1
mL of release media was taken at a regular interval and replaced by fresh media. The amount of
free Gd®ion in the release media was quantified using-M®and cumulative release percentage
was calculated usingpé¢ following equation.

% cumulative Gd release = (Gd in release media/ Gd in 100% release) x 100
5.2.7 Evaluation of magnetic properties of GEHEV

Magnetic characterization of GdEV was done using stat#-art 3T clinical MRI (Canon
Galan 3 Tesla MRI) ahe Veterinary Health Center of College of Veterinary Medicine, Kansas
state university. T weighted image of G#EV was taken at different millimolar (mM)
concentrations of Gd. The longitudinal relaxation time ofHE) in aqueous solution was
obtained umqg a fast spirecho sequence with a variable repetition time (TR= 6000, 5000, 4000,
3000, 1500, 800, 600, 400, 200 ms). Echo time (TE) was 10 ms, with slice thickness =2 mm, flip
angle (FA) = 90°, FOV = 25.6 x 25.6, and image size of 256 x 256. Lonugtucklaxivity (k)
was <calcul ated based upon:veBus Gddorwgneation in the he |
sample. Magnevi8t a clinical contrast agent, was used as a control contrast agent. Magnetic
characterization of Magnevistwas done using & same magnetic parameters. Furtliee,
magnetic characterization of @gosome was done following the same parameter to analyze the
effect of EVs content on the magnetic propertyhathybrid particle. For comparative study, the
amount of Gd was kepihesame in GHEV, Magnevist, and GdLiposome.
5.2.81In vitro biocompatibility

In vitro biocompatibility of GAHEV and GdLiposome on mouse osteosarcoma (K7M2)

and mouse normal fibroblast (NIH/3T3) was assessed following the MTT &$44y000 cells
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were seeded in 96 well plates. After 24 h, cells were incubated with varying lipid concentrations
of GAHEV andGdLi posome from 200 to 6. xebvircangehtratlt f or
37°Celcius. Cells were then washed by PBS and incubated with MTT reagent (0.5 mg/mL) for 2
h. MTT reagent was prepared by adding 5 mg MTT in 1mL PBS, syringe filtered (220 nm), and
diluted to 10 mL in serunfree DMEM media. MTT reagent forms formazan crystal by reacting
with mitochondria of |ive cells. Thus for med
and absorbanceas measured at 550 nm using microplate reader (BioTek, Symé¢tgyybrid
reader).
5.2.91n vitro cellular interaction of Gd-HEV

In vitro cellular interaction of GAHEV was evaluated in terms of its localization with early
endosomes in cells. @dEV was evaluated for cellular specificity among mouse osteosarcoma
K7M2 and mouse normal fibroblast NIH/3T3 by tracking its internalization and localization in the
early endosome. Cells were transfected by CellijEarly Endosomegreen fluorescent protein
(GFP) following manufacturer protocol. 10,000 cells were seededweB@lates and incubated
with 10 uL GFP for 20 h for transfection. After that, transfection media was removed with fresh
media and transfected cells were incubated Ritbdamine B labeled GHEYV for 3 h. Cells were
then fixed by 4% Paraformaldehyde. Maiaverestained by DAPI and cells were obserweth
a Confocal Laser Scanning Microscope (Carl Zeiss, £&M). Internalization was quantified
based upon the intensity of red color inside cells produced by Rhodamine B labéftd/Eding
the image anabis software ImageJ. Thidegree of colocalization was quantified based upon

Pearsondés correlation coefficient (R) wusing I
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5.2.10In vitro immunogenicity assay

In vitro immunogenicity oEVs and its derivative particlegeretested in human peripheral
blood monocyte to assess the molecular functionality in terms of immunogenic response using
cytokine release ass&y’®2%n brief, 500,000 THRL cells were seeded in 12 well plates and after
24 h, six different particles were treated and theseedre incubated for another 24 h. G&V
(200 pg/mL), GdLiposome (100 pg/mL), EVs (20 ug/mL, equivalent EVs concentration in Gd
HEV), Magnevist (14 pg/mL, equivalent Gd concentration inHEV), LPS (6 pug/mL), and PBS
were treated. Here, LPS is positive control and PB& megative control. The cell culture
supernatant for each treatmerdseollected, centrifuged2000g, 10 min4°C) to remove cell
debris, and immediately used for cytokine analysis. Supernatants were analyzed for
proinflammatory cytokines (Interleukins#, IL-1 6, and Tu mo r-alpNETNF-J)si s F a
using quantitative enzyrdenked immunosorbent assay KIT (&) (R&D Systems, Inc.
Minneapolis, MN) following manufactuéeprotocol. The dsorbance of standards, samples, and
controls vasmeasured at 450 nm with wavelength correction at 540 nm using Synergy H1 hybrid
microplate reader (BioTek Instruments Inc. M@ )quantify cytokines released in each treatment
5.2.11 In vivo study by fluorescence bioimaging and magnetic resonance imaging

In vivo imaging assay was performed in immunodeficient NU/NU nude mice (Charles
River, 088/NU/NU homozygous) to analyze thairast enhancement, biodistribution and tumor
homing property of GAHEV using near infraed fluorescent bioimaging and MRI. Mice
experimens wereconducted following the animabkeprotocol approved by KSU IACUC. Mouse
osteosarcoma tumor was developedsbigcutaneous injection of K7M2 cells (1x®)L@ispersed

in PBS in the lower flank of mic&’ Mice were then monitored every other day fonor size and
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overall weight. When the tumor sizeachedapproximately 6 mm, mice were injected with
particles and imaged.

For fluorescent bioimaging, GAdEV and GdLiposome we r e |l abel ed
dioctadecy3 , 3 -t@rhipethypdotricarbocyanine iodid (DiR) dye wusing physical
encapsulation technique. 20 pL DIR dye was added in 1000 pgEMand extruded using a 200
nm polycarbonate membrane filter for physical encapsulation of dye-HEM 10 mg/kg of DIR
labeled GEHEV and GdLiposomei n 1 0 Qume vas imjected in tumdrearing mice (n=3)
by lateral tail vein injection. Mice were anesthetized usi3§®isofluorane in 100% oxygen and
imaged under anesthesia by the Feairllogy imaging system (I-CORP®). Images were taken at
pre-injection, 1 h,3 h, 6 h, and 24 h postjection to analyze timeependent biodistribution of
Gd-HEV in mice. After 24 h, mice were euthanized, and organs were coll@aetetnagedThe
amount of GEHEV localized in the organ was quantified based upon the amount of tBd in
organ using inductively coupled plasmass spectroscopy (IGRS).

For magnetic resonance imaging,-88V with 100+10 pg equivalent of Gd in 100 uL

Wi

PBS was injected in mice intravenously and

scanner. The MRiImages of mice under anesthesia3fd isofluorane in 100% oxygen) were
acquired before injection, at injection and piogection at 15 mins and 60 mins. To analyze the
tumor homing property, images were processed to focus tumor area. Maynavidinica
contrast agent was used as a control particle and injected in mice with equivalearmnGant as

that of GAHEV. The TiAveighted MR images were recorded using a fast-epio sequence at

TR=11.40 ms, TE=5.50 ms, FA=25°, slice thickness=1 mm, and FOV=126 mm. Images were

processed for maximum intensity projection with background subtraction to reconstruct the three

dimensioml image for precise representation of contrast enhancement using Medical Image
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Processing, Analysis, and Visualization (MIPAV) software. All animal experiments and protocols
were approved by the Institutional Animal Care and Use Committee and InstikuBiosafety
Committee, Kansas State University, Manhattan.
5.2.12 Histolodgc Analysis

Histologic analysis of tissue section of different organs of mice injected wHHESMwas
completed. Organs from untreated mice were used as coiMiotswere euthaned and organs
werecollectedafter 24 postinjection with GAHEV. Lungs,heart,kidney, liver, and tumor were
collected andmmersedinto 10% formaldehyde solution for tissue preservatistter fixation,
tissues were trimmed onto a single glass slidestmided with hematoxylin and eosin (H&E) for
histologic analysis, per standard laboratory protot®ls.
5.2.13 Statistics

Analysis of covariance between two linear regression lines was analyzed using regression
anal ysis and sel ecti ng cifelpetsst awhee tshiegrn itfhiec asnltol py
GraphPad Prism. The statistical differences between the linear regression lines were analyzed
based upon the difference in slopes and intercepts. thgstnalysis of slopes is conducted to give
a pvalue.A P-value less than 0.05 signify that the differences in the slope of two linear regression
lines are statistically significant suggesting two linear regression is significantly diff@iemb-
value for slope more than 0.05 signifies that the slope ofrlireession is not significantly
different. This observation warrants the evaluation of intercepts of two linear regressiontmes.
P-value of intercept higher than 0.05 concludes that differences between intercepts are not
significant and two linearegression are not statistically different. All major data represents
MeanzSD with triplicate experiments. For biocompatibility data, the number of replication was

SiX.
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5.3 Resuls and discussion
5.3.1 Characterization

EVs were isolated bin vitro cell cukure of mouse macrophage J774A.1 as detailed in
methods. Gd based contrast agent incorporated in the liposomal system was hybridized with EVs
construct to formulate gadolinium infused hybrid extracellular vesicledHBd) using thinfilm
hydration technige followed by membrane extrusion, as depicteBigure 5.1 GdHEV were

characterized for size and surface property using dynamic light scatteritgE\@dhowed the
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Figure 5.1 Schematic representation of the reconstruction process of extracellular vesicles

with gadolinium infused lipid cake for the fabrication of gadolinium infused hybrid
extracellular vesicles (GAHEV) via membrane fusion GdHEV, being reconstructed from
endagenous EVs, can communicate with the endogenous environment to avoid rapid immune
clearance thereby allowing for longer blood retention time for MRI contrast enhancement.

hydrodynamic size of 127+2 nm and 0.18+0.01 PDI with size distribution similar-togedome
(138+£2 nm and 0.2+0.01 PDI). Surface charge analysis showed a negatpeteptil of-33+4
mV for GAHEV and-37+3 mV for Gdliposome. Size and surface chaagalysis demonstrated

that engineered GHEV physical properties are similar to that of controti{pdsome and is not
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significantly affected by hybridizatiorF{gure 5.2A & B). Moreover, the negative zeta potential
further reflects the properties of tleVs, which together with liposomal properties such as
monodispersed hydrodynamic characteristics confirmed the hybridization process.

Transmissiorelectron microscopy showed the morphological characteristic of SEVs and
Gd-HEV as shown irFigure 5.2C. Both particles are spherical entities with slight changes in
surface morphology after hybridization in ®EV. With the confirmation of size, surface
property, and morphological characteristi€3d-HEV were thencharacterized for colloidal
stability in PBS anderum conditionThe gability of nanoformulations is key to maintaining its
efficacy in biological media. Therefore, analysis of stability in a proper solvent such as complex
serum environment is cruciébr in vitro andin vivo experiments. Nanoformuians can form
aggregates in serum due to the formation of protein corona in its stffdoe.evaluate the
dynamic stability of GeHEV, GAdHEV was subjected to serum environment and imely
compared with PLGA polymeric nanoparticle without any coatings (Figuré®aF).

Engineered GAHEV were analyzed for colloidal stability for up to 30 days in teafsize
and PDI in which GEHEYV retained its physiochemical properti€sgure 5.2D & E). After 15
days and 30 daytheslight increment of both size (up to 160 £ 10 nm) and PDI (up to 0.3 = 0.05)
was observed, but the integrity of the particle was stdintained After brief agitation using
sonication (30% amplitude, 30 s) the size measured shows minimal changesngighi&yithe
increment in size overtime may be due to particle aggregation, which was then disrupted by
sonication.Serum stability analysis of GdEV showed stable absorbartbeough90 minutes of
study signifying that the particle does not aggregatedrsénum environmenEigure 5.2F). It is
significantto note that serum stability meassitee serurinduced aggregation of particles, which

happens immediately when putting particle in serum. Therefore, the steady absorbance observed

110



over a90 minuteperiod clearly reflects the stability of GHEV in serum. To confirm this
phenomenon, we used PLGA nanoparticle without surface coating to serpesitve control.

We observed a rapid increase in absorbance in its first 20 minutes of exposure to seestmgugg
rapid corona formation and aggregation of the particles. The stability -6fEMIin the serum
environment can be attributed to its biomimetic surface characteristic with transmembrane proteins
derived from extracellular vesicles. These protein contt of engineered GHEV can
communicate with than vivo protein environment and convince the body that they are
endogenous, thereby escaping rapid protein corona fornf&tithi.Along with the stability,
biomimicry can aid in particle retention in blood and tissue, ultimately allowing maximum time

for the particle to show its effect.
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Figure 5.2 Physicochemical characterization of GEHEV. (A) Hydrodynamic size of GSHEV

and GdLiposome, (B) zeta potential of GdEV and GdLiposome showing surface charge
characteristic, (C) transmission electron microscopy of small extracellular vesicles (sEM}-and
HEV showing morphologicalharacteristic of vesicles, (Debility of GAHEV and GdLiposome

in terms of hydrodynamic siz€) polydispersity index (PDI) over the period of 30 days, and (F)
serum stability of GAHEV in terms of absorbance at 560 nnep®¥0 min of study. PLGA was
used as a positive control.
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Protein characterization and evaluation of hybridization

We moved forward to evaluate the retention of biomimicry inHEY with respect to
naive EVs. SDSPAGE analysis gave signature bands ofedéht proteins present in EVs and-Gd
HEV (Figure 5.3A). GA-HEV showed protein bands similar to that of EVs suggesting the retention
of protein content through hybridization. These proteins are the main player in the functional
aspect of EVs, as such, retien of these characteristic proteins helps to maintain the biomimicry
in GAHEV. The specific proteins from these bands were extensively characterized in our recent
publication where EVs showed the presence of characteristic EV marker proteins CD9, CD63,
CD81, CD11b, and TSG1#¥ Here, EVs and GEEVs were characterized for the presence of
one of the EVs mar ker Actiowas usedas a@pdsiéive contwlsBoth,g d ot
EVsandGeEHEVY s howed t he pr-Actingdmgare5.308) ProieDddrBentawere b
further characterized spectroscopically using FTHRure 5.3B represents the FTIR spectra of
EVs and GeHEVs in terms of % Transmittance with respect to Wavenumbers)(doth EVs
and GAHEV showed a characteristic peak at around 102k}, 11201242, 14001465, 1576
1646, and 3726 cth Peaks at 1043064 cm! and 11201242 cmt represents the stretching
vibration of phosphodiester and ether groups of phospholipids and cholé&té&bThe sharp
peak observed in the case of-B&Vs suggestthe presence of phospholipid and cholesterol
bonds that can be attributed to the hybridization of liposome with EVs. Peak arounrti46800
cm?is due to the bending vibration of lipid and protein hydrocarbon groups. Peak arourd 1576
1646 cmtcan be attbuted to the presence of an amide bond arising from C=0 stretching vibration
and NH bending vibration of the peptide borkhe road peak observed around 3726ccan
be attributed to NH stretching vibration othe peptide bond along with the broa@H stretching
vibration26® Along with these peaks, GdEV showed a specific peak at 1730, 2852, and 2923

cmt which was not observed in the easf EVs. All these specific peaks can be attributed to lipids
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present in GEHEV. The peak at 1730 crhis due to the presence of ester groups of phospholipids
and cholesterol while the peak at 2852 and 2923isrdue to the symmetric and antisymmetric
stretching vibration of the lipid acylCH. groups. While the presence of lipids is in EVs as well,
Gd-HEV is engineered with synthetic lipidsytthetic lipids: EVs protein = 5:1). The extra
hybridized synthetic lipid in EVsould explainthe observed spé#ic lipid IR peak inthe case of
Gd-HEV. The presence of specific protein and lipid peak&tase of GeHEV further validated
the hybridization of EVs with synthetic liposome

Hybridization was further evaluated using a fluoresd&®ed energy traresf (FRET)
experiment. FRET is a powerful biophysical technique to monitor macromolecular interaction
between fluorescent molecu€8.In FRET, an electronicallexcited fluorophore (FRET donor)
transfers its energy to another chromophore (FRET acceptor) that has the absorption spectrum
overlapped with the emission spectrum of the défoBy monitoring this transfer of energy
between two FRET pahidonors and acceptors, membrane fusion can be monitored -in bio
membrane$??:260.272274 Here  FRET liposome was prepared by integrating FRET donor NBD
lipid and FRET acceptor RhB lipids in the liposomal construct as detailegtihods. When this
FRET liposome is electronically excited at 440 nm to excite NBD lipid chromophore and emission
spectra recorded, characteristic emission spectra as showigure 5.3D is observed. The
emission spectra have two maxima peak, with sligaxima at 525 nm and significant maxima
peak at 595 nm suggesting enerS29nm)to FREThasceptor f r or
R h B em598 nm). This liposome was then hybridized with EVs to formulat¢i&d and again
the emission spectra were reded. Emission spectra of GtEV showed a decrement in maxima
peak at 595 nm and increment in maxima peak at 525 nm compared to that of FRET liposome

suggesting a decrease in energy transfer efficiency. FRET is disteapeadent and the decrease
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in FRET eficiency suggests the increment in the distance between two fluoropkiBi2dipids
and RhB lipids:” This strongly suggests the insertion of EVs lipid and protein content in the
liposomal lipid bilayer resulting ithe increment of the distance between two fluorophores. Hence,

FRET experiment validated the successful hybridization betweehiggdome and EVs, to

fabricate GeHEV.
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Figure 5.3 Protein characterization and evaluation of hybridization. @) SDSPAGE analysis

of EVs and GeHEV showing bands of different proteins along with their molecular weights, (B)
FTIR analysis of EVs and GHEV showing % transmittance peaks for lipids and ginst at
different wavenumber, and (Cdtblot assay for the identification of EVs marker protein CD63.
b-Actin wasused as a positive contrdD) FRET study showing emission spectra of FRET
liposome and GAHEV (FRET liposome hybridized with EVs). FRETudly was conducted using
fluorescent donor NBD (e&em = 525 nm) and f
excitation wavelength of 440 nm.

5.3.2 Gadolinium loading, release, and biocompatibility study

The component Gd is from the didid conjugatewhich was synthesized following our
protocol?42:255:256.2765( |ipid in GAHEV is responsible for the magnetic property of the particle.
The amount of Gdipid in Gd-HEV can be crucial in maintaining the optimum magnetic property.

To optimize optimum loading efficiency and wt% of Gd in-BBRV, three different formulations
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of GAHEV were prepared by varying the molar ratio of-Bgdid and EggPC while keeping the
amount of cholesterol constant. -‘GdEV-1 (20:50:30), GeHEV-2 (35:35:30), and GH#EV-3
(50:20:30) were prepared with a different molar ratio of EggPCLiBid: Cholesterol All three
formulations gave good loading efficiency, ranging from 87 to 99%, showing the high efficiency
of hydrophobic insertion strategy to incorporatelld in G-HEV (Figure 5.4A). In the case

of Gd wt%, GAHEV-1 showed the highest wt% with 1.9% nhgoared to 1.3 wt% in GHEV-2,

and 0.86 wt% in GAHEV-3. The trend of observed wt% was in accordance with the input Gd
Lipid amount in formulations. The overall wt% of three different formulations was not
significantly different from each other. With simall loading efficiency and wt%, GdEV
formulations were analyzed in terms of stability over a periodH&W-3 gave the best stability

in terms of size over a period with the average hydrodynamic size of 1664 nm, compared to
194+12 nm in GeHEV-1 and 1889 nm in case of G#HEV-2 (Figure 5.S1). This suggests that
with higher wt% of Gd in GAHEV, stability over a period is reduced. Based on these analyses,
Gd-HEV-3 formulation wasdeemed to be prefeered, and so this formulation was used for the

remainder of this study.

A m% Gd Loading =Gd wt % in Gd-HEV mGd-HEV mMagnevist
100 - -4 & 40 -
(]
80 A @
g 3 3 30
g 60 E %
3 2 3 O 20 A
3 40 2
s 1 < 10 -
20 A1 g ﬁ
0 - 0 3 0 p [ﬁ [ﬁ &1 . ' |
Gd-HEV-1 Gd-HEV-2 Gd-HEV-3 0.5 2 4 8 12 24 48 72
Gd-HEV formulations Time (h)

Figure 5.4 Gadolinium loading and release study(A) Optimization of GAHEV formulation in
terms of loading efficiency. % gadolinium loading efficiency and gadolinium wt % of three
different GAHEV formulations with varying the molar ratios of &gid and EggPC. Cholesterol
amount was Kat constant in all formulations. (B)uthulative gadolinium ion release % from-Gd
HEV and Magnevist® over a period of 72 h in PBS.
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Safety issue of @dolinium-based contrast agent

Free Gd3ion is toxic heavy metal and major health concern in the application-bh&et]
contrast agent as they can compete with @m and disrupts crucial calcium homeostasig'Ca
(114 pm) has a size similar to thdt@d** (107.8 pm), as a result, &ctan compete with Gato
bind with enzymes and affect voltagated calcium channels, causing adverse biological
effects?’’:2’®|n this scenario, retention of Gdon in the nanoparticulate formulation is paramount
for the development of a safe gadolinibased contrast agent. To evaluate the retention of Gd in
Gd-HEV formulation, Gd release assay was carried out as described in mdtigpds 5.4B).
Magnevis?, awidely used commercial Gohased contrast agent was used as a control. Gd release
assay in GEHEV showed a nominal release of free*&idn over a period, with nesignificant
release (less than 0.2%) up to 24 h, 1.5% release at 48 h, and 3.4% rel@asefastady. This
nominal release can be attributed to the macrocyclic structure-BIAIA, a constituent of Gd
Lipid in GA-HEV. Here, the macrocyclic structure of DOTA helps to chelaté® &dm alll
directions with eight coordination sité<:2’°Further the ionic radius of Gd& (107.8 pm) perfectly
matches the cavity of DOTA, thereby caging*&ih its macrocyclic structur® Due to this
perfect fit, moneionic nature, and hydrophilicity of chelator DOTA, ®®DTA shows high
thermodynamic ahkinetic stability?®° The nominal release of free Gdon over a long period of
72 h shows excellent compatibility of formulated-B8BV as a safe contrast agent.

In the case of Magnevi$t less than 10% release was observed until 24 hat348 h and
72 h, 18% and 23% of free (8don were observed, respectively. The high release observed in the
case of Magnevi$tcan be attributed to the linear structure of the contrast agent, where*the Gd
ion is chelated from one side only leaving dpposite side open, making them more kinetically

labile to escape the chelati&®. Such a high release oée Gd?ion as observed with Magnveist
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is asignificanthealth concernA recent report suggespotential gadolinium deposition in the
brain from the us of linear contrast agesind as a resulthe European Union suspended the use
of four linear contrast agents including Magnévigt 2017282 This scenario warrants the
development of a safe biomimetic contrast agent.

The safety of formulated contrast agents;HEN and GdLiposome were evahiedin
vitro in terms of cellular biocompatibility in mouse osteosarcoma K7M2 and mouse normal
fibroblast NIH/3T3 using MTT assayigure 5.5. The assay showed good biocompatibility of
nanoformulations in both K7M2 and NIH/3T3 cells, with over 7688 viability even at a high
concentration (200 pg/mL) following 48 h incubation of cells with particles. At a concentration of
50 pug/mL or below, the biocompatibility was more than 80%. This confirms the biocompatibility
of GAHEV and Gdliposome for bdt cancerous and narancerous cell lines. The observed high
cellular viability and excellent retention of Gd in GtV make itself a safe biocompatible
contrast agent.
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Figure 5.5 In vitro biocompatibility assay. Biocompatibility of Gdliposome and GGHEV
evaluated with(A) mouse osteosarcoma K7M2 and (B) mouse normal fibroblast NIH/3T3 after
48 h incubation following MTT assay.

5.3.3 Evaluation ofmagnetic properties
With the asstance of stability and safety of G4EV, magnetic properties were evaluated

for possible application in magnetic resonance imaging (MRI}HEW was characterized for
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magnetic properties by measuring 8 a function of agueous nanoparticles with diffeedt
concentrations as described in methodsw@&ighted image of G#EV at different millimolar
concentration was taken using 3T clinical MRI. Magnévisas used as a control. The input
concentration of Gd in both Magnevist and-BEV was maintainedhe same. However, the
concentration of Gd as determined by U8 was slightly different between G4EV and
Magnevist®, as depicted in tha Weighted image ifFigure 5.6A. T weighted image showed
enhancement of contrast in the case of-HEY compared to Magnevist at a similar
concentration. Both GHEV and Magnevi§t showed concentratiedependent contrast, with
higher signal intensity at higher concentratidine Hgher catrast property of GHEV was
further supported by the; Tecovery curveFigure 5.6B shows the %signal intensity of phantom
images of GEHEV and Magnevistat a particular concentration as a function of recovery time.
Gd-HEV showed higher % signal intehsicompared to Magnevitat all recovery time point
suggesting enhanced contrast property. Longitudinal relaxivityagr calculated by the slope of
linear fit of inverse of recovery time¥swith respect to different Gd concentration (mM) shows
significant higher 1 of 9.87 mM!s? for G-HEV compared to 3.98 mi&! for Magnevis?
(Figure 5.6C, p-value = 0.001, linear regression analysis of slope) at clinical 3T scéigeare
5.6D shows the rrelaxivity of GAHEV as compared to MagneWsit different concentrations,
where GAHEV showed around 100% incrementimalaxivity compared to Magnevfsat similar

Gd concentration. Observed significant contrast enhancement in the caseHEVGdhere
contrast agent GBOTA is incorporated in a nanopartiate formulation can be attributed to the
reduction of the tumbling rate of paramagnetic metal complexes due to incorporation in a stable
nanoparticulate formulation, thereby promoting effecting interaction between a water molecule

and metal comple3€3 A similar increment in logitudinal relaxivity & has been reported by Liang
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et al, where naive GBOTA showed 1 relaxivity of 4.2 mM*s'compared to 10.61 mi¥* (3T
MRI) when incorporated to polymeric nanoparticle syst€thikewise, Aryal et al also reported
anincrement of 1 relaxivity of GA4DOTA to 19 mM!s? (3T MRI) after insertion in the lipid

bilayer of the red blood cell membraffé.
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Figure 5.6 Magnetic characterization of Gd-HEV. (A) T1 weighted image of G#EV and
Magnevist® at different Gd concentration showing contrast enhancement in a 3T clinical MRI
system (TR=400 ms, TE=10 ms, and slice thickness=2 mm), (B)cbvery curve of GHEV

(0.09 mM Gd), Magevist (0.07 mM Gd), and water in terms of % signal intensity with respect to
recovery time (ms) at specific Gd concentration showing differecovery characteristic, (C)
linear fit of inverse of relative change inTe c ov e r y it(gY)véth réspeat toMiffeFent

Gd concentration (mM) in GHEV and Magnevist ( p-value = 0.001, linear regression analysis

of slope). Slope of the fitted model gives longitudinal relaxivity. @.87 mMm!s? for GdHEV

and 3.98 mMs? for Magnevis®, and(D) r: relaxivity of GAHEV and Magnevist at different

concentration. GBHEV shows higher 1r relaxivity compared to Magnevist All data were
obtained using a 3T clinical MRI.

EVs protein construct does not significantly alter the longitudinal relaxivity)(r

To evaluate the effect of EVs transmembrane protein construct on the magneticgggopert
the T: weighted image of GHHEV and GdLiposome was taken using 3T clinical MRI and

comparative analysis of magnetic properties pa$ormed(Figure 5.S2). Here, GeLiposomes,
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with the same structural framework as-BEV but devoid of EVs cargo, act as control particles.
Gd-Liposome showed a concentratidapendent contrast similar to that of-B&V as shown by
the T: weighted image and;Tecovery curve. Longitudinaélaxivity rn showed a slight increment
in the case of GSHEV compared to Gdliposome, 9.86 vs 8.20 mi4?, respectively. This
observed change in longitudinal relaxivitywas statistically nosignificant, as computed by
linear regression analysis dbpe and intercept with ayalue of 0.117 and 0.118, respectively.
Longitudinal relaxivity computed at three different concentrations also showed higher relaxivity
for GAAHEV compared to Gdliposome, however, the increment was less than 2. These analyses
showed that the incorporation of EVs construct inlGabsome slightly increases the longitudinal
relaxivity, but the increment is nesignificant. This finding can be beneficial as EVs protein
content is heterogeneous and depends upon the source ofqedezfit*®4In such a scenario, we
can standardize the magnetic property usingL{(pdsome. Based on the need and application,
different types of EVs auld be integrated and functionalized in liposome while maintaining a
similar magnetic property. It is, however, iorfant to note that the engineering method and ratio
of integration should be maintained same to envision a similar result.
5.3.41In vitro cellular interaction study

The presence of EVs construct in-G&V can have two main functionalityiomimicry
and dfferential cellular interaction. The biomimicry functionality can help to escape immune
clearance and increases the blood and tissue retention time of nanocoffStféfttShe
differential cellular interaction can help in the targeted efficacy of the nanoconstructs. EVs have
been reported to share tblearacteristic of the parent cell and plays an important role in cellular
communicatiorf*¢-2°6267In our recent work of EVs, we reported the differential internalization

behavior of engineered EVs derived from macropiayEngineered EVs showed significant
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higher internalization in the cancerous cells compared tecanoer, which can be amly
attributed to the presence of EVs membrane protémshis study, we further explored the
internalization behavior of engineered -B&V by tracking its localization in early endosa@ne
within cancer and neoancer cell to envision the realistic @iféntial cellular interaction of EVs.
EVs are reported to internalize in the cell by various endocytosis pathways including <lathrin
mediated, caveolamediated, macropinocytosis, phagocytosis, and lipienmaftiated uptaké&®
292 pfter internalization, they are delivered to early endosome via endocyticegesicere the fate
of nanoparticles is determiné®. Providedthese engineered EVs are of endosomal origin, they
are expected to avoid the endosomal degradaticr

Gd-HEV was labeled with RhB lipid via a hydrophobic insertion strategy to track its
localization inside the cetf?257260.27Cells were transfected by early endosome green fluorescent
protein (GFP) to label early endosomes. Localization of RhB labeledEMwas analyzed in
early endosme using confocal microscop¥igure 5.7A shows the confocal micrographs of
K7M2 and NIH/3T3 showing the internalization of RhB labeled-HV in cells and its
localization at GFP labeled early endosome. Orange yellowish color represents the colocalization
of redcolored nanoparticles with green colored early endosomes. A representativecsihgle
image of K7M2 and NIH/3T3 was analyzed for differential colocalization study which clearly
showed a higher degree of colocalization in the case of K7TM2 comfmatkdt of NIH/3T3, as
represented by an orange yellowish colbrg(re 5.7B). The degree of colocalization was
analyzed quantitat i vwalleyxcomputed byehe imsadedolocaliPaons on 0 s
threshold pluginFigure 5.7C shows a scatter plof oolocalization of GEHEV in early endosome

in K7M2 and NI H/ 3T3 avialnuge .wiHihg hidhitee oFRe68arr theoonn00ss R
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case of K7M2 compared to that of 0.25 in the case of NIH/3T3 clearly suggest higher

NIH/3T3 K7M2

>

RhB labelled GEeHEV

Gd-HEV localization in K7TM2 Gd-HEV localization in NIH/3T3

C Colocalization scatter plot D Gd-HEV cellular internalization

T

GFP labelled early endosome
o

o

CTCF (1075)
N

- B

T T
K7M2 NIH/3T3

Overlay

Figure 5.7 In vitro cellular interaction assay of Gd-HEV. (A) Confocal microscopiémage
showing internalization of GHEV and its localization in early endosome in mouse normal
fibroblast (NIH/3T3) and mouse ostemsoma (K7M2). GeHEV was labeled by Rhodamine B.
Cells were transfected by CellLightTM Early Endosor@d<®P to label early endosomes and
incubated with GEHEV for 3 h. Overlay figure shows the colocalization of rhodamine B labeled
Gd-HEV in GFP labeled ety endosome, (B)apresentative image of the overlay figure showing
differential celocalization of GAHEV in K7M2 compared to that of NIH/3T3 signifying different
cellularinternalization behavior, (Cxratter plot of GEHEV colocalization in NIH/3T3 anH7M2

wi t h P e avalgeocaléulated Rising Imagedlacalization threshold plugin, and (D)
guantification of internalized GHEV in terms of corrected total cell fluorescence (CTCF) in
K7M2 and NIH/3T3. Quantification was done by ImageJ.

colocalizatioractivity of GAHEYV in K7M2. Higher colocalization can be related to higher cellular
internalization of GeHEV in K7M2, as confirmed by the quantitative cellular internalization
analysis based upon the intensity of the red signal in theFKiglire 5.7D). In vitro cellular
interaction study showed the differential uptake and localization éfiBd towards cancer cells

(K7M2) compared to nowancer (NIH/3T3). This selective cellular interaction ofi@8V can be
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advantageour the development of canctargeted diagnostics, drug delivery, and/or imaging
contrast agents.

Retention of EVs functionality through the reconstruction process

One of the crucial aspects of the engineering or reconstruction of EVs based study is the
retention of molecular function&}i after the reconstruction process. To exploit the native
advantages of EVs based systems in drug delivery and diagnostic imaging, the molecular
functionality of EVs should be conserved. We have demonstrated the retention of protein content
through the reonstruction process through our protein analysis. To further analyze the retention
of molecular functionality of EVs, we explored the cellular internalization behavior and
immunogenic stimulation of naive EVs and EVs after reconstructionvitro cellular
internalization assay of GHEV, Gdliposome, and naive EV was performed by confocal
microscopy on mouse osteosarcoma K7M2 and mouse normal fibroblast NIH/3T3. Here, Gd
liposome acts as a control particle for-8&V, which is devoid of EVs compent. GAHEV
showed enhanced cellular internalization compared ttigdédome and naive EVs in K7TM2 cells
(Figure 5.8A and B). This enhancement in cellular internalization can be attributed to the
combination of the liposomal component and EVs compone@diEV, which can be only
possible if the EVs functionality is retained. In the case of NIH/3T3, naive EVs show minimal
internalization and as a result, GEV internalization is similar compared to @dosome. Here,

EVs component in GH#HEV does not coniioute to the enhancement in internalization. The higher
internalization behavior observed in -GIEV signifies the retention of EVs functionality.

To further confirm the functionality of EVs in GdEV, we carried outhe molecular
analysis in terms of immuwgenicity of EVsusing ELISA™® EVs can communicate withhe
immune system andicit animmune response, which can be used to track the functionality of

EVs2%®Here, we used crospecies analysis to analyze the immune response oHe¢auseur
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EVsarederived from mouse immune cells (mgunage), we expect gro-inflammatory immune

responsewhen exposedo human immune cells (monocgle ELISA analysis showedhe
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Figure 5.8 Assessment of EVs functionality after reconstruction in terms of cellular
internalization and immunogenic response.(A) Confocal microscopicimage of mouse
osteosarcoma K7M2 and mouse fibroblast NIH/3T3 showing internalization behaviotHE%d
Gd-Liposame, and naive EVs. Particles were labeled with Rhodamine B and treated for 3h. Nuclei
were stained with DAPI, (B and C)ugntification of cellular internalization of GdEV, Gd
Liposome, and naive EVs in terms of corrected total cell fluorescence (CeOR)aged in K7TM2

and NIH/3T3 respectively, and (Divitro immunogenicity assay of various nanoparticles in
human peripheral blood monocyte THRassessed by evaluating the release of proinflammatory
cytokines (Interleukins U6, IL-1 b, and t ufactor TNRUR)c r afstiesr 24 h
Lipopolysaccharide (LPS, 6 ug/mL) was used as a positive control.

production of prenflammatory cytokines specifically in EVs and GEV treatment igure
5.8D). Gd-Liposome and Magnevistdid not induce significantytokine production. Cytokine
stimulation in THP1 cells by EVs can be related to its immunogenic functionality. Interestingly,

cytokine stimulation functionality was not only conserved in reconstructeHE3d but it was

enhanced by almost double. Sincé-iposome did not show cytokine stimulation, cytokine
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stimulation in GEHEV is likely due toits EVs component. From this experiment, we are unable
to explain the enhanced cytokine stimulation byHkEeV, but future work should be undertaken
to further unérstand this phenomenddonetheless, the immunogenic analysis confirms that the
functionality of EVs has been retained through the reconstruction processHEGd
5.3.5In vivo biodistribution and magnetic property analysis

In vitro cellular interaction assay contributed strong evidence of the upregulated cellular
interaction of GeHEV towards cancer cells. With this exciting finding, we went on to analyze the
consequences of &=HEV within an in vivo environment. For this, NU/NU immunodeficient
mouse was used as an animal modeliandvo biodistribution was studied using two different
methods fluorescent bioimaging and magnetic resonance imaging. For fluorescent bioimaging,
Gd-HEV were labeled with neanfrared DiR dye by hydrophobic insertion strategy and injected
in a mouse via tail vein injection. ddposome was used as particle control -8V showed
time-dependent localization in the tumor area when monitored up tqa4timjection, whereas
in the case of Gélposome, no accumulation was seen in the tumor rediiguie 5.9A).
Furthermore, organs were harvested after 24 hipgesition and imaged for fluorescence to assess
the bioaccumulation of GHEV and GdLiposone in different organsHigure 5.9B). The
fluorescence was quantified using ImageJ and a normalized fluorescence data was obtained by
subtracting fluorescence of least fluorescent organ (brain) to picture relative differences of
fluorescence in different gans with respect to different particles. -8BV showed higher
accumulation in the lungs, kidney, and tumor compared to its control particlapGsbme.
Overall, GAHEV showed enhanced bioaccumulation compared td.i@asome, at equivalent
liposome concdmation. Since, GAHEV differs from Gdliposome by EVs content, observed

enhanced bioaccumulation in the case ofH&)/ can be attributed to the EVs functionality. This
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observation further supports the enhanced retention ¢iEdin the vasculature, thdye giving
more time for enhanced bioaccumulation. Enhanced bioaccumulation observed in this study could
potentially be exploited to target tumor microenvironment responsive drug/imaging agents to the

tumor.
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Figure 5.9 In vivo study by fluorescence bioimaging(A) Time-dependent fluorescent image of

mice injected with neanfrared DIR dyelabeked GdHEV and GdLiposome, (B)
bioaccumulation of GAHEV and Gdliposome in organs of mice after 2¢bstinjection, and C)
guantification of fluorescence in organs harvested frorH&Y and GdLiposome treated mice.
Fluorescence data were normalized by subtracting fluorescence of the least fluorescent organ
(brain) to picture relative differences of dkescence in different organs with respect to different
particles.
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Gd-HEV was further analyzed for biodistribution and magnetic property using magnetic
resonance imaging=gure 5.10. T1 weighted MR image of mice injected with GtEV was
taken followingtail vein injection at a specific time point. MagneVistas used as a control
contrast agent. MR image was taken at-tiea¢ during injection to map the immediate route of
contrast agent during the injection. To represent thistiraal route of contrasdgent in a single

image, Zstack images were merged into a single image using maximum intensity projection with
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background subtraction (MIPAVsoftware). It is important to process the images accordingly as
the vasculature system in mice can be at differeaxis and a single image cannot adequately
focus the whole vasculature system of midege naximum intensity MR image with background
subtraction showed excellent contrast enhancement illuminating the blood vasculature in the case
of GAHHEV during dynanic imaging. The image shows thkearretention of GEHEV in blood
vasculature with naletectedextravasation to interstitial spaces and tissuesthéncase of
Magnevis?, however, contrast can lmbservedn the vasculature as well as in the surrounding
tissue during dynamic imaging, suggesting immediate extravasatiiotissue. Also, the intensity

of contrast was high in GHEV compared to Magnevf$tvith equivalent Gd concentration, which

is in accordance with the magnetic characterization dataltbated higher longitudinal relaxivity

r1 of 9.87 mM*stfor GA-HEV. Most importantly, MR image taken after 15 min piogéction of
Gd-HEV still showed excellent contrast in the blood vasculature with minimal extravasation in
nearby tissues. Contrary tbat in Magnevist treatment, after 15 min pestjection, maximum
contrast was observed accumulated in the urinary bladder, as depicted by the whitekigose in
5.107A, which is due to rapid clearance by the renal system. This kind of rapid clearance of
exogenous material by the renal system is one of the major challenges in small molecular
extracellular fluid agents, which can be overcome by engineering with nanoparticulate delivery
systen?®92%8 Moreover, the accumulation of Magnefish the urinary bladder following rapid

renal excretion can be linked to the cause of reported nepticogystemic fibrosis (NSF) with
severe renal impairment in patients exposed with GBCAs during?f&°Here, GAHEV was
successfully able to evade this rapid clearance thereby maintaining contrdmt biood
vasculature. This immune evasion might be attributed to the biomimicry-efEStprovided by

the engineered EVs construct and the nanoparticulate size (~130 nm) that restiHEy Gal
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undergo glomerular filtration and escape from the renaésygparticles> 8 nm do not undergo
glomerular filtration)°° After 60 min posinjection, it appears as GdEV still shows contrast in

blood vasculature with no evidence for accumulation in the urinary bladder, which is presumably
due to the dilution of GEHEV over the period in the body.

Gd-HEV was analyzed forts contrast enhancement ability in the tumor afégufe
5.1). T1 weighted image of GHEV and Magnevistat 15 min and 60 min pogtjection was
taken after tail vein injection in osteosarcoma twipearing mice. Here, a sagittal view and a
single sliee of the image were chosen to focus the tumor area. The white arFoguine 5.1(B
represents the tumor area. Here also;HEY showed contrast enhancement compared to
Magnevist which was more prominent at 60 min pogction. Although compared to the
surrounding tissue, GHIEV did not show much contrast enhancement in the tumor area, it was
significantly high compared to control Magne¥isat equivalent Gd concentration. This can be
clinically advantageous as we can reduce the clinical dose of Gd tastedst agents like Gd
HEV to get clinically relevant contrast in the diseased site.

Organspecific biodistribution of contrast agenivas analyzed by quantitative
determination of Gd present in each organ after 24 hipgstion by ICRMS. Figure 5.10C
shows the deposition of @dEV and Magnevistin seven different organs and blood in terms of
percentage injected dose (ID) per weight of tissue (g). Magfietistved no significant retention
in any organ except for kidney with 2.3 %ID per g tissuent&ir. This shows the elimination of
MagnevisP from mice body within 24 h poshjection with some remaining in the kidney. -Gd
HEV, on the other hand, showed retentioheart (0.30%)lungs (1.1%)tumor (0.63%)kidney

(0.94%), andlood (10%).We obsevedthat blood showed significant high retention of 10% even
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after 24 h posinjection suggesting the excellent biocompatibility and blood retention
characteristic of GGHEV.

Gd-HEV in vivo tumor specificity

In vitro cellular interaction data confirmedd@EV preferentially traffics to canceells.
Thesedata verefurther supported bin vivofluorescence imaging which showed thtependent

accumulation of GAHEV in the tumor. These observations led to the expectation th&tEYd

A B GAHEV  MagnevisP Gd-HEV ~ Magnevis®

T13346.0

-8899.33

Gd-HEV

GO 15 min PI 60 min Pl

“13346.0 C
= Magnevist ® Gd-HEV
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-5399.33 9
8
[
445256
Oc l
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At injection 15 min Pl 60 min Pl Brain Heart Lungs Tumor Kidney Spleen Liver Blood

Magnevis®
%ID/g Tissue

Figure 5.10 In vivo study by magnetic resonance imaging(A) T1 weighted MRI of a mouse
injected with GAHEV and Magnevist® showingitontrast enhancement. The image was taken
at injection, 15 min, and 60 min pésjection using clinical 3T MRI. Images shown here are
maximum intensity projection with background subtian using MIPAV software, (B) 1
weighted image of mice with sagittal view focusing tumor area as ddpist the white arrow,
and (C) lodistribution of GAHEV and Magnevist in mice. Mice were euthanized and organs were
collected after 24 h postjection. Localization of GEHEV and Magnevist was quantified by
tracking the amount of deposited Gd using-aB.

can be used as a turargeting contrast agent for MRI. However, MR image oft&V injected

mice did not show significant contrast enhancemetite tumor areeompared to the surrounding
region The plausible explanation for this result can be due to the low accumulation of contrast
agent in the tumor. Although vivofluorescence image showed the accumulation 6HGY in

the tumor, when quaitdtive analgis was performedty tracking the amount of Gd deposited in
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tumors using ICRMS, we observedhat only 0.63% of the injected dose/g tissue was localized in
the tumor, after 24 h pastjection. Such low localization may not be enough to pmsignificant
contrast enhancement.

In case of Magnevi&t the particle localization was negligible with only 0.1% localizafidraugh
Gd-HEV showed about 6 times more localization in tumors compared to Maghekistoverall
localization is still low to provide significant efficacy in contrast. Literature analysis suggests that
this kind of low accumulation of nanoparticulate systemthé tumor is not unusual and is a major
challenge in the drug delivery fiefd2%? The increasingly complex tumor microenvironment
makes it extremely difficult for the nanoparticulate system to reach the actual tuni6t Efie.

route for the particle to reach the tumor site is complex with lots of cellular tiGthelEV may

have been hindered by this complex traffic and EVs construct did not significantly help to
overcome this limitationA possible explanation may include prolongetntion intheblood that
hindes homing to tumor, therefore, reconstruction ofBEV with the addition of tumor homing
peptides could enhance turrepecific delivery.

Both in vivo fluorescence imaging and MRI showed higher accumulation eflEd in
different organs compared to control particles. While we may be able to exploit this enhanced bio
accumulation for diagnostic and therapeutic applications, it also requires the safety assurance of
Gd-HEYV retention in various organs. To address this concern, histologic analysis was performed
by a board certified anatomic pathologist (BLP) to investighe potential toxicity of G$HEV
retention in various organs by hematoxylin and eosin (H&E) stained tissue sections. Untreated
mice organs were used as controls. No significant lesions were observed in any organ sections,
and no significant differencesene observed between the tissue sections of organs treated with

Gd-HEV and untreated organBigure 5.11). Treated and untreated mice showed mild incidental
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changes in the lungs including alveolar collapse and hemorrhage, which is likely secondary to
samping. A section of the tumor (neoplasm) was also analyzed histologically; these were
consistent with a dermal and subcutaneous anaplastic sarcoma with areas of necrosis and
hemorrhage Kigure 5.53). All sections examined (except the tumor) were within nbrma
histologic limits, confirming that G#HEV accumulation in the heart and lungs does not induce
any histological tissue damages. Because our hybrid platform is -deceid biomimetic

platform, this result is expected.

Control miceHeart Gd-HEV treated miceHeart Control miceLiver Gd-HEV treated mice.iver

Figure 5.11 Histologic analysis of tissue sections of various organs of mice treated with Gd
HEV and untreated control mice. (Scale bar: Heat1000um, LungslOOum, Liver100um,
Kidney-200um).

54 Conclusion

This study has explored the reconstruction of EVs with gadolinium to develop a biomimetic
contrast agent for contrashhanced MRI. The reconstruction process successfully incorporated
EVs construct in GAHEV, with a highdegree of colloidal stability antetention of protein
characteristic and molecular functionality. Further, the incorporation of the lipid component in

EVs along with the optimized EVs isolation method proposed in this study has increased the
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overall yield and availability of EVs to recdnsct GAHEV. GAd-HEV showed specificity to
cancer cells botim vitro andin vivo, thereby exploring its application in cancer diagnosis and
treatment monitoring. Moreover, GdEV showed excellent contrast enhancement and enhanced
retention ability in blod vasculature allowing for proficient diagnosis with minimal dose. Further
incorporation of fluorescent tags in GtEV allowed for fluorescent bioimaging applications.
These findings innovated a preof-concept towards the reconstruction of EVs based

nangarticulate modalities fahe development of biomimetic multimodal imaging agents.
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Chapter6-Ri gor and reproducibility

o f

production and functionald.i

Abstract

Extracellular vesicles (EVs) research has exploded with breakthrough psamideug
delivery, disease diagnosis, and therdpg to its unique functional properties acquired from the
origin. However, the translational scope of EVs in these areas is challenged by the innate
heterogeneity in EVs secretions which depends uporiyggdogical condition of the parent cell.

As such, the EV's proteomic profile, cargo content, and functioraligely rely on the state of

the parent cell and the isolation protocol followed. Therefore, it is important to understand the
factors influenmmg EV production heterogeneity and functionality &msure functional
reproducibility Toward this direction, this study aims to explore the variation of EV production
andfunctionality with varyingcellular environmental factors, particularly focusing on the impact
of varying nutrient stress in EV production and functionalitythis study, we explorefdur types

of EVsisolated by varying incubation tim@2, 24, 48, and 72 h) to represent varymugrient
stress, and two cell soureesiouse osteosarcoma K7M2 and mouse fibroblast NIH/3T3 to
represent cancer and rroancer cell. An optimized ultrafiltratiesize exclusion chromatography
(SEC) based technigweasdeveloped for simple, efficient, amdproducible EV isolationEach

EVs isolation and subsequent characterization were carried\withdependent replicates to map
the reproducibility Size analysis from nanoparticle tracking analysis showed a reproducible
average size distribution rangifrgm 130 to 220 nm, among various incubation time and cell line.
SEC characterization showed EV enrichment in fractgxs$o nine with a similar trend in five

independent replicates amoeght different EV samples with varied incubation time auadl
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soure. K7M2 cells produced more EVs, both in terms of number and protein content, compared
to NIH/3T3 cells, which increased with incubation tirsaggesting aggressive communication in
cancer cellsThe optimum incubation time with the best protein recpwasidentified as48 h.
Importantly, weobservedhanges in EV functionality in terms of cell proliferation with 72 h EVs,
suggesting differential functionality of stressed EVisis rigorous study revealed the influence of
experimental conditions adgal in EVproduction and functionality among cancer and-nancer

cells and add crucial information in the fundamental research of EVs.

6.1 Introduction

Extracellular vesicles (EVs) are proteolipid vesicles secreted by cells into extracellular
space whiclacts as a natural messenger in the cellular environin&Owing to their innate
ability to transfer cellular cargo, EVsas been widely studieals drug delivery and diagnostic
agent. Research fishown promising applicatieof EVs in targeted delivery, biomarkers, and
imaging/diagnostic agents for early disease diagnosis and tHétaM7¢ In our previous work,
we showedreferential internalization ainmune cellsderived EVs in cancer cells bothwitro
and invivo.®® Further, by engineering magnetic resonance imaging (MRI) contgsit a
Gadolinium (Gd) in EVs, we demonstrated the potential of EVs as a ceemtzstced cancer
diagnostic agent' Several other groups have exploreddneg delivery and diagnostic potential
of EVs in different disease models. Qiao et al. and Ingato et al. demonstrated that cancer/tumor
cell-derived exosomes (EVs) home to their cells of origin and can be used fortargeted drug
delivery3°7:3%8|zco et al. demonstrated systie exosomal delivery of sShRNA minicircles prevents
parkinsonian pathologi?® AlvarezErviti showed delivery of siRNA to the mouse brain by
systemic injection of tagged exosome¥ Vandergriff et al. engineered cardiac homing exosomes

for targeting exosomes to infarcted hedor the treatment of myocardial infarctidt. All these
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studes repot exciting avenues of EVs in the field of drug delivery and disease diagnosis.
However, the translational potential of EVs can be challengdtiddyinnate heterogeneityn

part EVs are secreted in different ssznd different origis which can @ectly depend upon the
state ofthe parent cell. Therefore, it is important to understand the factors influencing EV
production heterogeneity and functionality to make sure the functionality reported can be
reproduced. Toward this direction, this studmsito exploreEVs production and function&ji

with respect to different cellular environmental factors particularly focusing on the impact of
varying nutrient stress.

EVs biogenesis is directly influenced by the type and state of cells, as such theignoduc
amount, proteomic profile, and cargo content can vary depending upon cell type and-its state
normal Vs stressed physiological conditi@ft'32EVs are routinely isolated from cell culture
using serumfreg/deprivedmedia as one of the widely used options as EV extraction media. The
use of seruriree media has two specific advantages: 1) being séeenit avoids the inevitable
contamination of endogenous EVs present in seamah 2) the serumutrient deprivatioeads to
stressinduced production of EVs resulting in higher yield and acti®/ty!* Haraszti et al.
reported thathe serurrdeprived mesenchymal stem cells produce EVs (exosomes) ugfa22
more effective at delivering small interfering RNA (siRNAS) to neurons compared to EVs derived
from control cells$*® Likewise, Li sun et al. reprted serum deprivation elevates levels of EVs
(microvesicles) with different size distributions and selectively enriched proteins in human
myeloma cell$!* These reports suggest the variation&\rs production and functionality with
different cellular conditiogand isolation parameters. With multiple isolation protocols;tgpk,
and stress conditienEVs productionand functionality can be varied widelnd therefore it is

important to undrstand the effect of these variations in the functional outcome. Such
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understanding can help to pinpoint key factors responsible for the variation and therefore can be
crucial in maintaining the functional reproducibility in EV research and large saadeqtion.

Toward this directionthis study focuses ohow different incubation time with serum deprived

EV media affet the production and functionality of EM#erived from cancer cells (mouse
osteosarcoma K7M2) and naancer cells (mouse fibroblast NIH/3T3)

Studiesusing serurdeprived media for the extraction of EVs have reported varied
incubation timsranging from 24 to 72 h and there has not beafetiledstudy about how these
incubation time impact the production and functionality of the EVs. Wé#Honger stress
environment, the biogenesis of EVs can be influenced including the number, proteomic profile,
and the activity of EVs, and therefore itingportant to analyze such variation which can be used
to develop an optimum incubation tiraed isolation parametendigher incubation time may lead
to better yield, however, can be limited by the lower cell viability \eitbnger period of stress
envionment.Also, variation may come witthe same batch maintained thie same condition as
well. To study these variations among cell cultures maintained at identical conditions, EVs were
isolated and characterized frord/53ndependent experiments followirgn optimized isolation
protocol.

A centrifugationultrafiltration protool optimized in our lab was furén optimized with
size exclusion chromatography (SEC) to maximize EV purity. We found a narrow variation in
size, number, and protein content of EMdased from independent experimentaintained athe
same condition, while there was significant variation in nhumber and protein content with EVs
isolated from varied incubation time. A positive correlation of EVs number and protein content
with increasig incubation time was observed. Further, osteosarcoma (K7M2)degileed EVs

showeda higher number and protein content compared tegamterous cell NIH/3T3. This study
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successfully optimized an easy, cheap, ultracentrifugdtes) ultrafiltrationSEC-based EVs
isolation method and characterized the variation of EVs production and functionétigsame
and different physiological state of parent cells. The study reveals how the-cepured
incubation time can affect the EV production and fuoraiity among cancer and neancer cells

and adda crucialfundamental foundation in the EVs research.

6.2 Materials and methods

6.2.1 Chemicals, reagents, and cell lines

Mouse monoclonal antibody CD63 (M#0.129.5) HSP7Q Histone H3 (FEL 36 ) ,- and b
Actin were purchased from Santa Cruz Biotechnalo§gpharose CL-2B and (3-(4,5
dimethylthiazoi2-yl)-2,5-diphenyl tetrazolium bromide) (MTT) reagent were purchased from
SigmaAldrich. Mouse osteosarcoma (K7M2nd mouse normal fibroblast (NIH/3T3) were
purchased from ATCC, Manassas, USBell ineswer e mai ntained in Dulb
Eagleds Medium ( DMEM) suppl emented with 10%
streptomycin aenvirdmentAC in 5% CO
6.2.2 Isolation of EVs from the cell culture supernatant

Serumfree and phenolreir ee Dul beccods Modi fied Eagl eb
Fisher Scientific) was used as EV extraction media. Cells were grown in a T75 flask using
complete DMEM. When the cells were around 80% confluent, complete mediaemoved,
washed with PBS, and 10 ml of EV extraction media was added. Cells were incubated for 12, 24,
48, and 72 h to extract EVs at varying incubation times. After the respective incubation time, EV
extraction media was collected and processed tatess@Vs. Cells in the cell culture flask were
detached by trypsin treatment and stained by trypan blue for cell counting using an automatic cell

counter. EV extraction/conditioned media was centrifuged at 300g and 45009 for 15 min each to
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remove cell debsi and heavier particles. Then, EV media was filtered with a 200 nm membrane
filter to remove large vesicles and apoptotic bodies. The resultant filtrate was concentrated using
a 10000 Dalton molecular weight amicon filter and centrifuged at 40009 forr.5/wiume was
concentrated from 10 mL to 1 mL. The one mL concentrated EV solution is subjected to Sepharose
CL-2B size exclusion chromatography (SEC) to remove impurities and soluble proteins. EVs
being relatively big should be able to escape the beadgmat elute while impurities and soluble
proteins should be trapped in the pores of the bead. Therefore, vesicles should elute at an earlier
time point thereby separating themselves from impurities.

Smaltscale SEC was prepared in the lab using a smatinitography column and
Sepharose GB. 5 ml Sepharose GEB was added in the column and washed with 2 ml PBS.
The column was left for 5 min to settle down. The column was 7 cm long and 1 cniinmee
diameter) 15 fractions with 500 pL elute was collected in about 20 minutes. The fractions were
characterized with UV absorbance at 280 rsadium dodecyl sulfate polyacrylamide gel
electrophoresis (SDBAGE), and dot blot to analyze fraction enriched with EVgadtions (Fé
F9/ F#F10) enriched with EVs/proteins (based upon UV absorbance at 280 nm) was mixed and
stored at80 °C for further analysis.

6.2.3 Characterization of EVs

EVs were characterized for size and concentration using nanoparticle tracking analysis
(NTA, Malvern NanoSight LM1p Before NTA analysis, EVs were filtered using a 220 nm
syringe filter. The NTA capture and analysis settings include blue405 laser, ¢ave¢?, slide
shutter 1200, slider gain 146, frame per second 25, detect threshold 2, and temperature maintained
at 25 °C. For each measurement, 5 different captures were taken and anBly#teoh

characterization oEVs was done viaBradford assay, SBPAGE, and dot blot. For Bradford
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Assay, 100 pL of EVs sample was mixed with 500 pL of Bradford reagent and incubated for 10
min to read the absorbance at 595 nm. A standard absorbance graph was prepared using bovine
serum albumin (BSA) as a standard piot For SDSPAGE, EVs fractions isolated from SEC
were dried using lyophilizer and dissolved with 20 uL PBS. EVs sample was mixed with sample
loading buffer with a 1:1 volume ratio. The mixture was incubated at 90 °C for 7 min, ahd 25
of each sample vealoaded irthe wells of 420% Min-PROTEAN® TGX Protein GelsThe gel
was stained by oomassie Brilliant Blue and imaged by Bad imagerFor Dot blot, 3 pL of
each sample was addedrolyvinylidene Fluoride (PVDF) membranEhe membrane was left to
albsorb the drop and blocked by blocking buffer for 30 min at room temperature. The primary
antibody of interest (CD63, CD81, HSP70) was added and incubated overnight. Then, the
membrane was washed with wash buffer and incubated®A conjugated anthouselgG
secondary antibody (Cell signaling). The membrane was further developed using Signal Fire ECL
TM Reagent and immediately imaged by #iwager (Kodak).
6.2.4 Cell proliferation Assay

Cell proliferation analysis K7M2 cetlerived EVs (K7M2EVs) with vaious incubation
times was carried out on K7M2 and NIH/3T3 cell lines using MTT assay. Briefly, 10,000 cells
were seededi@ 6 wel | pl at es f ozenviloAmehtAftarthat,xhe méd@wasn 5 %
changed with 100 uL fresh media. Then, {00of 20 ug/mL K7M2-EVs isolated at four different
incubation times (12, 24, 48, 72 h) were treated to each cell line for 48 h. In control cefl, 100
of PBS was added. After 48 h incubation, media was removeiaidsolution (5 mg/10 mL
serumfree mediawas alded and further incubated fors52 h . DMSO was added to
insoluble formazan crystal formed after MTT t

usinga microplate reader (BioTek, Synergy H1 Hybrid read€gll proliferation behavior afte
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the treatment of EVs compared to untreated control was analyzed by calculating cell viability

percentage.

6.3 Result and Discussion

6.3.1 Reproducibility of EVs size among identical and varied incubation time and

cell-lines
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N
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Figure 6.1 Optimization of ultrafiltration -size exclusion chromatography based EV isolation
method for rigor and reproducibility analysis.

Variation in EVs size was evaluated at same and different incubation time with-serum
deprivedmedia, by carrying out-8 independent experiments for each time pdigure 6.1).
Size analysis from nanopatrticle tracking analysis (NTA) showed average size distribution of
K7M2 cell-derived EVs (K7M2EVs) from 156 nm to 220 nm across various inculpatimes:
12, 24, 48, and 72 h. Likewise, NIH/3T3 edbérived EVs (NIH/3T3EVs) showed size

distribution from 130 nm to 218 nm across various incubation tifigarg 6.2). The size of EVs
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varied by as low as 20 nm to as high as 90 nm among three indepespgleates at the same

incubation and different incubation time, suggesting that the variation in EVs size distribution is

independent of incubation time. The size analysis shows the reproducibility in EVs size at same

and varied incubation time withamn average size range of 130 to 220 nm, with arour@D2em

of variation. The similarity of peak pattern of EVs size distribution among the same and different

incubation time further support the reproducible size range of EVs among different incubation

time and cellineswhile following experimental conditions adapter herein
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Figure 6.2 Reproducibility of EVs size among identical and varied incubation time and cell

lines. The size distribution of EVs at kiad incubation times of 12, 24, 48, and 72 h, derived from
K7M2 and NIH/3T3 cells. Each time point has three independent replicate analysis representing
the average size, standard deviation, and overall distribution graph quantified by nanoparticle
tracking analysis.
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6.3.2 Size exclusion chromatography for EVs enrichment and purification
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Figure 6.3 Characterization of size exclusion chromatography (SEC) based EVs enrichment
and purification. (A) UV absorbance of 15 SEC fractions at 280 nm representing five different
independent replicates of KI2-EVs, (B and C) SD®AGE and dt blot analysis showing
enrichment of EVs marker proteins CD63, HSP70 in fractions 6 to 9, in KEW&b-Actin was

used ashousekeepingcontrol and Histone H3 was used to analyze the exténtuclear
contamination in EVs(D) UV absorbance of 15 SEC fractions at 280 nm representing five
different independent replicates of NIH/3E¥s,and(E and F) SDFPAGE,and at blat analysis
showing enrichment of EVs marker proteins CD63, HSP70 in fractions 6 to 9, in NIH/3T3. SEC
showed a similar pattern of EV enrichment in fractions 6 to 9, in both KEWRand NIH/3T3

EVs.

EVs were isolated from the optimized ultrafiltratisize exclusion chromatography (SEC)
based method as depictedrigure 6.1 The ultrafiltration based method of EVs isolation has been
demonstrated in our previous publicatién&'Here, we further characterized and optimized small
scale Sepharo8eCL-2B based SEC. SEC was run to collect 15 fractions of 0.5 mL Elgiere
6.3shows the characterization of SEC fractions by UV absorbancePAIGE, and dot lot. UV

absorbance at 280 nm data shows peak absorbance from fractions 6 to 9, which showed a

reproducible trend among five independent replicdague 6.3A). Proteins in solution absorb
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in ultraviolet range with absorbance maxima at 28G1#8The UV absorbance datacsis that
proteins are enriched in certain fractions with higher absorbance. To further confirm, these proteins
are indeed from EVs, SBBAGE and dot blot were carried out. SBBGE also showed major
protein bands in F&9 supporting the UV data. Importantidot blot showed the enrichment of

EVs marker proteins CD63 and HSP 70 at fraction§&@-igure 6.3C and H. b-actin was used
ashousekeepingontrol while Histone H3, a nuclear protein was used to examine the extent of
nuclear contamination in the EV sample. Negligible intensity observed in Histone H3 blot showed
the isolation protocol followed lead to minimal nuclear contamination.

These chacterization data confirmed that the SEC successfully enriched EVs sample in
F6-F9. The working principle of SEC is based upon -siependent differential elution time of
particles and has been reported for EVs purification and enriciféfMtEVs with the size range
of 130220 nm are expected to have similar elution time and elute within the range of a narrow
fraction. At the same time, small soluble impurities should be trapped in the small pore of SEC
beads and thefore offer separation of EVs from soluble impurities. Here, we observed maximum
EVs elution within fractions 6 to 9. To further examine the efficiency and reproducibility of SEC
based EV enrichment in different cell lines, we followed the same procedbkésiisolated from
nontcancerous cell NIH/3T3Hgure 6.3D, E, and B. UV absorbance data showed a peak from
F6-F9, similar to that of KTMZEVs. Further, SD&AGE and dot blot confirmed EVs enrichment
in F6-F9, showing similar trends as that of K7NE¥/s. The observed similar trend of protein
enrichment among independent replicate&d$ isolated fromwo different cellines suggests

the adapted EVs isolation protocol herein is highly optimized for reproducibility and enrichment.
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6.3.3 Variation of EVs protein content with varied incubation time and celtline

EV protein content was quantified by Bradford assay and normalized with respect to the
number of cells for comparative analystggure 6.4 depicts how EV protein content varies with
different incub&ion times and the trend of variation in EVs derived from a cancer cell and normal
cell. EV protein content was analyzed before and after SEC in KEW&and NIH/3T3 EVs to

analyze the impact of SEC in EV protein content and yielguge 6.4A and B.
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Figure 6.4 Variation of EVs protein content in K7M2-EVs vs NIH/3T3-EVs with varied
incubation time. (A) K7M2- EVs protein content (ug) per million cells at varied incubation time
(12, 24, 48, and 72 hpefore and after SEC, (B) KTMZEVs protein content (ug) per million

cells at varied incubation time ( 12, 24, 48, andhy,Dbefore and after SEC, (Cawation of EVs
protein content quantified after SEC among different incubation time inZKEWs and NH/3T3

EVs, and (D) potein recovery percentage after SEC in EVs incubated at the varied time and two
different sources: K7TMEVs and NIH/3T3 EVs (** #P-value< 0.005, * =P-value< 0.05, ns=
nonsignificant, Unpaired-test).
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As expected, EV protein camt (ug/million cells) decreased after SEC among all
incubation time point samples (12, 24, 48, and 72 h) for both KEM&and NIH/3T3EVs. This
decrement can be attributed to the exclusion of soluble protein impurities after SEC, and, in part,
to the preedural loss. K7TMZEVs showed an increment in protein content with incubation time,
from 12h to 72 h, which showed a similar trend before and after BigGré 6.4A). However,
the increment in protein content from 48 h to 72 h after SEC was relativelgridwstatistically
nonsignificant compared to the increment in protein content from 48 h to 72 h befores SEC (
P-value < 0.05, ns= nesignificant, Unpaired-tes). This can be due to the increment in soluble
impurities in EV\72h samples, possibly duethe reduced cell viability at higher incubation time
leading to more floating dead cells. The reduction of protein recovery % after SEC at 72 h time
point further supports this observatioRigure 6.4D). Interestingly, the EV protein content
variation wth varied incubation times follows a different trend in NIH/33s, particularly
before SECKigure 6.4B). Protein content before SEC shows increment from 12 hto 24 h, and a
similar range in 24 h and 48 h, while increases sharply in 72 h. Here alson marttent after
SEC do not increases in the same fold in 72 h sample, suggesting the sharp increase in protein
content before SEC should be significantly contributed by soluble protein impurities rather than
EVs. Again, lower cell viability at 72 h incabion time point leading to high floating dead cells
may result in such observatidrigure 6.4C shows the comparison between EV protein content
in K7TM2-EVs and NIH/3T3EVs at varied incubation time. In all incubation time points, from 12
h to 72 h, KTM2EVs showed higher protein content compared to NIH/BEV3. The average
protein content (ug/million cells) after SEC were\&319 in 12 h, 73/s25 in 24 h, 13¥s50 in
48 h, and 140/s97 in 72 h, in K7TM2EVs Vs NIH/3T3-EVs respectivelyFigure 6.4D shows

protein recovery % after the SEC in K7NE¥/s and NIH/3T3EVs. K7TM2-EVs showed higher
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protein recovery % compared to NIH/3'E3/s at all time points suggesting K7M2/s could
have relatively fewer soluble impurities than NIH/3E¥'s. Additionally, both EVshowed the
highest recovery % in 48 h incubation time, an average of 72% for KW&and 45% for
NIH/3T3-EVs. These data conclude that EVs derived from cancer cell K7M2 show higher protein
content compared to narancer NIH/3T3, and 48 h incubation tinsedptimum for best protein
recoverywhile following the protocol discussed here®ne key difference between the K7M2
EVs and 3T3EVs was the expression of markers proteins, strikingly HSP70 was highly expressed
in K7TM2-EVs compared to 3FBVs (Figure 6.3C and F). It has been reported that HSP70 is
specifically overexpressed in cancer celisived EVs compared to naancer cells and our data
further support this poirf£::*??This differential expression of HSP70 in cancer cell der¥d
can be exploited for the developmen&df-basedcancer biomarkerfor early cancer diagnosis
6.3.4 Variation of EVs concentration with varied incubation time and ceHline

EV concentration was quantified using NTA and normalized with cell number for
comparative analysi&igure 6.5shows the variation in EV concentration with varied incubation
time in K7M2EVs and NIH/3T3EVs. Both EVs showed incubation tirdependent
concentrationZ0%ml per million cell3- the higher the incubation time, the higtie concertation.
However, the rate of increment of EVs concentration with incubation time was much higher in
K7M2-EVs compared to NIH/3T3Hgure 6.5A and B suggesting aggressive cellular
communication in canceK7M2-EVs average concentratiodCf/ml per million cells) ranges
from 0.83 to 14.87 compared to 1.13 to 3.71 for NIHFENS, from 12 h to 72 h time point.
Except for the 12 h time point, the average EV concentration was higher in-EYSlI2ompared
to NIH/3T3-EVs. The average EV concentratiotOf/ml per million cells) after SEC was 0.83 vs

1.13in 12 h, 3.04 vs 2.05in 24 h, 8.39 vs 2.44 in 48 h, and 14.87 vs 3.71 in 72 h, irEK/BM2
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vs NIH/3T3EVs respectively. This observation agrees with the trend of higher EV protein content
in K7M2-EVs conpared to NIH/3T3EVs. As expected, with higher protein content, higher
concentration was observed and wegsa. To quantitatively analyze the relation between EVs
protein content and concentration, we did correlation analysis, which showed a posiéhaioar

of EVs protein content with the total number of EVs, as confirmed by high Pearson r and Spearman
r coefficient in both K7TM2EVs (Pearson r=0.899, Spearman r=0.946) and NIHEBVYS (Pearson
r=0.899, Spearman r=0.87%igure 6.5C and D.

Concentration of EVs at varying incubation time: KA#Zs Vs NIH/3T3EVs
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Figure 6.5 Variation of EVs concentration in K7M2-EVs vs NIH/3T3-EVs with varied
incubation time. EV concentrationlx1® /million cells) at varied incubation time (12, 24, 48, 72

h) in (A) K7TM2-EVs and (B) NIH/3T3 EVs. (C and D)d@relation of K7TM2EVs and NIH/3T3

EVs number with total protein content (ug). EVs number positively correlated with protein
content, as represented by high Pearsand Spearman r correlation coefficient.
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6.3.5 Variation in EVs functionality with varied incubation time

We were able to characterize the variation in EVs size, protein content, and concentration
with different incubation times and cell lines. To lgma whether these variations will have any
functional impact, we decided to carry out a cell proliferation assay using MTT assay. EVs are
reported to play role in cellular communication and may impact their proliferation rate. We treated
the equivalent aount of K7TM2EVs with four different incubation times (12, 24, 48, and 72 h) to
K7M2 and NIH/3T3 cells for 48 h to study the effect on cell proliferation. Cell viability data was
used to analyze cell proliferation which showed an average of 100% or mbreabdity
compared to the untreated control, in both cell lifigyre 6.6) Importantly, 72 FEVs showed
significantly higher average cell viability compared to other time points, in both K7M2 cells
(109%, Rvalue <0005) and NIH/3T3 cells (113%, P valQe5) when compared to respective
controls This suggests that 72BVs positively helped in cell proliferation in both K7M2 and
NIH/3T3 cells resulting in a greater number of cells compared to the untreated control, while the
rest of the EV samples hageneutral effect in cell proliferation and viability, similar to that of
untreated controls. Here, all EVs samples, with an average of 100% or more cell viability shows
good characteristic for a biocompatible and safe delivery agent.

One important obseation heres the slightly increased proliferation characteristic with
72 h samples. This suggests that with the variation in incubation time, the functionality of EVs can
be different. Although we used an equivalent amount of EV protein content (10D yudy/raL),
there were differences in functionality regarding cell proliferation:E#¥k are produced by most
stressed cells in terms of nutrient deprivation among four different incubation time points analyzed
in this study. In that regard, stressed EVy batter communicate with cells and influences cell

proliferation here. A similar observation was described by Garcia et al. where the author reported
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stronger preproliferative and praangiogenic effects of stressed EVs derived from nutrient
deprived cel compared to normal EVs from control conditidfis?* Further analysis on
proteomics of EVs ahcellular internalization study is required to confirm the mechanism behind
the observed difference in functionality. Nevertheless, we found that the variation in incubation
time may have a functional impact. Therefore, it is important to characterizalyeovariations

in EVs isolation and processing to envision better reproducible and translational EVs research.
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Figure 6.6 Cell proliferation assay via MTT. Cell proliferation of (A) K7M2 and (BNIH/3T3

cells after 100 pl, 20 pg/ml KTMEVs (12, 24, 48, 72 h) treatment for 48 h, quantified in terms
of % cell viability compared to untreated cells. (*** = P value 0.0003, (* = P value 0.0101, ns=
nonsignificant, Mann Whitney t test)

6.4 Conclusion

The heterologous characteristic of EV production which depends upon the state of the
parent cell and isolation condition has led to challenges in the reproducibility and translation of
EV research. Proper characterization of EVs variation with variedtisolconditions and detail
reporting of isolation parameters can aid to overcome this challenge. Here, we characterized how
varied incubation times can affect the size, protein content, and concentration of EVs among cancer

and noncancer cell lines, bysing an optimized ultrafiltraticSEC based method. We found that
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cancer cell produces more EVs, both in terms of number and protein content, compared to the non
cancer cell, which increases with incubation time. The optimum incubation time with the best
protein recovery was 48 h. The size of EVs was independent of incubation time or cell types,
varying within a range of 13020 nm.Variation in cell proliferation characteristic of 728Vs
suggestifferential functionality otighly stressed EVs. This sty has successfully optimized a
reproducible ultrafiltratiorSEGbased EV enrichment method and explored the variation of EVs
production and functionality among cancer and-oancer cell. Such characterization can be
important steps toward the fundamentalderstanding of rigor and reproducibility in EV

production and function to realize the translational avenues of EVs research.
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Chapter7-Summary and Future Out

The lIpid-basedvesiallar system®ffer exciting opportunities for drug delivery owing to
their cdloidal stability, selfassembly, biocompatibility, ability to load hydrophobic to hydrophilic
cargo, and plethora oftargetspecific functionalizing potentia In this regard, liposomes and
EVs are two vesiclebased systegwith structural similaritis that aradeal for drug delivery.
Liposomes are easy to prepare, control, and functionalize, while EVs have endogenous cell
derived functionality. In this dissertation, we used liposomes, &\Wstheir hybrids to exploit the
advantages of both systenwhile mitigatingrespectiveshortcoming.Our major goal of using
these systeswas to overcome two major challenges associated with nanoparticulate drug delivery
system 1) how to overcome endosie degradation of nanoparticles and maximize intracellular
bioavailability and 2) how to overcome biological barriers for efficient and targeted deliapiy
immune clearance, circulation stability, epithelial barriers, microenvironment barriersargellu
and intracellular barriers. Toward themdeavorwe engineered a pkesponsive D&iposome,

Hybrid exosome (HE), and gadolinisinfused hybrid extracellular vesicles (GtEV) by using
fundamental chemistry and engineering approaches.

DC-liposome showd pHresponsive cationic and fusogenic properties thereby avoiding
endosomal degradation by membrane fusiGhapter 3). Although the invitro results were
promising, the challenge to overcome the biological barrier remains. To overcome this problem, a
natural messenger of the cellular system, which has been optimized with years of evolution, EVs,
was used. We optimized a simple, efficient, and reproducible EVs isolation method by combining
centrifugation, ultrafiltration, and size exclusibased chromagyaphy.HE showedetteroverall
yield, stability, and added functionaljtyith preferential interaction toward cancer cells, showing

promises for tumetargeted drug deliveryChapter 4). Further GdAHEV showed optimum
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stability, higher gadolinium retern, tumortargeting property, and longer blood retention time
for contrastenhanced magnetic resonance imag{@hapter 5). Overall, the engineered
nanoparticles showedesirablecharacteristics vizendosomal degradation via escape, longer
retention time good biocompatibility, efficient drug loading capacity, and tutaogeting
characteristicTherefore, the demonstrated pradfconcept and design consideration of vesicles
based drug delivery systsrmdd important understanding on the implicationsheke systesto
achieve efficient tumetargeted drug delivery.

However, the translationgdotential of the proposed system remaicdsallenging The
heterogeneousature of EVs production and functionality depending tbe physiological
condition ofthe parent cell and diverse isolation parametadsls challenges in translational EVs
research and demands more research in the field. We eXplgrart of this heterogeneity by
characterizing the variation in size, protein content, concentration, and functionality of EVs among
varied nutrientstress conditiomand cell linescancer vs noftancerChapter 6). We found that
EV protein content anthe number increases with incubation time in semeprived condition,
and cancer celllerived EVs produces more EVs compared tocamcer These observatiorese
evident that EV@roductionand functionalityaredependentipon secreting cell§ hereforeit is
important for the propecharacterizatiorof possible variation and detail reporting of isolation
parameterto envision aeproducibleand translatioal outcome Given the exploding EV research
with breakthrough promises in drug delivery, diseasgmiisis, and therapy, future research
should focus on accountingr the innate heterogeneity and variation in EV production and
functionality. Further, exploring the molecular mechanism bebglthlar communicatiorcan
lead towardabetter understandingf these systesto realize the translational potential of vesicle

based nanocarriers for tura@rgeted drug delivery.
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Figure 3.S1In-vitro drug loading via passive methodDoxorubicin (DOX) loading efficiency
and DOX content by weight percentage with respect to carrier in different initial input
concentration of DOX (ng/mL).
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Bright Field RhB labelled Nuclei
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Figure 4.S1 Confocal image of mouse fibroblast NIH/3T3 showing time dependent
internalization of RhB labelled hybrid exosomes in 3T3, after 0, 1.5, 3, and 6 h treatment.
Internalization was quantified in terms of Corrected Total Cell Fluorescence (CTCF) using ImageJ
(*** = p<0.0001, N.S= Nosrsignificant, t tst).
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Bright Field RhB labelled Nuclei Merged
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Figure 4.S2 Confocal image of mouse breast cancer cells 48howing time dependent
internalization of RhB labelled hybrid exosomes in 3T3, after 0, 1.5, 3, and 6 h treatment.
Internalization was quantified in terms of Corrected Total Cell Fluorescence (CTCF) using ImageJ
(*** = p<0.0001, N.S= Norsignificant, t tst).
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