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Abstract

The wound healing process often leads to scar formation that can negatively affect patients
both physically and psychologically. The management and treatment of scars also place a
considerable financial burden on healthcare systems. Significant efforts are being made to improve
wound healing outcomes by accelerating closure while simultaneously minimizing scar formation.
To facilitate scarless wound healing, developing an anti-scarring treatment that modulates dermal
fibroblast activity is a promising strategy, with pirfenidone (PFD) showing potential due to its anti-
fibrotic properties by targeting intracellular pathways that regulate collagen disposition. PFD,
particularly when delivered via dermal fibroblast-derived exosomes, may further enhance

therapeutic effectiveness and promote scarless healing.

To achieve this goal, we began by isolating high-purity exosomes from in vitro cultured
human dermal fibroblasts. Two common isolation methods—PEG precipitation and affinity-based
techniques—were compared to identify the most efficient approach for obtaining high-purity and
relatively homogenous exosomes. A range of characterization techniques, including transmission
electron microscopy (TEM), atomic force microscopy (AFM), antibody arrays, and enzyme-linked
immunosorbent assays (ELISA), confirmed the successful isolation of high-purity exosomes. The
affinity-based method demonstrated superior performance, yielding well-dispersed and highly
pure exosomes. Due to the difficulties in achieving efficient drug encapsulation in exosomes, the
following chapter specifically focused on the encapsulation and formulation optimization of the
antifibrotic compound PFD and explored the use of exosomes as a drug delivery platform. We
optimized an active drug loading method using sonication to enhance encapsulation efficiency
(EE%) and loading efficiency (LE%), ensuring that careful control of the sonication process

maintained exosome integrity. The optimal formulation of PFD-exosomes achieved an EE% of



11.14% + 1.27% and an LE of 10.01% + 1.03%, with a particle recovery rate of exosomes at 64.21%
+ 8.49%. Then, we investigated how to harness exosomes from dermal fibroblasts and PFD-
exosomes as innovative strategies for achieving scarless tissue repair in wound healing. Our
findings showed that exosomes enhanced fibroblast migration and proliferation through an
autocrine mechanism, highlighting their potential as a stand-alone cell-free therapy for wound
healing. Additionally, this study was ground-breaking in demonstrating that exosomes can improve
the efficacy of PFD as a drug carrier, amplifying its anti-fibrotic effects in both in vitro and in vivo
models. The in vivo results indicated that PFD-exosomes accelerated wound healing while
organizing the extracellular matrix (ECM) by reducing excessive collagen deposition. Overall,
PFD-exosomes present an innovative strategy for pre-scarring interventions, offering benefits of

enhanced wound healing outcomes while minimizing scarring.
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Chapter 1 Introduction

The first part of the introduction was adapted from the following review article:

Wang J, Chen D, Ho EA. Challenges in the development and establishment of exosome-based
drug delivery systems. J Control Release. Published online October 12, 2020.

doi:10.1016/j.jconrel.2020.10.020



Skin is the largest organ in the human body, making up 16% of total body weight and
serving as the primary barrier against bacterial infection and environmental hazards. The wound
healing process often results in scars that differ aesthetically, functionally, and morphologically
from normal skin. Scarring that occurs after surgical procedures or traumatic injuries can have
significant negative impacts on patients, leading to complications such as itchiness, pain, and
physical dysfunction'. Patients with visible scars also suffer from psychosocial trauma with
diminished self-esteem, anxiety, and depression?. In developed countries, over 100 million patients
develop scars from surgical procedures each year’, with an even larger number seeking scar
reduction therapies. Management and treatment of these scars impose a significant financial
burden on healthcare systems. In 2015, the annual cost for scar management was estimated at $20
billion in 2015%, and the global market for scar therapy is projected to reach approximately $52.8
billion by 2030°. Significant efforts have been made to improve wound healing outcomes for
patients, focusing on three main goals: 1) protecting wounds from external threats, such as
bacterial infections and mechanical forces; 2) accelerating wound closure; and 3) minimizing scar

formation.
1.1Physiology of wound healing

1.1.1 Anatomy of skin

From the outside inwards, the anatomy of skin is composed of superficial epidermis, in-
depth dermal layer and hypodermis (subcutaneous tissue) in Figure 1.1. The epidermal layer serves
as a critical barrier, offering physical, chemical, and biochemical barrier and protect the skin from
hazardous environmental threats. The epidermis is typically divided into five distinct layers: the
stratum basale, stratum spinosum, stratum granulosum, stratum lucidum, and stratum corneums®.

The predominant cell type in the epidermis is the keratinocyte, which makes up about 80-90% of



the cellular composition. These cells originate in the stratum basale and undergo progressive
differentiation as they migrate toward the surface layer, the stratum corneum. During this process,
keratinocytes produce keratin and other structural proteins that form the stratum corneum. The
epidermis also includes melanocytes, which produce melanin for skin tone; Langerhans cells,
which support immune defense against pathogens; and Merkel cells, which are involved in sensory
perception’. The dermis layer provides the skin its strength and flexibility, consisting of two
distinct parts: the papillary and reticular layers®. The papillary layer, located closest to the
epidermis, contains numerous capillaries, lymphatic vessels, nerve endings, and sensory receptors.
In contrast, the reticular layer is made up of dense connective tissue, including collagen, elastic,
and reticular fibers, which provide the skin with elasticity, strength, and pliability. Fibroblasts are
the predominant cells in the dermis, responsible for synthesizing and maintaining the extracellular
matrix (ECM)’. The ECM is primarily composed of collagen and elastin fibers, which are
embedded in a nonfibrous ground substance made up of proteoglycans and glycosaminoglycans.
Together, collagen and elastic fibers contribute to the skin's strength and elasticity, offering crucial
structural protection for the underlying muscles and organs. Hypodermis is the deepest layer of the
skin, consisting of loose connective tissue, blood vessels, and nerves. This layer contains important
cell types, including adipocytes, fibroblasts, and macrophages!’. Adipocytes, or fat cells, play a
crucial role in thermoregulation and insulation, while also storing nutrients and protecting the

underlying tissues from injury.
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Figure 1.1 Anatomy of skin. Created with biorender.com

1.1.2 Wound healing process

Wounds can result from a variety of causes, including excisional injuries like surgical
procedures, external factors such as pressure, burns, and cuts, as well as underlying conditions like
diabetes or vascular diseases. These types of damage are categorized as either acute or chronic
wounds based on their underlying causes and resulting consequences. Acute wounds commonly
result from some form of trauma that could be blunt or penetrating in nature (such as surgical
incisions, gunshot wounds, animal bites etc.), which generally heal over a short time frame. The

time course of acute wound healing is usually from 5 to 10 days. Wound healing is a complicated



physiological process that is governed by a huge diversity of cellular and molecular events.
Traditionally, the wound healing process can be classified into four over- lapping phases:
hemostasis, inflammation, proliferation and remodeling!!. Excessive inflammation, persistent
infections, and biofilm formation can delay wound healing or contribute to the development of
chronic wounds'?. The severity and type of injury influence the final appearance of wound. An

excessive healing response can lead to dermal fibrosis, resulting in hypertrophic scars or keloids!>.

1.1.2.1 Hemostasis

Hemostasis is the body's immediate response to stop bleeding when dermal tissue is
wounded with vascular injury. Blood floods into the injury site, and the components within the
blood, particularly platelets, interact with dermal collagen and other elements in the ECM. This
interaction prompts the platelets to release factors that promote blood clotting. The blood clot
typically consists of a network of fibrin fibers, platelets, and circulating clotting factors'4, which
work together to seal the wound and prevent further blood loss. The blood clot and surrounding
tissues act as reservoirs for cytokines and growth factors, such as transforming growth factor
(TGF-p), platelet-derived growth factor (PDGF), fibroblast growth factor (FGF), and epidermal
growth factor (EGF)". These substances play crucial roles in initiating inflammatory responses

and provide a framework for the migration of various cells essential for healing.

1.1.2.2 Inflammation

After bleeding is effectively managed, inflammatory cells move into the wound through
chemotaxis and stimulate the inflammatory phase. This phase of wound healing mainly serves to
defend against micro-organisms local infection, remove damaged tissue debris and prepare the
wound environment for repair. In an early inflammatory phase, cytokines and growth factors

released from the activated platelets can recruit inflammatory cell such as neutrophils to migrate



near the blood clot. Neutrophils can directly ingest foreign particles and produce antimicrobial
substances (e.g lactoferrin, proteases, neutrophil elastase and cathepsin) for combating infections!®.
Monocytes are then attracted from the bloodstream to the wound site where they are activated to
differentiate into macrophages, and the transition of monocytes and presence of macrophages mark
the arrival of late inflammatory stage. Macrophages further contribute to the inflammation process
by the phagocytosis of tissue debris, dead cells, and bacteria!’. The inflammatory phase of wound
healing persisted as long as necessary, ensuring the removal of excess bacteria and debris from the
wound. However, prolonged inflammation can lead to significant tissue damage and hinder the
subsequent proliferation phase, which result in formation of chronic wounds. Excessive
inflammatory responses also contribute to the formation of exaggerated scars. This occurs because
inflammatory cells release pro-inflammatory cytokines (IL-1, IL-6 TNF-a!®), which stimulate the
proliferation of fibroblasts and the production of the ECM'Y. As the ongoing inflammatory
responses remain in equilibrium, the healing process gradually shifts towards the proliferative
phase, aimed at repairing the wound. This transition occurs when macrophages begin to release
enzymes and cytokines that trigger the migration and proliferation of keratinocytes, fibroblasts,

and endothelial cells to wound bed.

1.1.2.3 Proliferation

Proliferation process of wound healing is the major event that contributes to wound healing
and scar formation. This stage is characterized by re-establishment of fresh tissue which includes
re- epithelialization (covering the wound surface) and angiogenesis (restoring the vascular network)
and forming granulation tissue (filling the dermis). In the epidermal layer, keratinocytes start to
migrate from the edges of the wound and proliferate into a complete sheet of cells, ensuring an

adequate supply of cell population to encase the wound?’. Keratinocytes produce proteins (keratins)



to rebuild the basement membrane?!. Angiogenesis, the formation of new blood vessels, is a vital
process in the development of granulation tissue. Insufficient angiogenesis can lead to ulceration
and impaired healing. Newly formed capillaries ensure normal blood flow and provide sufficient
oxygen and nutrients for the growth of new tissues and carry away all waste during repair??. To
restore blood vessels, endothelial cells are stimulated by proangiogenic factors such as vascular
endothelial growth factor (VEGF), PDGEF, basic fibroblast growth factor (bFGF), and the serine
protease thrombin, prompting them to proliferate and migrate towards the source of the angiogenic
stimulus, where they then organize into small tubes at the dermal layer to form new capillaries and

blood vessels?2.

In response to inflammatory mediators like fibronectin and growth factors such as PDGF,
TGF-B, and bFGF, fibroblasts primarily migrate from the surrounding dermis to the wound site'>.
Once in the provisional wound matrix, these fibroblasts proliferate while simultaneously secreting
ECM components. The ECM serves as a scaffold that supports cell adhesion, migration, growth,
and differentiation during the wound healing process, effectively filling the wound gap. Both
resident fibroblasts and fibroblasts migrated from bone marrow (also known as circulating
fibrocytes) are activated by TGF-B1 to differentiate into myofibroblasts phenotype that is a type
of highly contractile cells and responsible for production of abundant ECM molecules®?, notably
collagen types I-VI and XVIII, glycoproteins, and proteoglycans for building up the structural
integrity of and provide strength of granulation tissue. The new granulation tissue contains high
content of collagens is characterized by pink, vascular, fibrous tissue which replace the clot at the
wound site. Normal function of fibroblasts is an essential event during wound repair; however,

fibroblasts over-activation, dysfunctional connective tissue metabolism, and excessive production



of several ECM components are the cause of all skin scarring including normal scars or

pathological scars*.

1.1.2.4 Remodeling

The final stage, remodeling, usually takes place over months to years, during which the
majority of the cells involved in the previous healing process (macrophages, endothelial cells, and
fibroblasts) undergo apoptosis?®. New-established ECM in new tissue also alters, mediated by
matrix metalloproteinases (MMPs) and tissue inhibitor of metalloproteinase (TIMPs)*°. High
levels of collagen type I1I and proteoglycans are gradually replaced by more robust type I collagen,
and the orientation of collagen fibrils becomes more organized!!. Cell fibrosis and excessive
deposition of disordered ECM dominated by collagen lead to the formation of scar?’. Following
severe injury, certain components of the skin such as hair follicles and sweat glands are unable to
regenerate, resulting in a healed skin that can only attain a maximum of 80% of its original tensile
strength. The final outcome of the remodeling phase is new avascular and acellular tissue?®, which

is less thick, firm and red than initially formed scar tissues.

1.2 Strategies for mitigating scar formation

Current strategies to reduce scar formation from excisional injuries can be categorized into
two approaches: 1) interventions before the remodeling stage, known as pre-scarring interventions,

and 2) therapies administered after the remodeling phase, referred to as post-scarring treatments.

1.2.1 Post-scarring treatments

Scar maturation can take years, leading patients to seek medical treatment only after scars
develop into red, itchy, and raised tissue following surgery, trauma, or burns?’. Therefore, the

clinical reality postulate post-scarring therapies, which aim to revert collagen disposition and



reduce mature scar tissue. According to the latest International Clinical Recommendations on Scar
Management, the only evidence-based treatments for improving scar quality are topical silicone
applications and intralesional corticosteroid injections®°, compared to other accepted therapies like
surgical excision and pressure garment therapy. Silicone gels and sheets are the gold standard and
first-line option, offering a non-invasive and effective way to enhance scar color, thickness, and
flexibility®!. Major shortcomings lie in the poor adherence of medication and possible skin allergy,
dermatitis, itch, or skin breakdown caused by silicone-based products®2. Intralesional steroid
injection, such as triamcinolone acetonide, also prevent scars by decreasing inflammation,
inhibiting fibroblast proliferation, and by reducing collagen synthesis®®. Patient compliance with
corticosteroid injections is often low due to pain, high rates of scar recurrence (ranging from 9%
to 50%), and side effects, which may include atrophy of surrounding skin, hypopigmentation, and

telangiectasia.

1.2.2 Pre-scarring interventions and targets to mitigate scar formation

From a clinical point of view, earlier pre-scarring intervention hold greater promise than
existing post-scarring therapies, as it is generally more difficult to alter ECM architecture and
reverse mature scars than to prevent scar formation. Pre-scarring intervention focuses on the
effective application of pharmaceutical agents, either locally or systemically, to influence the
proliferation stage of wound healing. For instance, specific mediators have been identified to
diminish fibroblast activation and the associated synthesis of ECM, as well as to disrupt the action
of fibrogenic growth factors®*. Given the complexity of fibrotic conditions, successful pre-scarring
interventions require consideration of multiple signaling pathways and the use of novel multicargo-

delivery therapies®. For example, the co-delivery of TGF-B inhibitor and histone deacetylase



inhibitor has been developed as a strategy to modulate skin fibrosis*®. The development of

advanced multi-delivery systems is crucial for achieving enhanced therapeutic effects.

1.3 Exosomes

The discovery of membranous vesicles can trace back to 50 years ago, although these
vesicles were originally assumed to be cell wastes released via shedding of the plasma membrane.
In 1983, exosomes were recognized by Pan and Johnstone®’ and Harding and Stahl*® when
studying on the transferrin receptor of reticulocyte. They found transferrin receptors are jettisoned
from maturing blood reticulocytes into the extracellular space within small extracellular vesicles.
Until 1989, Johnstone defined the name “exosome” for these extracellular vesicles (EVs). EVs
carry various types of molecules, including proteins, lipids, and nucleic acids, as cargo. The key
function of extracellular vesicles is molecular transfer ability from one cell to nearby or remote
cells at a target tissue site. These cargos often consist of pathophysiological biomarkers and can
influence the fate of recipient cells and tissues. Currently, extracellular vesicles are classified into
three major categories: exosomes, microvesicles (MVs) and apoptotic bodies (summarized in
Table 1.1). However, emerging subpopulation of extracellular vesicles such as migrasomes,
autophagosome are identified and classified depend on their biogenesis, morphology and function.
The largest EVs (1-5 um) are apoptotic bodies that are formed during the late stages of apoptosis,
which is a programmed cell death procedure. Typically, apoptotic bodies result from the
fragmentation of cells and contain fragmented DNA. They facilitate the efficient removal of
cellular debris by attracting phagocytes. MVs are vesicular structures shed by direct outward
blebbing of the plasma membrane, and they deliver membrane protein, enzymes, growth factor
receptors, cytokines, chemokines, lipids, and nucleic acids, including miRNAs, genomic DNA,

and oncogenic genes*. MVs exhibit a considerable and diverse size range, in contrast to exosomes,
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which typically maintain a more uniform size, falling within the range of 50 to 100 nm in diameter.
Exosomes are distinct from other EVs due to their smaller size, their origin from endocytic

compartments, and their unique set of markers and functions.

Table 1.1 Major classification of extracellular vesicles

Classification Size Origin

Release by exocytosis of
Multivesicular bodies (MVBs)
Blebbing of plasma membrane/
Microvesicles 100-1000 nm Outward budding and pinching
off from the plasma membrane

Exosomes 30-150 nm

Blebbing of apoptotic cells
Apoptotic bodies 1-5 um during cell shrinkage and
programmed death

Newly found organelles
produced by migrating cells and

Migrasomes 500 - 3000 nm . .
grow on retraction fibers trailing
behind the cells
Formed during autophagy that

Autophagosome 0.5- 1.5 ym sequesters and delivers cargoes

for their degradation or
recycling into the vacuole

1.3.1 Exosomes biogenesis

All cell types, from both plant and mammalian cells, and from embryonic stem to aged
cells, produce exosomes®. Exosomes biogenesis begins with endocytosis, where plasma
membrane fold inward and forms a cup-shaped structure that includes cell-surface proteins and
soluble proteins from the extracellular milieu. This process forms early endosome, which may also,
in some instances, directly fuse with an existing early endosome. Cargo intended for recycling will
localize to the peripheral regions of the endosome and then either fuse with the Golgi network or
the plasma membrane in the recycling endosome. Cargos not destined for recycling accumulate in

the central vacuolar regions of the early endosome, leading to endosomal maturation. This process
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transforms early endosomes into late endosomes and then into multivesicular bodies (MVBs).
MVBs are formed through the inward invagination of the endosomal membrane, forming
intraluminal vesicles (ILVs) within them. These ILVs eventually develop into exosomes. MVBs
have two potential fates: they can fuse with lysosomes or autophagosomes for degradation, or they

can merge with the plasma membrane to release ILVs as exosomes®*!.

Recipient cell

_—_ Microvesicles

Budding

Exosomes

Fusion with
plasma membrane

Lysosome

Endocytosis

Figure 1.2 Mechanisms of exosomes biogenesis. Created with biorender.com
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Exosome biogenesis is dependent on the site of biogenesis, membrane lipid composition
and protein sorting. Overall, the mechanisms of exosomes biogenesis involve several types of
proteins, including the ESCRT (endosomal sorting complexes required for transport) proteins, as
well as accessory proteins like Rab, Sytenin-1, TSG101 (tumor susceptibility gene 101), ALIX

(Programmed cell death 6-interacting protein), tetraspanins and syndecan-14

. Lipids including
phospholipids, ceramides, sphingomyelinases also control exosomes biogenesis in a ESCRT-
independent manner®’. These proteins and lipids work together to attach to prospective exosome
contents and facilitate the formation of ILVs that encapsulate these materials. The biogenesis of
exosomes is influenced by various external factors such as cell type, cell density, serum conditions,
and the presence or absence of cytokines and growth factors*. For instance, cancer cells tend to
release more exosomes compared to non-cancer cells*. Serum deprivation stimulated the secretion

of exosomes by the stem cells *°. Additionally, the production and release of exosomes by stem

cells can be enhanced by adding specific soluble cytokines directly to the culture medium*.

1.3.2 Exosomes structure and composition

Exosomes are small, nano-sized vesicles with a lipid bilayer that encloses various
biological molecules but do not contain cellular organelles. They lack proteins from the nucleus,
mitochondria, endoplasmic reticulum, or Golgi complex. Instead, exosomal contents originate
from the parent cells and include proteins, lipids, and nucleic acids that reflect the functions and
metabolic states of these cells, potentially affecting the activities of recipient cells.*’ Exosomes
from different cell origin typically have unique cargo compositions, although they often share
certain proteins on their surfaces and within their cytosol. Individual EVs typically contain less
than 100 total proteins, which is summarize in the Table 1.2. Proteins such as tetraspanins (CD9,

CD63, and CD81) are involved in essential processes like cell communication, fusion, invasion,
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motility, and signal transduction**. Additionally, ALIX, flotillin, and TSG101 are present in
exosomes because they play a crucial role in their biogenesis*®. Rab protein and annexin are crucial
for the fusion and transport of vesicles, helping to mediate the docking of MVBs with the plasma
membrane and regulating the secretion of exosomes®. Exosomes are also rich in specific
membrane lipids, such as cholesterol (42.5% of lipids), sphingomyelin (12.5%),
glycosphingolipids, phosphatidylserine, and ceramide, varying by cell type*. The nucleic acids
within exosomes are packaged in a highly selective and non-random manner”, influenced by the
origin of the cells, tissues, and biological fluids. Some RNAs prominent in cells (such as rRNAs)
are largely absent from their exosomes, whereas many different mRNAs and non-coding RNAs
(primarily miRNAs>! and tRFs) are often relatively over-represented>?. Exosomes also contain
various other RNA species, including mRNA fragments, snRNAs, snoRNAs, mitochondrial RNAs
(mtRNAs), piRNAs, vault RNAs (vtRNAs), Y RNAs, circular RNAs (circRNAs), rRNA

fragments, and long non-coding RNAs (IncRNAs).
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Table 1.2 Composition of exosomes

Surface protein

Protein

Tetraspanins>

CD9, CD63, CD37, CD81, CD82,
CD53

Major histocompatibility
complex (MHC)

MHC class I and class II proteins>*

Integrins

[3255, B456 ,a4B157, (16[3158, (16[5459,
avp3®, avp3s!, avp6s?

Cell surface peptidases

Animopeptidase N®, Dipeptidyl-
peptidase V%, Glycosidase®

Membrane trafficking
proteins®

Annexins I, II, IV, V, VI, Rab 7 and
Rab 11

Glycoprotein

N-linked and O-linked glycoproteins

Lipid raft-associated
protein”

Ganglioside GM1, Src tyrosine
kinase Lyn, and flotillin-1

Signaling proteins’!

GTPase HRas, Ras-related protein,
Src, and RhoA

Receptors

Epidermal growth factor receptor
variant 111 2

Cytosolic proteins

Hot shock protein (HSP)
9

HSP27, HSP70, HSP90

Cytoskeletal proteins’™

Actin, myosin, tubulin, cofilin,
moesin, Erzin, Radixin, Vimentin

MVB- related proteins’

ALIX, TSG101, Clathrin, Vps
(vacuolar protein sorting), Rab
proteins

Growth factors

TGFB-17%, VEGF-A7", EGFR™

Active enzymes”’

DNA

Double-stranded DNA88! single-
stranded DNA, mitochondrial DNA

Nucleic acid

Coding RNAs mRNA3?
Regulatory noncoding miRNAs, IncRNAs333, circRNAs?>,
RNAs piwi-interacting RNAs (piRNAs)

Housekeeping noncoding
RNASs8

ribosomal RNAs (rRNAs), transfer
RNAs (tRNAs), small nuclear RNAs
(snRNAs), small nucleolar RNAs
(snoRNAs)

Lipid®

Ceramide, cholesterol,
sphingomyelin, glycosphingolipids,
phosphatidylethanolamines (PE),
phosphatidylcholine (PC),
phosphatidylserine (PS),
phosphatidylinositol (PI)
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1.3.3 Exosomes function and medical application

Exosomes participate in intercellular communication and modulate different signaling
pathways. Once delivered to target cells, exosomes regulate the behaviour and morphology of
recipient cells, which may result in either normal physiology or pathogenesis depending on the
origin of exosomes. This discovery of exosomes paves the way for their medical applications,
including disease diagnosis, exosome-based therapies, drug delivery systems, and cancer
vaccines®’. Firstly, exosomes carry molecules originated from their parent cells, which can be
detected in biological fluids such as blood, urine, or cerebrospinal fluid®®. These cargos can serve
as diagnostic markers for different diseases. In terms of therapy, exosome-based treatments harness
the natural properties of exosomes to deliver bioactive substances and influence disease
mechanisms. Exosomes therapies, as a cell-free option, offer same therapeutic and clinical benefits
as cell therapy®. For example, known exosomes from many native stem cells have been shown to
recover adversarial conditions and damaged tissues®’. Notably, exosomes are easier to store at
ultra-low temperatures compared to cells, which require complex handling for cryopreservation
and thawing. Exosomes offer a more controlled approach to dosage through various administration
methods, such as topical applications and injections. This versatility enhances their usability in
different treatment contexts’®. Exosomes also hold promise as drug delivery systems, as their
natural ability to cross biological barriers makes them effective carriers for therapeutic molecules.
When compared to synthetic nanoparticles, exosomes offer superior stability and biocompatibility
with low immune-rejection®!. Lastly, Exosomes are also being explored as components of cancer
vaccines, leveraging their ability to present tumor-associated antigens and stimulate an immune

response.
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1.3.3.1 Therapeutic application of exosomes in wound healing

As a stand-alone therapy, exosomes exhibit beneficial therapeutic outcomes in improving
wound healing®?. Primarily derived from human adult stem cell lines, exosome administration has
been shown in nearly all studies to positively impact wound healing. In rodent models, these
exosomes consistently accelerate healing and stimulate angiogenesis®!. Other significant benefit
of exosomes is their ability to optimize collagen deposition®, enhance cell viability in the wound
bed®* and reduce fibrogenesis. Exosomes origin from stem cells, particularly from human adipose-
derived stem cells (ADSCs) and human umbilical cord mesenchymal stem cells (hUCMSCs) were
found to enhance wound healing. For example, local injections of ADSCs- exosomes reduce the
healing time and reduce scar formation by inhibiting collagen synthesis in rodent models®!. ADSCs
that express miR-192-5p can effectively reduce hypertrophic scar fibrosis by modulating the Smad
signaling pathway. Their positive impact on wound healing is attributed to reduced collagen
deposition, prevention of fibroblast differentiation into myofibroblasts, and reduction in the
formation of hypertrophic scars®. Additionally, exosomes from hUCMSCs have been found to
increase wound healing rates, enhancing angiogenesis “®and minimize scar formation in animal
studies®’. Exosomes derived from non-stem cells such as human amniotic epithelial cells accelerate
wound healing by stimulating the proliferation and migration of fibroblasts®®. Furthermore,
fibrocyte-derived exosomes are rich in miR-21, which plays a crucial role in increasing collagen
release from fibroblasts, enhancing the deposition of mature collagen fibrils, and promoting wound
contraction in the early stages of healing”. To achieve sustained release and maintain the long-
term stability and bioactivity of exosomes, wound dressings that incorporate exosomes are being
developed. For example, exosomes from hUCMSCs incorporated into Pluronic F127 gel promote

diabetic wound healing'?’. Human umbilical vein endothelial cells (hUVECs) exosomes have also
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demonstrated improved effects in promoting re-epithelialization, collagen deposition, and
angiogenesis when incorporated into gelatin methacryloyl hydrogels used as wound dressings'®!.
Furthermore, hydrogel wound dressings that combine exosomes with antimicrobial peptides have
been found to facilitate scarless healing. This process is mediated by exosomal miR-21-5p,

offering a safe and effective cell-free approach for healing deep second-degree burn wounds'?2.

Current clinical trials (searched from https://clinicaltrials.gov/ ) on exosomes for wound

healing explore their efficacy, safety, and regenerative potential using sources like adipose tissue,
mesenchymal stem cells (MSC), plasma, and platelet-derived extracellular vesicles. These trials
(summarized in Table 1.3) show promising results in enhancing wound healing and skin
regeneration, with topical applications, injections, and personalized therapies being assessed

across various phases.

Table 1.3 Current status of the clinical trials involving exosomes and wound healing

Clinical Trial Type Objectives Collection Method Administration of Exosomes Monitoring Method
Number
NCT05475418 One-arm pilot Evaluate the efficacy 200-300ml of adipose Exosomes are mixed with Wound area measurements
study of adipose tissue- tissue collected, sterile hydrogel and covered and photographic
derived exosome extracellular vesicles with an inert dressing. documentation.
dressings in promoting  retained after
wound healing. homogenization and
filter screening
NCT02565264 Open Assess the effects of Participants’ own plasma  Participants receive daily Changes in wound
prospective autologous exosome- treatments of autologous dimensions (length, width,
clinical trial rich plasma on healing exosome-rich plasma for 28 depth).
in patients with days.
intractable cutaneous
ulcers.
NCT05243368 Pilot study Develop a therapeutic Extracted from MSCs Personalized nutritional Wound healing evaluation

approach to accelerate
healing of chronic skin
ulcers in diabetic
patients.

supplementation combined
with mesenchymal stem cell
(MSC)-derived exosome
application.

(method not specified).
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1.3.3.2 Exosomes as drug delivery system to enhance wound healing

Introducing a drug delivery system is essentially important for improving therapeutic
outcomes of drugs in the context of wound healing. One reason is that the increased expression of
degradative enzymes in wound bed and impairs the bioactivity of drugs that are administrated
topically*>. On the other hand, the rapid dilution in wound fluid fails to localize drugs at the wound
site and achieve their bioavailability®. Using exosomes as drug carrier is important to improve the
drug accumulation and enhancing drug stability during healing processs!®. As exosomes protect
their cargo from enzymatic degradation during transit through the extracellular environment*?,
exosomes may serve as carriers for efficiently deliver of both hydrophobic and hydrophilic drugs
into wound sites. For example, pioglitazone as a compound for treatment for diabetes, and
pioglitazone-treated mesenchymal stem cell (MSC) generate exosomes accelerated diabetic
wound healing by promoting the angiogenic function of HUVECs through activation of the
PI3K/AKT/eNOS pathway!®. Atorvastatin was delivered intracellularly by MSC-exosomes,
which accelerated diabetic wound repair by enhancing angiogenesis through the inhibition of
PTEN and subsequent stimulation of the PTEN/AKT/eNOS pathway!®. Exosomes have natural
superior ability to protect internal cargo and the potential to deliver it to specific cell types, which

makes suitable for delivery small molecule and genes that have intracellular targets.
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Chapter 2 High-Purity Exosome Isolation from In Vitro Cultured

Human Dermal Fibroblasts and Characterization Techniques
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2.1 Overview

This chapter presented a comprehensive workflow for the production, isolation, and
characterization of exosomes derived from human dermal fibroblasts cultured in vitro under static
conditions. Two commonly used isolation methods, PEG precipitation and affinity-based isolation,
were compared and evaluated to identify an efficient technique capable of yielding exosomes with
high purity and consistency. Various quality control analyses were performed to assess the
morphological, biophysical, and physicochemical properties of the isolated particles. Affinity-
based isolation demonstrated superior efficiency in producing highly pure and well-dispersed
exosomes. Biophysical characterization using transmission electron microscopy (TEM) and
atomic force microscopy (AFM), alongside molecular characterization via antibody array and
enzyme-linked immunosorbent assay (ELISA), conclusively confirmed the isolation of human
dermal fibroblasts exosomes from conditioned media in vitro. This study provided a valuable
framework for future studies related to developing exosomes as a cellular product, offering

optimized strategies for the isolation, characterization, and storage of exosomes.

Keywords: Exosomes, isolation methods, Exosomes characterization, Exosomes storage
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2.2Introduction

Achieving a pure isolate of exosomes without other components remains a challenge with
current isolation technologies. Therefore, exosome isolation is technically defined as the process
of enriching exosomes from various biological macromolecules, which can include proteins,
protein aggregates, lipoproteins, other EVs, and cells. The ideal isolation method should ensure
high consistency, yield, purity, and scalability while preserving the vesicular structure and
molecular integrity of the exosomes. However, the complex nature of biological fluids and in vitro
cell cultures means that obtaining pure exosomes often involves trade-offs regarding cost, yield,
scalability, and therapeutic potential. Each isolation method has its specific advantages based on
the application and source of the exosomes, as summarized in Table 2.1. Currently, most research
on exosome-based drug delivery operates at relatively low levels of purity, which may hinder
clinical translation'. For instance, lipoproteins frequently co-isolate with exosomes!'?’. The
impact of these non-exosome macromolecules on the effectiveness of exosome-based drug
delivery remains unclear. Despite these challenges, we posit that higher purity of exosomes is

essential for maintaining research integrity, ensuring clinical safety, and enhancing clinical efficacy.

Differential ultracentrifugation (UC) is the most widely-used method for isolating
exosomes>’ in most literature and is still considered the gold standard due to its simplicity and high
processing capacity. By stepwise increase of centrifugation speed, unwanted contaminants (cells,
cell debris, microvesicles /apoptotic bodies) are removed based on their density, size and shape at
each stage. Exosomes derived from UC exhibit a high yield, but their purity is frequently
compromised when isolated from biological fluids containing serum components. The presence of
protein aggregates and lipoproteins can result in their co-isolation with exosomes, which

108

negatively impacts purity °°. From cell culture (using media with 10% exosome-depleted serum,
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one group estimated that 20% of their isolate was not exosomes'’. If using a prolonged UC

109

protocol (~4 hours) there is further risk of contamination by soluble proteins'®”. High-speed

centrifugation may cause damage to exosome membranes and reduce their biological activity!!°.

Density gradient ultracentrifugation (DG-UC) is based on the principle of setting up an
increasing density gradient media (such as sucrose and iodixanol)!!%!!! from the top of the tube to
bottom. After centrifugation, exosomes will settle in the layer that corresponds to their density,
whereas impurities of different densities will be allocated into distinct layers. Among physical-
based exosome isolation methods, DG-UC is one of the best in terms of purity, yield, and
preservation of vesicular structure. However, high-density lipoprotein (HDL) and low-density
lipoprotein (LDL) contamination of the exosome-containing fraction has been observed'!?. One
group estimated that their exosomes were co-isolated into the same fraction as HDL, at a ratio of
1:100 (exosome: HDL)!'3, With an optimized protocol, one group was able to minimize
lipoproteins through use of extended DG-UC!!#, Nonetheless, the clinical application is limited by
the prerequisite for preliminary sample preparation, arduous operation, and a longer centrifugation

time (>16 h).

Size exclusion chromatography (SEC), alternatively referred to as gel filtration
chromatography or gel permeation chromatography, is a chromatographic method that uses a
column with porous beads to retain particles smaller than the pore size, while quickly flushing out
particles larger than the pore upon gravity or low-speed centrifugation. Exosomes can be separated
from proteins based on their size differences, since exosomes are 40-100 nm, whereas most
proteins are smaller than 10 nm. After initially eliminating larger debris via centrifugation, SEC
with different types of beads is subsequently employed to harvest exosomes of appropriate size.

Sepharose CL-4B, Sephacryl S-400, and Sepharose CL-2B are the major types of beads for
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isolating exosomes!!>-1!7, The apparent pore size distribution of these SEC beads are 42, 31, and
75 nm, respectively!'®. Nonetheless, the sizes of larger protein complexes such as LDL, VLDL
(very low-density lipoprotein), and chylomicrons overlap with those of smaller exosomes.
Therefore, selecting the appropriate bead size entails a trade-off using larger bead sizes can
eliminate more lipoproteins but may also discard smaller exosomes, whereas smaller bead sizes
can enable the isolation of smaller exosomes while retaining lipoproteins. SEC also requires that
the input sample volume be much smaller than the column volume, otherwise the sample will elute
unevenly and decrease separation efficiency!!”. Furthermore, the elution process will invariably
lead to a sample dilution due to diffusion and may need to be concentrated post-isolation by another
method, leading to decreased yield. SEC does, however, have several advantages as the exosomes
are not subject to any harsh physical interaction, the vesicular structure is well preserved!!®. SEC
might be a possible option for large scale processing of exosomes, due to the low cost and speed

of isolation.

Filtration describes a broad variety of techniques that use membranes with specific pore
sizes to selectively retain or elute particles of a certain size. In direct flow filtration, the membranes
are positioned at an angle perpendicular to the flow direction. Rapid accumulation of particles on
membrane may result in clogging of exosomes on membrane surface and lead to a low recovery
rate'??. Therefore, direct flow filtration is more suitable for handling small-scale liquids. In
tangential flow filtration, the flow is setup parallel to the filter membrane. In one example, the
pressure was carefully controlled to minimize exosome loss through membranes due to excessive
force!?, Continuous recycling of the retentate to pass over the membrane continuously greatly
improves isolation efficiency when compared to direct flow filtration. In another study, tangential

flow filtration was superior to UC in scalability and time consumption (~1 hour)'?!,
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Precipitation has been employed in exosome isolation due to its simplicity, scalability, low
cost, and the effectivity and reproducibility demonstrated in previous studies'?>!?*, The principle
of using polymer precipitation is borrowed from nucleic and virus precipitation using PEG
(polyethylene glycol). PEG is a hydrophilic polymer that can absorb water molecules from the
surrounding less soluble particles, thereby forcing them to sediment under low-speed
centrifugation. Several findings have shown that PEG could form a network to entrap exosomes
and form aggregates'??>”!24, PEG precipitation it often results in exosome aggregation and
contamination with non-exosomal proteins, lipoproteins, and other cellular debris!®. Nevertheless,

this method is the easiest to commercialize due to the minimized sample handling.

Affinity- based separation show great promise for enrichment of specific subtypes of
exosomes. This method describes a technique in which exosome capture molecules are attached to
an easily separatable carrier (eg. magnetic beads, membranes and solid surfaces). When the capture
molecule (such as proteins, antibodies, and aptamers) interacts with the exosomes’ lipid or antigen,
the carrier selectively binds to exosomes, resulting in the formation of a complex that can be
separated from the rest of the sample. Binding is crucial for the subsequent applications of
exosomes. For instance, utilizing an antibody as the capture molecule (such as against CD63)
enables the isolation of exosomes with a high degree of purity, making it advantageous for
proteomics, lipidomics, or RNAomics!'?%. Due to the harsh conditions that are required for breaking
the interaction between an antibody and an antigen, a more easily reversible reaction (e.g. Tim4-
phosphatidylserine), pure exosomes in vesicular form can be recovered, although with limited
yield3!. In recent years, there has been expanding use of bulk magnetic isolation in
biotechnology!?’. Thus, magnetic exosome isolation might be a possible option in upscaling
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Table 2.1 Overview of common exosome isolation methods.

Isolation

Primary

Method Yield Purity  Advantages Disadvantages applications References
1)Reliable
1)Yield can be ;gitﬁlgﬁ?iﬁg
maximized with ;
pure samples i;?éaflfl‘lecult K pulrle Sqmple 108,109,112,115,1
uc ook e o o . collection 2 1’29’ S
2)V&;elliestabhshed 2)Non-exosome 2)Sample pre- ’
met. o contamination processing
3)Simple 3)Sample
concentration
1) Yield can be
maximized with 1)isolates
pure samples 1)Difficult to relatively pure
DG-UC Rk ok 2)Preserves upscale exosomes for 110114129
vesicular integrity high-yield
3)Relatively high collection.
purity
1)High upscale 1)Non-exosome
SEC *okok *okok potential contamination 1)Large-scale 110,115,117,130
isolation
1)Sample pre-
) ) processing
1)High yield 11) Merpbrane
Direct Flow *% sk . clogging 2)Sample 110,120
Filtration Iz)z)lj;fgalllpscale 2)Membrane concentration
leakage 3)Buffer
exchange
1)Large-scale
: 1) Limited isolation
Tangential . .
Flow I R 1)High upscale understanding 2)Sample 120,121,131
Filtration potential of the optimal concentration
setup 3)Buffer
exchange
. 1)For high
Precipitation  *¥%%* * ) nexpensive DVey low yield collection 122-124
ipitati ; .
P 3ggbolinmer01ally purity 2)Large-scale
isolation
Affinity- . . 1) High purity
based * ek Iliiaslt 1s$;1tt10n and 1)Low yield €xX0somes 126
separation gh puttty isolation
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2) Expensive 2) Separation

and difficult to of specific

upscale exosome
subgroups and
high purity

*= lowest yield/purity; *****=highest yield/purity

To evaluate the efficacy of exosomes isolation methods, both external characterization
(physical) methods and internal characterization (compositional/biochemical) methods should be
employed to profile exosomes. External characterization refers to the detection of morphology and
particle size, and the inclusion characterization method is to confirm the identity of exosomes by
analyzing their cargo. These methods together provide insights into their structure, morphology,
size distribution, cargo composition and biophysical properties, thereby facilitating a

comprehensive understanding of exosomes.

This chapter aims to develop and optimize a comprehensive workflow for the production,
isolation, and characterization of exosomes derived from human dermal fibroblasts cultured in
vitro under static conditions. We specifically focus on comparing two widely used isolation
methods, PEG precipitation and affinity-based isolation, to determine which method yields
exosomes with the highest purity and consistency. Various characterization including
morphological, biophysical, and physicochemical assessments, were conducted to thoroughly

characterize the isolated exosomes.
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2.3Material and methods

2.3.1 Dermal fibroblasts cell culture and subculture

The immortalized BJ fibroblast cells (ATCC®, CRL-2522T™) were cultured in Eagle’s
Minimum Essential Medium (EMEM, 320-005-CL) supplemented with 10% fetal bovine serum
(FBS, Gibco Life Technologies, Canada) and 1% penicillin/streptomycin at 37 °C in 5% CO> in
tissue culture flask (Falcon™ Tissue Culture Treated Flasks). Cell morphology was checked daily
to ensure healthy cell growth and monitor cell confluency. Once achieving 90% of confluence, the
supernatant was removed. The cells were rinsed with phosphate-buffered saline (PBS) followed
by the addition of 0.05% (w/v) Trypsin- 0.53 mM EDTA solution and incubate at 37 °C in 5% CO:
to remove all traces of serum that contains trypsin inhibitor. The cells were observed under the
microscope to ensure the cell layer is dispersed (usually within 5 to 15 minutes). Complete growth
medium was the added to the flasks to suspend the cells, and the cells were then transferred into a
centrifugation tube. Trypsin- EDTA was removed by gentle centrifugation for 5 minutes at 150 x
g (Thermo Fisher, Sorvall Legend Centrifuge). The supernatant was discarded, and the cells were

resuspended in complete growth medium and cultured in new tissue culture flasks or plates at

37 °C in 5% COsx.

2.3.2 Dermal fibroblasts freezing and thawing

Cells were gently detached from tissue culture flask with 0.05% (w/v) Trypsin- 0.53 mM
EDTA solution and resuspended in complete growth medium. Cell suspension was centrifuged at
150 x g for 5 minutes, and the supernatant was decanted without disturbing the cell pellet. Cell
pellet was evenly resuspended in complete growth medium described above supplemented with 5%

(v/v) DMSO (dimethylsulfoxide) and transferred to cryogenic storage vials. The cryovials
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containing the cells was placed in an isopropanol chamber and store them at —80°C overnight.
Then the frozen cells were transferred to liquid nitrogen for long term storage. Cells were thawed
by gentle agitation the cryovial in a 37°C water bath. Thawing should be rapid (approximately 2
minutes). The cryovial was removed from water bath as soon as the contents are thawed. Cells
were transferred to a sterile centrifuge tube containing 9 mL of complete growth medium. The
cryoprotectant agent (DMSO) was removed by gentle centrifugation for 10 minutes at 125 x g.

Cells were resuspended in complete growth medium and transferred to tissue culture flasks.

2.3.3 Harvest of cell culture supernatant contains exosomes from static plate monolayer

culture

All cell culture supernatants were harvested for human dermal fibroblasts within passage
20. Once achieving 80% of confluence, the supernatant was removed, and EMEM supplemented
with 10% exosome-depleted FBS (Gibco Life Technologies, Canada) and 1%
penicillin/streptomycin was added to the cells and cultured for 2 days before harvesting the cell
culture supernatant. To obtain human dermal fibroblasts-derived exosomes, the cell culture
supernatant was filtered with a 0.22 pm syringe filter three times to remove microvesicles. The
supernatant was centrifuged at 500g and 3000g for 10min, respectively, to remove intact cells and
cell debris. The supernatant was condensed with a centrifuge column (Amicon® Ultra Centrifugal

Filter, 100 kDa MWCO) before purification.

2.3.4 Isolation of exosomes

Cell media supernatant was then harvested after exposure to exosomes-depleted FBS media.
After collection, the supernatant was processed as indicated in Figure 2.1. The centrifugation at
500 xg 10 min was to remove cells. The second centrifugation step (10 min at 3,000 xg) removes

cell debris. The filtration step further removed larger apoptotic bodies and MVs (200—500 nm).
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Finally, the supernatant was condensed 50 times using Amicon® Ultra Centrifugal Filter, (10 kDa
MWCO) before further isolation. As discussed, the chosen exosome isolation method is very
dependent on downstream applications and intended uses. Two separate isolation methods were

evaluated in this study:

2.3.4.1 PEG precipitation methods
60% (w/v) PEG 6000 solution was added into cell medium supernatant to achieve a final
concentration of 15% (w/v), as modified from previous literature!?*. After incubating the mixture
overnight at 4 °C, the mixture was centrifuged at 3000g, 4°C for 30min to harvest the pellets. The
supernatant was discarded as much as possible, and the pellets were resuspended in 1.2 mL of PBS.
Then, 400 pL of 60% (w/v) PEG was added to bring the concentration to 15%. The mixture was
again incubated mixture overnight at 4 °C and then centrifuged at 3000g, 4°C for 30min to harvest

the pellets.

2.3.4.2 Affinity method

For the affinity method, MagCapture Exosome Isolation Kit PS (Fujifilm WAKO Pure
Chemical Corporation, Japan) was used based on the manufacturer’s instructions. Briefly,
exosomes were isolated by magnetic beads coated with Tim4 (T cell immunoglobulin and mucin

domain containing 4) protein, which specifically binds the phosphatidylserine (PS) displayed on
the surface of exosomes. As the binding process is Ca2+-dependent, intact exosomes were eluted

from the beads by adding a Ca®"chelator, EDTA.

2.3.4.2.1 Immobilization of Exosome Capture

60uL of Biotin Capture Magnetic Beads and 500puL of Exosome Capture Immobilizing

Buffer, and spined on a vortex mixer, into a new 1.5 mL reaction tube. The tube was then placed
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on the magnetic stand for 1 min to separate the beads from the solution. The solution was then
removed and replaced with 500uL of Exosome Capture Immobilizing Buffer and 10uL of Biotin-
labeled Exosome Capture. Reaction tube was vortexed, and the beads were mixed for 10 min at
4 °C with a rotator. The beads were then placed on the magnetic stand for 1 min to separate the
beads from the solution, and the supernatant was removed. 500uL of Exosome Capture
Immobilizing Buffer was added into the 1.5 mL Reaction Tube to wash the beads. The beads were
again placed on magnetic stand for 1 min to separate the beads from the solution, and the
supernatant was removed. After repeated washing of the beads for 2 times, the Exosome Capture-

immobilized beads were then ready to be subject to affinity isolation of exosomes.

2.3.4.2.2 PS affinity reaction

2uL Exosome Binding Enhancer was added into 1mL condensed cell media supernatant
and mixed by vertexing. The mixture was transferred to a 1.5mL Reaction Tube containing
Exosome Capture-immobilized beads. The beads and the condensed cell media supernatant were
mixed by vertexing on a rotator for 3 hours at room temperature. The beads were then placed on
the magnetic stand for 1 min to separate the beads from the solution, and the supernatant was
removed. The bead was wash for 3 times with 1 mL of Exosome Capture Washing Buffer. The
beads were placed on magnetic stand for 1 min to separate the beads from the solution, and the

supernatant was removed as much as possible.

2.3.4.2.3 Elution of Extracellular Vesicles

50uL of Exosome Elution Buffer (1x) was added to the beads and mix by vertexing. The
beads were then spined down and placed on the magnetic stand for 10 min to separate the beads
from the solution. The supernatant was transferred to a new 1.5 mL microcentrifuge tube. S0uL of

Exosome Elution Buffer (1x) was added into the 1.5 mL Reaction Tube again beads and mix by
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vertexing. The beads were then spined down and placed on the magnetic stand for 10 min to
separate the beads from the solution. The supernatant was combined to the supernatant collected

form last step to obtain 100uL exosomes.

Dermal fibroblast cell
culture supernatant

5009, 10min
Remove cells

3000g, 10min
Remove cell debris

PEG Precipitation Affinity Method

Metal
fons

(3
b =« Y ., 'IIIM.
! : : = ) Exosomes
l 4/ Chelating reagents
3 ‘. Py
Metal
Exosomes so.m

Figure 2.1 The mechanism of PEG precipitation and affinity isolation method. Created with

biorender.com

32



2.3.5 Protein content analysis of exosomes isolate

2.3.5.1 Exosomes marker identification

Exo-Check™ exosome antibody array (System Biosciences) was a semi-quantitive dot blot
for confirmation the identity of exosomes. This array is pre-printed with eight positive markers
including CD63, CD81, epithelial cell adhesion molecule (EpCAM), annexin A5 (ANXAS), tumor
susceptibility gene 101 (TSG101), flotillin-1 (FLOT1), intercellular adhesion molecule 1 (ICAM),
programmed cell death 6 interacting protein (ALIX). An empty spot is included and serves as a
blank control. 50 pg exosomes isolate were firstly lysed with 10% (v/v) lysis buffer and then
labeled with 1 pl of labeling reagent according to the manufacturer’s instruction. After 30 min
constant mixing at room temperature, the excess labeling reagent was removed using column.
Membranes were immersed in the mixture of labeled exosome lysate and 5 mL blocking buffer at
4 °C overnight on a shaker. The membrane was washed twice. 5 ml detection buffer was then
added to the membrane and incubated for 30 min at room temperature on a shaker. The membrane
was washed and developed with WesternBright Sirius HRP (horseradish peroxidase) substrate
(Advansta, Menlo Park, CA, USA) and imaged by iBright Imaging Systems (Invitrogen, Thermo

Fisher).

2.3.5.2 CD63 Enzyme-linked immunosorbent assay (ELISA)
Exosome-specific marker, CD63, was verified and quantified by ELISA. The content of
CD63 was evaluated using an in-house indirect ELISA assay. Firstly, clear polystyrene microplates
(R&D system, DY 990) were coated with 100 uL. of human CD63 protein and exosomes in 1X
PBS and incubated overnight at 4 °C. The next day, wells were washed three times with 100 pL of
1x wash buffer (R&D system, WA126). To inhibit the non-specific binding, the plate was blocked

by 1% BSA at room temperature for 2h. Plates were washed as before and added with 100 pL anti-

33



CD63 antibody (Sinobiological, 11271-MM10), prediluted with 1:1000. The plate was incubated
overnight at 4 °C. Plates were washed as before, and 1 pg/mL goat anti-mouse IgG secondary
antibody (HRP conjugated, Sinobiological, SSA007) was added to each well and incubated at
room temperature for 2h. 100 pL of TMB substrate (Abcam, ab171524) was used as HRP substrate.
The reaction was then stopped with stop solution (Abcam, ab171529). Optical densities were
measured on a microplate reader (Varioskan LUX Multimode Microplate Reader, Thermo Fisher)

at 450 nm.

2.3.5.3 Total protein quantification

The total protein content of exosomes sample was measured by bicinchoninic acid (BCA)

assay (QuantiPro™ BCA Assay Kit, Sigma).

2.3.6 Characterization of exosomes isolate

2.3.6.1 Dynamic Light Scattering (DLS) Analysis
Zetasizer (Malvern, UK) was used to determine the hydrodynamic diameter and zeta
potential of particles. All exosome samples were diluted in ImL PBS and transferred to cuvettes
for size measurement and capillary zeta cell for zeta potential measurement. The peak corresponds

to the intensity and size at which the most abundant particles were detected.

2.3.6.2 Nanoparticle tracking analysis (NanoSight™)

Size distribution and exosomes concentration were measured by tracking the Brownian
motion of individual nanoparticles using a NanoSight NS300 system (Malvern, UK) under scatter
mode. Exosomes were diluted to appropriate concentration (10%~10° particles/ ml) for NTA
analysis. Iml liquid samples were taken by a Iml syringe and inject into the sample chamber of

NTA fitted with green laser (532nm). Camera focus was manually adjusted to make the particles
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appear as sharp individual dots. All samples were counted five times, each collecting 60-second
videos with a minimum valid tracking of 200 tracks per video. All analysis were performed using

NanoSight NS300 NTA 3.4 software.

2.3.6.3 Transmission electron microscopy (TEM)

The morphology of exosomes was characterized by TEM was used to verify the presence
and observe the morphology of exosomes in the purified samples. The exosomes suspensions were
fixed on 200-mesh formvar and carbon-coated copper grids (Electron Microscopy Science) using
2.5% (v/v) glutaraldehyde (Electron Microscopy Science) as a fixative agent. Then, the grids were
transferred onto drops of UranyLess (Electron Microscopy Science) for negative staining. Each

grid was studied using transmission electron microscope (Libra® 200MC TEM, Zeiss).

2.3.6.4 Atomic force microscopy (AFM)
AFM (Asylum Cypher and BIO-3D) was also used for characterizing exosomes. Briefly,
exosomes suspensions were diluted in deionized water and added to clean silica wafers and air-
dried overnight. Silicon probes coated with aluminum was used for imaging in tapping mode.

Topographic height and phase images were captured at room temperature with a scan rate of 0.9965

Hz.

2.3.7 Preservation of exosomes at room temperature using lyophilization

Freshly prepared exosomes were rapidly frozen at -80°C, either in the presence or absence

of trehalose. The samples were then lyophilized overnight using a benchtop freeze dryer (Labconco,

FreeZone) and stored at -4°C until use. Before analysis, the lyophilized exosomes were rehydrated

with water and vortexed immediately.
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2.4 Results

2.4.1 Comparative analysis of exosome isolation methods from static cell-cultured human

dermal fibroblasts

In this study, we utilized a static cell culture system employing tissue culture flasks to
harvest exosomes produced by human dermal fibroblasts in vitro, a method known for its
accessibility and requiring less skilled labor. Commercial FBS, commonly used in cell biology
experiments for nutrient and growth factor supplementation, still contains numerous exosomes.
Therefore, the exosome-containing components of the culture medium, such as FBS, were depleted
of exosomes before being used for cell cultures. We found the depletion of exosomes from FBS

did not induce significant cell death or reduce growth rate.

The performance of two exosome isolation methods was evaluated and the yield, purity,
and quantity of exosomes was compared. In this study, we adapted the isolation by Weng et al!'??
using PEG with molecular weight of 10 kDa and 15% of final concentration for exosome isolation.
The expected pellets were formed and observed after centrifugation as shown in Figure 2.2 A. For
the affinity isolation method, exosomes were isolated by magnetic beads coated with Tim4 (T cell
immunoglobulin and mucin domain containing 4) protein, which specifically binds the
phosphatidylserine (PS) displayed on the surface of exosomes. As the binding process is Ca*-
dependent, intact exosomes are expected to be easily eluted from the beads by adding a chelator,
EDTA. We did not observe any visible pellets in the affinity isolation process, and the harvest

exosomes are transparent and suspended in PBS as shown in Figure 2.2 B.
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Figure 2.2 Observation of potential exosome pellets. (A) Exosome pellets were precipitated
from cell culture supernatant using 15% PEG and from PBS using 15% PEG. A very thin, barely
visible grayish film was observed at each step. (B) Exosomes isolated using the affinity isolation

method showed no visible pellet or film.

The size distribution of the enriched vesicles was analyzed by DLS. Exosome isolate
showed different size distribution patterns based on different isolation methods (Table 2.2). The

polydispersity index (PDI) of exosomes harvested by PEG precipitation was higher (0.467+0.039)
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than those harvested with affinity method (0.32340.049), indicating the exosome isolate are
inevitably heterogeneous particle distribution system regardless of the isolation methods. PS
capture exosomes were relatively more homogenous than PEG-precipitated exosomes. As can be
observed in the graph of size distribution by intensity, exosomes isolated by PEG were around
69.81+ 4.27nm with two peaks, around 46 nm and 210 nm (Figure 2.3), respectively. The size
distribution shifting to higher values could possibly be due to the clumping or aggregation of
exosomes induced by PEG'?2, Exosomes captured by the affinity method were larger at 268.43+
8.60nm, showing one distinct peak. Exosomes isolated with both methods displayed a negative
charge due to the nature of cell plasma membrane that carry a net negative surface charge due to
the nature of molecules expressed at their surfaces under physiological condition!*?. A higher
magnitude of zeta potential (-10.725+ 1.084mV) was exhibited in affinity-isolated exosomes,
suggesting exosomes isolated by this method were more stable.

Table 2.2 Comparison of particle size, polydispersity index (PDI), and Zeta potential

measured by DLS. Values represent the mean +£SD, n=3.

Size (nm) PDI Zeta potential (mV)
Exosomes isolated by
69.81+4.27 0.467+0.039 -7.769+0.655
PEG precipitation
Exosomes isolated by
268.43+8.60 0.323+0.049 -10.725+1.084

affinity method
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Figure 2.3 Size distribution of exosomes analyzed by DLS.

(A) Results from the PEG precipitation method. (B) Results from the affinity method.

Further characterization with NTA was employed to determine the exosomes’ particle
concentration, size mode, and parameter D90 (the diameter of which 90% of the particles diameter
are below this value), as shown in Table 2.3. A similar distribution pattern was shown with two
peaks (92nm and 184 nm, respectively) as the size results from DLS for the PEG precipitation
method. Affinity-isolated exosomes showed mono-distribution at 106nm. We also observed D90
was significantly higher in exosomes isolated with PEG (255.8 nm) compared to affinity method
(174.5 nm). Both isolation methods could harvest 10° particles/ml of exosomes; however, PEG
gave twice the number of particles than the affinity method per 20mL conditioned media. Although
DLS and NTA both measure the hydrodynamic diameter of nanoparticles, the size of exosomes

measured by DLS and NTA show differences here. This can be explained by one of the artifacts of
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DLS that DLS is less reliable and accurate when the suspension system is polydisperse!3?. The size
distribution profile is likely to be interfered by the large particle’s population since they scatter
more light than smaller particle. In summary, the DLS analysis and NTA analysis both directed to
the conclusion that PEG could enrich a larger population of vesicles. However, it also inevitably
harvests a heterogeneous population of particles compared to the affinity method. In contrast, the

affinity method yields fewer vesicles, but with a more homogeneous population.

A.

Exosomes isolated by PEG precipitation

25 -

- »
o °

Concentration (particles / ml)

05 -

1A 684
° T T T T
o 100 200 300 400 500 600 700 800 800 1000

Size (nm)

Exosomes isolated by affinity method

Concentration (particles / ml)

Size (nm)

Figure 2.4 Characterization of exosomes by NTA. (A) Size distribution of exosomes isolated
using the PEG method, along with NTA video frames showing exosome particles in PBS. (B) Size

distribution of exosomes isolated using the affinity method, accompanied by NTA video frames of

exosome particles in PBS.
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Table 2.3 Comparison of size distribution and particle concentration of exosomes measured

by NTA. Values represent the mean £SD, n=3.

Size mode (nm) D90 (nm) Concentration (particles/ml)
Exosomes isolated by

171.8+2.0 255.8 2.96x10°+5.35x108
PEG precipitation
Exosomes isolated by

125.843.2 174.5 1.36x10%+1.95x108

affinity method

To validate the exosome nature of isolated particles and compare the quality of exosomes
enriched by both isolation method, samples were lysed and the expression of the exosomal surface
biomarkers was evaluated by a semi-quantitative dot blot antibody array. We found the absence of
cellular contamination marker GM130 (a cis-Golgi marker) from exosomes isolated with both
methods, indicating both methods are lack of any cellular contamination. CD81, a tetraspanin
involved in exosome biogenesis, was barely detectable in both PEG-precipitated and affinity-
isolated exosomes. CD63 is detectable for both methods of isolation but shows low expression.
ALIX was highly expressed with both isolation methods. Other exosomal-associated markers
including EpCAM, ANXAS, FLOT1, TSG101 and ICAM were more abundant in affinity-isolated
exosomes, compared to PEG-precipitation. Here, we successfully characterized at least one protein
from each category of transmembrane (CD63), cytosolic (TSG 101), and intracellular proteins
(ALIX) for both methods of isolation!3*, which meet the requirements of Minimal Information for

Studies of Extracellular Vesicles (MISEV). However, with the same total protein amount in the

41



exosome isolate, the affinity method yielded a particle population with higher exosomal marker

expression.
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Figure 2.5 Semi-quantitative dot blot antibody array (Exo-Check™) for the identification of

common exosomal markers. (A) Exosomes isolated using the PEG method. (B) Exosomes

isolated using the affinity method.



Purity of exosomes is also a critical criterion for the quality control of exosomes. Particle-
to-protein, protein-to-lipid, or RNA-to-particle ratios are usually utilized to evaluate exosome
purity after isolation. Therefore, we further conducted a series of protein and particle quantification
assays including an in-house indirect CD63 ELISA assay, BCA assay and nanoparticle tracking
analysis to critically compared the purity of exosomes (Figure 2.6). Our result indicated the
presence of CD63 was 12 times more in PEG-precipitated exosomes than the affinity-captured
ones. Although PEG precipitation produced a higher exosome yield, a higher amount of total
protein was given simultaneously. This suggests PEG gathered a significant larger amount of
protein contaminants together with the exosomes. The ratio of particle number to total protein
content (particles /ug protein) has been widely employed as a parameter to evaluate the purity of
exosome preparations. A relatively higher ratio is believed to indicate less contaminants and higher
purity. Vesicle preparation with <10® particles / ug protein is arbitrarily considered unpure!*. Our
results proved that affinity method can efficiently produce 6.15x10° particles / pug protein, which
is approximately 85 times fold higher that PEG precipitation. Similar results were also seen from
the ratio of CD63 content to total protein content (ng/ pg), affinity captured exosomes was 15
times significantly higher than the PEG method. In summary, the affinity isolation showed a lower
yield and recovery of exosomes, but a higher exosomes purity than PEG precipitation. Given that
the further application of human dermal fibroblasts-derived exosomes involves the exosome-
mediated transfer of cargo, which requires high sample purity to achieve specific effects, we have

selected the affinity isolation method for all following studies.
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Figure 2.6 Comparison of the purity of exosomes isolated from 20 mL of cell culture

supernatant from fibroblasts using different methods. (A) CD63 content measured by ELISA.

(B) Total protein content determined by the BCA assay. (C and D) Purity of exosome suspensions.

Values represent the mean £SD, n=3. A t-test was performed. P value < 0.05 was considered to

be statistically significant. *, **, and *** stood for P <0.05, P<0.001, and P <0.0001 respectively.
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2.4.2 Morphological characterization of exosomes isolated via affinity method

While the presence of exosomal markers suggests the expected protein components of
exosomes reported by literature!34, further biophysical evidence is needed to confidently conclude
that the isolated vesicles are exosomes. The morphology of exosomes isolated by affinity method
was observed by TEM. Most particles were intact and have a spherical morphology. The observed
structures had a range of diameters (10 — 100 nm), but all showed distinct membranes (observed
as black borders). No cup-shape vesicles were observed under TEM. TEM also reveals the
presence of smaller particles that cannot be detected with DLS and NTA. We speculate the smaller
particles (<30nm) could possibly be lipoproteins which are a common contaminant co-isolated
with exosomes since it is an essential component in cell culture media supplemented with FBS. It
is also important to consider that TEM dehydration and fixation processes may introduce artifacts,

leading to exosomes size measurements that are smaller than the actual particle size.
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Figure 2.7 Characterization of exosomes by TEM. Morphological analysis of exosomes isolated
using the affinity method, captured with a Zeiss Libra 200MC TEM. Magnifications used are
200,000x, 100,000x, and 50,000x%, respectively. Particle analysis is also included.

Both AFM phase and height images reveal a fairly homogeneous and nearly spherical
structure of exosomes without apparent aggregation. (Figure 2.8). The diameter measured by the
phases image was approximate 80-300 nm and the height of exosome particles ranged from around
6 to 8nm, indicating the possibility that exosomes were adsorbed and flatten onto the silica wafers.

The interaction between exosomes and supporting substrate causes the deformation of exosomes
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and modifies the shape of the exosomes. Therefore, the height measurement of exosomes was
smaller than the phase diameter. In general, the height values typically fall within the range
reported in the literature and align with the dimensions of solid surface-supported membrane

vesicles observed under liquid conditions!*.
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Figure 2.8 Characterization of exosomes by AFM

2.4.3 Room temperature preservation of exosomes through lyophilization

Exosomes are recommended to be stored at —80 °C!37:138; however, this temperature is not
suitable for their handling or transportation. Lyophilization has been used for long-term
preservation of various biological materials at room temperature. In this study, a room temperature
exosome preservation method was employed with lyophilization. We also compared the properties
of lyophilized exosomes with those stored at -80°C and assessed the impact of the cryoprotectant
trehalose on their physical properties. The exosome particle number decreased to 90% after
lyophilization, and the addition of trehalose could sufficiently maintain the exosome particle

concentration under lyophilization. After lyophilization with or without the presence of trehalose,
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all samples showed fine size distribution. However, the introduction of trehalose increases the size
of exosomes dramatically from 114.2+1.8 nm to 175.143.8 nm. Freeze-dried exosomes also
showed a size increase to 143.842.1 nm. In general, exosomes that went through different storage
conditions still displayed negative particle charges, indicating the stability of exosomes under

lyophilization with or without the presence of trehalose.
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Figure 2.9 Impact of trehalose on the preservation of exosomes via lyophilization. (A) Size

distribution of exosomes as characterized by NTA. (B) Size of exosomes characterized by NTA.

(C) Particle concentration of exosomes as determined by NTA. (D) Zeta potential of exosomes as

measured by DLS. Values represent the mean +£SD, n=5.
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2.5 Discussion

Isolating exosomes from the complex and heterogeneous extracellular fluid remains a
challenge, often leading to confusion and potential misinterpretations in the scientific community
due to inadequate purification methods. This chapter focuses on developing a method for
harvesting and isolating exosomes derived from human dermal fibroblasts in static cell culture.
We evaluate the efficacy of different isolation methods in terms of yield, purity, and quantity to
identify a technique that produces high-quality exosomes for downstream applications.
Additionally, we conduct biophysical characterization to assess the size, morphology, and

exosomal markers of the isolated exosomes.

All mammalian cells cultured in vitro produce EVs in the extracellular environment of their
culture medium. Monolayer or multilayer cultured cells serve as significant sources of exogenous
exosomes due to their high accessibility in laboratories'*®. The human dermal fibroblast cultured
in this study is considered allogeneic cells and has been utilized in medical applications such as
biological dressing or preparing the wound bed before applying a permanent graft, particularly for
large wounds'#®’. To ensure that the exosomes are derived from genetically stable and non-
senescent dermal fibroblasts, we cultured human dermal fibroblasts in monolayer or multilayer
flasks and collected the supernatant produced by fibroblasts within passage 20'%°. The supernatants
collected were used for exosome isolation. This study evaluated two methods: PEG precipitation
and the affinity method, focusing on yield, purity, and quality. PEG precipitation utilizes a
hydrophilic polymer that absorbs water, allowing less soluble particles to settle during low-speed
centrifugation. While this method is simple and cost-effective, it can lead to contamination from
non-exosomal proteins. In contrast, the immunoaffinity method uses magnetic beads coated with

TIM4, which specifically binds to phosphatidylserine found on exosomes. Although it yields fewer
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particles, this method produces a high-purity exosome isolate, effectively separating exosomes

from contaminants.

Following on exosomes isolation, we first confirmed the presence of external (CD63,
EpCAM, ANXAS, and ICAM) and internal (TSG101, ALIX, and FLOT1) exosomal protein
markers in exosomes isolated by both methods using a semi-quantitative antibody array. The
results indicated exosomes are contained in the enriched particle population. The affinity method
produced exosome isolate with higher expression of exosomal protein markers, despite containing
the same total protein as PEG-precipitated exosomes. Our protein and ELISA analysis also
indicated PEG precipitation produced significantly higher exosome yield (particle number, CD63
content, and total protein content) than the affinity method. However, we observed PEG
precipitation significantly compromises exosome purity by introducing non-exosomal proteins. A
post-processing step is still necessary to remove these contaminants after precipitation. Affinity-
based isolation yielded fewer exosomes but with higher purity compared to PEG. The reason for
the low yield is likely due to the multiple washing steps during the affinity isolation, which may
have resulted in inefficient capture and loss of exosomes!!3. In summary, the protein content
analysis of exosome isolate aligns with previous findings, indicating that PEG precipitation

resulted in a higher exosome yield but lower exosomes purity as compared to the affinity method!'?.

To ensure a consistent and reproducible isolation of exosomes, it is important to control the
biophysical properties (size distribution and particle concentration) of each exosomes’ isolate.
DLS and NTA are both promising techniques for exosomes’ hydrodynamic particle size analysis.
[lluminated by laser, DLS records the fluctuations of the light intensity scattered by particle
Brownian motion, and hydrodynamics can be calculated and determined via the Stokes-Einstein

equation. DLS offers simplicity of operation and low cost of measurements. However, in the case
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of the characterization of exosomes, DLS overestimates total particle count and is regarded less
reliable when the particle population is polydisperse!®’. As the larger particle subpopulation
scatters more light, the particle size distribution profile can be strongly compromised by larger
particles, especially for measuring polydisperse particles such as exosomes. In addition, DLS is
believed to be an ideal technique for measuring high-concentration nanoparticles (108~10!2

particles/ml)!#!

. NTA is a high resolution method for real-time visualization and analysis of
polydisperse samples'#?, especially for exosomes. Our results showed discrepancies between NTA
and DLS particle size characterization methods. Despite this, both methods indicated that the
affinity method yields fewer but well-dispersed vesicles. Comparatively, PEG precipitation led to
a more heterogeneous population of particles. The diverse particle population could be lipoproteins,
aggregated exosomes, other protein aggregates (hundred nanometers) or other non-exosomal
particles. Hence, we conclude that PEG precipitation is not suitable for the efficient isolation of
exosomes due to concerns regarding exosome purity and the yield of heterogeneous vesicles.

Instead, exosomes enriched by the affinity method were used for downstream applications,

representing a superior isolation technique for generating high-quality exosomes.

Further characterization was conducted to confirm the morphology of exosomes isolated
with affinity method under TEM and AFM. The morphology of the exosome-like structures was
similar to previous reports of common exosomal shapes observed under TEM. Exosomes appeared
as isolated vesicles with characteristic rounded morphology with no information about their
substructural details under AFM, in line with previous reports for exosomes isolate from other cell

sources'39.

Lyophilization can prolong the shelf life of exosomes, allowing freeze-dried EV to be

stored at room temperature, which significantly reduces storage costs and complexity for off-the-
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shelf use. Our investigation into the lyophilization method revealed that directly lyophilizing
exosomes resulted in changes to particle number and size distribution. We found that adding 12.5
mM trehalose—a natural, non-toxic sugar commonly used as a protein stabilizer and
cryoprotectant—helped preserve the number of exosomes. These findings are consistent with
previous studies showing that trehalose effectively maintains the colloidal stability of extracellular
vesicles (EVs), prevents ice crystal formation within the particles, and improves EV recovery

rates'®.
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2.6 Conclusion

In this chapter, we developed a comprehensive workflow for harvesting, isolating, and
characterizing exosomes derived from human dermal fibroblasts cultured in vitro under static
conditions. We compared two commonly used isolation methods—PEG precipitation and affinity
isolation—to identify an efficient technique that yields exosomes with high purity and consistency.
To ensure the quality of the isolated exosomes, we conducted various characterization analyses to
confirm their morphological, biophysical, and physicochemical properties. Our findings indicated
that affinity isolation produces exosomes with high purity and good dispersion. The biophysical
characterization techniques, including TEM and AFM, alongside molecular techniques such as
antibody arrays and ELISA, successfully verified the isolation of high purity exosomes from the
conditioned media of in vitro cultures. We also identified trehalose as a useful stabilizer and
cryoprotectant that helps preserve exosomes during lyophilization. This study offers valuable
insights and optimized strategies for future research on exosomes, focusing on their isolation,

characterization, and storage.
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Chapter 3 Active Drug Encapsulation and Formulation

Optimization for Utilizing Exosomes as Drug Carriers
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3.1 Overview

Exosomes are increasingly favoured as cargo carriers due to their high biocompatibility,
stability, and low immunogenicity. Their lipid bilayer membrane protects the cargo from
degradation, making them desirable for drug delivery. However, achieving efficient drug
encapsulation in exosomes remains challenging. This chapter aims to develop a method for
encapsulating pirfenidone (PFD) into exosomes. We systematically optimized the active drug
loading method using sonication to enhance drug encapsulation efficiency (EE%), loading
efficiency (LE%), and overall exosome yield. Additionally, we explored various techniques to
remove excess drug after encapsulation to improve yield. Human dermal fibroblast exosomes were
successfully loaded with PFD, achieving an EE of 11.136% + 1.267%, an LE 0f 10.012% + 1.026%,
and the highest particle recovery rate of 64.213% + 8.49%. It is crucial to carefully control
sonication to maintain the integrity of the exosomes. This study provides valuable insights into

using exosomes as effective carriers for drug loading while preserving their membrane integrity.

Keywords: Exosomes, drug delivery, pirfenidone, formulation optimization
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3.2 Introduction

The use of exosomes loaded with therapeutic substances including but not limited to
chemical molecules, nucleic acids, and proteins!'#* has shown promising therapeutic outcomes, and
this delivery system can mitigate the adverse effects of drugs while preserving their
pharmacological activities. The structure of exosomes theoretically enables exosomes to
encapsulate hydrophilic drugs in the core and hydrophobic molecules into the lipid bilayer.
However, many studies have demonstrated a common challenge: the low capacity of exosomes to
transport therapeutic substances, which hinders their application in drug delivery. Two approaches
are currently available for incorporating cargos into exosomes: 1) pre-loading before exosomes
isolation and 2) post-loading after exosomes isolation. The choice of method depends on the

specific drug and its properties, as well as the desired release mechanism.

Therapeutic molecules can be integrated into exosomes during their biogenesis. Preloading
occurs when cells are cultured with the drug of interest. In this process, the drug is naturally
incorporated into the exosomes as they generate, and the drug-loaded exosomes are then released
into the medium and isolated. However, pre-loading is only effective for lipophilic drugs that can
easily cross cell and vesicle membranes. Exosomes carrying therapeutic genes, such as miRNA,
siRNA, and mRNA, can be generated by transfecting the exosomes producing cells via liposomes,
electroporation, or viral infection. For example, cationic polymers such as polyethylenimine (PEI)
have been used to develop nanoparticles for non-viral transfection. For example, Trivedi et al.
transfected microRNA-125b and wt-p53 into SK-LU-1 lung cancer cells using hyaluronic acid-
polyethyleneimine (HA-PEI) / hyaluronic acid-polyethylene glycol (HA-PEG) conjugate
nanoparticles'#. This resulted in an increased expression of these molecules in the exosomes

derived from the modified cells. Peptides and proteins can also be displayed on the surface of
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exosomes through transfection. Ran et al. achieved this by engineering exosomes from murine
NIH3T3 fibroblasts by incorporating the inhibitory domain of the propeptide into the CD63 surface
marker using lentivirus'#®. These engineered exosomes specifically bound to mature myostatin in
serum from wild-type mice, unlike exosomes from unmodified or empty plasmid-transfected cells.
Cells can also produce drug-encapsulated exosomes when exposed to small molecules. Pascucci
et al. exposed high doses of paclitaxel (PTX) to murine stromal cell line SR4987 and produced
PTX-loaded exosomes that showed an obvious anti-proliferative effect on the human pancreatic
cell line CFPAC-1'¥. Although these are promising examples of pre-loading therapeutic
compounds into exosomes, achieving consistent drug loading with this method remains
challenging. Additionally, the precise mechanism of how therapeutic cargos are encapsulated

during exosome biogenesis is not yet fully understood.

Another approach is post-loading, where the drug is directly introduced into isolated
exosomes. Methods such as direct co-incubation, sonication, electroporation, freeze-thaw cycles,
and extrusion are used to incorporate therapeutic molecules after exosomes have been harvested
and isolated. These techniques typically achieve higher encapsulation than pre-loading and offer
more precise control over the amount of drug loaded. (Figure 3.1). Direct co-incubation of
exosomes and drug is a straightforward method for passive drug loading. However, this approach
generally results in a lower loading capacity. For example, PTX was loaded into bovine milk-
derived exosomes by mixing the PTX solution with exosome dispersion and incubating at room
temperature'#8. PTX-loaded exosomes showed a practical loading efficiency of ~8%. Similarly,
doxorubicin (DOX) achieved a loading efficiency of only 11.73% when encapsulated in HEK-
293T cell exosomes!'*. An antibiotic linezolid showed a loading capacity of 5.06%+0.45% in

macrophage-derived exosomes'?’. In the absence of additional mechanical or electrical forces
9
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drug diffusion into exosomes during co-incubation is influenced solely by the drug's

151,152 151,153

hydrophobicity , molecular size , and charge'>*. The tightly packed lipid structure of the
exosome membrane hinders drug molecules from diffusing across the hydrophobic bilayer and

entering the exosomes.
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Figure 3.1 Post-loading drug encapsulation methods, including direct co-incubation,
electroporation, sonication, permeabilization, freeze-thaw cycles, and extrusion method'%.

Created with biorender.com.

To further improve drug encapsulation, active loading techniques are often employed to
enhance drug encapsulation, which include electroporation, sonication, permeabilization,
extrusion and freeze-thaw cycles!> etc. Electroporation technique is primarily employed in
introducing extracellular genes to living cells, applies electric pulses that disrupt cell membranes

and create pores for cargo entry!>®. Electroporation also disrupts the exosomal membrane and
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allow for drug incorporation into exosomes. For instance, Liang et al. used electroporation to
simultaneously package the anticancer drug 5-FU and the miR-21i inhibitor into engineered
exosomes'’. However, a significant challenge with this method is the tendency to form aggregates
of nucleic acids and exosomes during the encapsulation!*®. An EE of 19.34% was achieved when
loading hexyl 5-aminolevulinate hydrochloride into macrophage-derived exosomes!>’. Kim et al.
evaluated different methods for loading PTX into macrophage exosomes and found that
electroporation achieved a loading efficiency of 5.3%, compared to 28.29% with sonication and
1.44% with direct co-incubation at room temperature'®. Recent studies also suggest that rapid
freezing and thawing of exosomes—using liquid nitrogen or -80 °C followed by thawing at room
temperature—can facilitate drug incorporation. The rationale for this method is that slight
disruption of the lipid bilayer of exosomes after limited cycles of freeze and thaw enable drug
molecules to diffuse into the exosomes. The biological activity of the original exosomes is also
maintained during this process. In a study by Haney et al'>%, catalase was loaded into macrophage-
derived exosomes for targeted delivery to the brain in Parkinson's disease. The freeze-thaw cycle
method achieved a loading efficiency of 14.7 + 1.1%, significantly higher than the 4.9 + 0.5%
efficiency from direct incubation, but less effective than sonication and extrusion methods.
Hajipour et al. used the freeze-thaw cycle to load human chorionic gonadotropin (hCG) into
exosomes, achieving an encapsulation rate of 14.02 + 5.46% and a loading capacity of 245.06 +
95.66 TU/mg!'®!. These results were lower than those obtained using sonication, which achieved
40.55 + 4.21% encapsulation and 710.05 + 73.74 IU/mg under the same conditions. Saponin is a
surfactant that increases cell membrane permeability by interacting with membrane cholesterol to

162

create pores while preserving the lipid bilayer's integrity'®. This property also improves the

permeabilization of exosome membranes and improve drug encapsulation without affecting
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exosome morphology. Using a 0.01% saponin significantly improved hydrophilic compound,
porphyrin, loading into extracellular vesicles compared to methods such as direct incubation,
electroporation, and extrusion!2. Saponin treatment increased catalase loading efficiency more
than three-fold, achieving 18.5% compared to 4.9% with co-incubation'>*. However, saponin's

163 Extrusion

potential to cause hemolysis raises concerns about its use in intravenous injections
techniques create exosome-like nanoparticles by serially passing donor cells or purified exosomes
through filters with specific pore sizes under controlled temperature and pressure. This process
breaks down the cells or exosomes into free lipids and proteins, which then reassemble into new
vesicles!®. Extrusion through a lipid extruder (200 nm pore size) under a controlled temperature,
effectively encapsulated catalase into exosomes, achieving a loading efficiency of 22.2 + 3.1%.
This result is comparable to the 26.1 £ 1.2% efficiency obtained through sonication!>*. By mixing
PTX with the exosomes and passing the solution through a lipid extruder with a 100 nm pore size,
a PTX loading efficiency of 14.23 + 0.25% was achieved, which was significantly higher than the
6.87 + 0.4% efficiency obtained using conventional freeze-thaw methods'®. The disadvantage of
the extrusion method is that extrusion appears to induce changes in the exosomes physical
properties (including zeta potential and protein composition)'®. Specifically, when porphyrins
were loaded into breast cancer cells exosomes through repeated and intensive extrusion—31 times
through a 400 nm polycarbonate membrane at 42°C—a significant decrease in the zeta potential

of the exosomes was observed and caused cytotoxicity'>2.

Among the various active encapsulation methods, sonication is notable for its high drug-
loading efficiency and controllability. This technique applies mechanical shear force that
temporarily disrupts exosomal membranes, facilitating drug permeation'>*1%°, After sonication,

exosomes must be restored by incubating the mixture at a specific temperature for at least an hour
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to preserve their protein content!>*16:167 For hydrophilic compounds such as gemcitabine (GEM),
sonication significantly improved loading capacity from 2.79 = 0.72% to 11.68 + 3.68% compared
to direct incubation!®®. Similarly, the sonication method achieved the highest practical drug loading
efficiency at 21.5 & 2.4% of 5- Fluorouracil into exosomes, outperforming the incubation method
(10.8 £ 1.2%)'%°. For hydrophobic compounds like PTX, sonication achieved an EE of 28.29% +
1.38%, significantly higher than the co-incubation (1.44% = 0.38%) and electroporation methods
(5.3% £ 0.48%)'%. Another study reported that sonication increased PTX loading efficiency nearly
10-fold, from 4.2% to 36.8%!'7°. Berberine also showed higher loading when using sonication,
with content in exosomes reaching 17.13 + 1.64%, compared to 5.00 £ 0.70% with the incubation
method!”!. Yerneni et al. demonstrated that mild sonication could sequentially load albumin and
curcumin into exosomes, achieving loading efficiencies of about 38% for albumin and 56% for
curcumin, resulting in exosomes with enhanced stability and anti-inflammatory

172, However, a drawback of sonication is the potential reformation or deformation of

properties
exosomes, which may disrupt their integrity. Despite this, sonication remains an effective method

for developing novel exosome drug delivery systems, offering strong potential for optimizing drug

delivery.
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Table 3.1 Drug lipophilicity and encapsulation methods into exosomes

Partition Coefficient

Drug (logP) Loading Method Loading Efficiency
Sonication 19.55 £2.48%~28.29 +
Paclitaxel ~3.0t03.2 2.48%
(PTX)!48:160 (XLogP3-AA =2.5) Electroporation 5.3+ 0.48%
Incubation 1.44 + 0.38%~8%
Resveratrol ~3.09 SIHCI,lbaFlon ; 15 M
(RSV)'" (XLogP3-AA = 3.1) onication <2 uM
Electroporation
. 174 ~2.5t03.0 . . .
Erastin (Er) (XLogP3-AA=4.8) Sonication Not provided
174 '\’27 . . .
Rose Bengal (RB) (XLogP3-AA=8.5) Sonication Not provided
Berberine (Ber)!”" NA Sonication 17.13 £ 1.64%
i
(XLogP3-AA =3.6) Incubation 5.00+0.70%
Incubation 2 uM
Curcumin ~2.3-3.2 Sonication / <2 uM
(CUR)">!7 (XLogP3-AA =3.2) Electroporation H
Sonication ~56%
Doxorubicin ~1.7t0 1.8 . o
(D OX)149 (XLogP3-AA = 1.3) Incubation 11.73%
- il 0.9 Sonication 21.5+2.4%
-Fluorouracil (5- ~0. . i o
FU)169 (XLogP3-AA = -0.9) Triton X. 100 13.7+£3.1%
Incubation 10.8 £1.2%
Vancomycin ~-0.5 o o o
(VAN)"S (XLogP3-AA = -2.6) Sonication 22.15% +£3.21%
o ® 176 ~= 1 . 1 5 . . - 0
Aspirin (ASA) (XLogP3-AA=1.2) Sonication 20%
Sonication 11.68 = 3.68%
Gemcitabine ~-1.5
(GEM)'¢ (XLogP3-AA=-0.27) Incubation 2.79 £ 0.72%
Methotrexate —-1.85 Freeze-Thaw 64.54 = 1.54%
(MTX)"” (XLogP3-AA=-1.8) Sonication 55.52+1.91%

This chapter focuses on developing a method to encapsulate PFD in exosomes. We
optimized the active drug loading process using sonication to improve drug encapsulation

efficiency (EE%), loading efficiency (LE%), and the overall yield of exosomes. Furthermore, we
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examined different techniques for removing excess drug after encapsulation to enhance the final

yield and drug encapsulation.
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3.3 Material and methods

3.1.1 Development and Validation of UHPLC Method for Quantification of Pirfenidone

(PFD)

Pirfenidone (PFD) was purchased from TCI America (P1871), and analytical grade
acetonitrile and acetic acid were purchased from Sigma Aldrich. High purity water was obtained
from Millipore Milli-Q Plus water purification system (Millipore). Chromatography analysis was
performed on ACQUITY UHPLC H-Class PLUS System (Waters Corporation, USA) equipped
with a photo diode array (PDA) detector. All analyses were performed on an ACQUITY UPLC
BEH C18 Reversed Phase Column (Waters) with a mobile phase of acetonitrile and 0.2% acetic
acid water solution (1:4, v/v) at a flow rate of 0.50 mL/min at 30 °C. The injection volume was
SuL. Absorbance at 314 nm was detected to measure the concentration of PFD. All results were

processed with Empower 3 Chromatography Data Software.

The UHPLC method was validated in terms of linearity, limit of quantification (LOQ),
limit of detection (LOD), repeatability and system suitability using above chromatographic
condition according to ICH guidelines. The system suitability test was performed. Linearity test
solutions were prepared by diluting the standards stock solution. All concentrations were
chromatographed, and calibration curves were constructed by plotting average peak area versus
concentrations for PFD. LOD and LOQ of PFD were estimated by injecting a series of PFD with
known concentration. A signal-to-noise ratio of 3:1 was considered acceptable for estimating the
detection limit, and a signal-to-noise ratio of 10:1 was considered acceptable for estimating the
quantification limit. Intra-assay precision of the proposed methodology was evaluated by assaying
six replicate injections of freshly prepared PFD solution in the same equipment at different

concentrations of 100 pg/mL (high concentration), 6.25 pg/ mL (medium concentration) and 0.78
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png/ mL (low concentration). The results of precision were expressed as percentage relative
standard deviation (%RSD) of the concentration determined from the calibration curve, and the
accuracy was evaluated by the percentage relative error (%Error) at the same concentration levels.
The stability of PFD was evaluated at Oh, 2h, 4h, 6h, 10h and 24h in room temperature at different
concentrations (100 pg/mL, 50 pg /mL, 10 pg/mL and 1 pg/mL). Each concentration at each time
point was chromatographed once. The stability was expressed by calculating the percentage

relative error (% Error) to expected concentrations.

3.1.2 Drug loading of exosomes using sonication method

Purified exosomes were mixed with PFD (TCI, America) with the volume ratio of 1:1. The
procedure involved sonicating a mixture of the drug and exosomes under the following conditions:
an amplitude range of 5% to 25%, for a total of 1 to 4 cycles. Each cycle included 10 seconds of
sonication followed by a 60-second cooling period. After sonication, the mixture was incubated at

4 °C overnight to recover the exosomal membrane. Several formulations were prepared as follows:

Table 3.2 Sonication parameters for exosomes formulation optimization.

No. Sonication Amplitude Sonication cycles
F1 25% 3

F2 15%

F3 5% 4

F4 5% 3

F5 5% 2

F6 5% 1

The size distribution and particles concentration of PFD-loaded exosomes were measured

using NTA. Particle recovery was calculated by the following equation:
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) Exosomes particle number before treatment
Particle recovery(%) = - x100%
Exosome particle number after treatment

Then, excess free drug was removed by two methods: 1) Exosomes spin column MW 3000
(Invitrogen™) and 2) MagCapture Exosome Isolation Kit PS (Wako, Japan). For removing excess
drug with exosomes spin column, the spin column was hydrated and prepared according to
manufacturer’s instruction. After sonication, 100 pL sample mixture was directly to the center of
each gel bed at the top of the columns. The Spin Column was centrifuged at 750g for 2 min at
room temperature to collect drug-loaded exosomes that elute within a 1 mL volume, and 5 fractions
was collected. The fraction contain drug-loaded exosomes was extracted with acetonitrile and then
filtered through a 0.22 um syringe filter (Millipore, USA) and subjected to UHPLC for PFD
quantification and NTA for particles analysis. For removing excess drug with MagCapture
Exosome Isolation Kit PS. Briefly, sample mixture was added to the magnetic beads and the
mixture was incubated for 3 h on a rotating mixer at 4°C. Subsequently, the beads were washed
three times by placing the tubes on a magnetic stand and removing the supernatant. The waste
buffers containing free drug was also collected and then filtered through a 0.22 pum syringe filter
(Millipore, USA) and subjected to UHPLC for PFD quantification and NTA for particles
measurement. PFD-loaded exosomes were eluted by adding 50 pl elution buffer twice. The elute
buffer contain drug-loaded exosomes was mixed with acetonitrile (1:1 of volume) and then filtered
through a 0.22 um syringe filter (Millipore, USA) and subjected to UHPLC for PFD quantification.

Drug encapsulation efficiency (EE%) was calculated by:

Mass of drug initially used — drug in waste buf fer and wash buf fer
EE%= / g Y g. — 1/ /1 x100%
Mass of drug initially used

Drug loading efficiency (LE%) was calculated by:
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LE%= Mass of drug encapsulated 100%
*" Mass of drug loaded exosomes x 0
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3.4 Results

3.1.3 Development and Validation of UHPLC Method for Quantification of Pirfenidone

(PFD)

With the mobile phase that contain acetonitrile and 0.2% acetic acid water solution (1:4),
all peaks including PFD and unknown component appeared within 3 min and distinctly separated.
The peak for PFD displayed at retention time around 1.789 min. However, an unknown substance
appeared at retention time of 0.2min. To identify this substance, all buffers which involves in the
purification of drug-loaded exosomes process was diluted and inject into UHPLC system and
analysed under the same chromatographic condition. The overlay results indicated that the
unknown peak (Retention time =0.2 minutes) present in the waste, wash, and lysate buffers
coincided with a substance peak in the elution buffer. The elution buffer primarily contains EDTA.
Therefore, EDTA, which is consistently present in the drug-loaded sample, does not interfere with
the quantification of PFD. A linear relationship was observed between the ratio of the peak area
signal of PFD and the corresponding PFD concentration, ranging from 0 to 100 ug/mL, as
indicated by the results in Figure 3.2. The correlation coefficient (1?) exceeded 0.99, demonstrating
strong linearity. In terms of precision of quantification, the intra-assay precision (n = 6) at high
(100 pg/mL), medium (6.25 pg/mL), and low (0.78 pg/mL). PFD concentrations showed %RSD
values of less than 1%, indicating high repeatability of this method for PFD quantification at these
levels. The accuracy (%Error) of the method at high and medium concentrations ranged from 1%
to -4% of the nominal value of the analyte, which is considered acceptable. However, accuracy at
a low concentration (0.78 pg/L) was higher, around -10%. The limit of detection (LOD) and the
limit of quantification (LOQ) for PFD were found to be 0.02 ng/mL and 0.07 pg/mL, respectively.

Relative error values at 100 pg/mL, 50 pg/mL, 10 pg/mL within 24h were all within -3% to 2%,
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indicating PFD compound is stable and show no appreciable degradation within 24h under room
temperature at these concentrations. However, at lower concentrations (1 pg/mL), the relative error
increased significantly. Overall, the proposed UHPLC method is effective for quantifying PFD,

demonstrating excellent system suitability, precision, accuracy, and linearity.
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Figure 3.2 System suitability of UHPLC method for PFD quantification.
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Figure 3.3 Linearity of UHPLC method for PFD quantification.

Table 3.3 Intra-assay precision and accuracy of PFD quantification method

Mean concentration

%RSD %Error
(ng/mL £SD)
High concentration (100 pg/mL) 99.97 +0.78 0.78% -0.03%
Medium concentration (6.25 pg/mL) 6.46 + 0.02 0.32% 3.32%
Low concentration (0.78 pg/mL) 0.70 £0.00 0.62% -9.63%
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Table 3.4 LOQ and LOD of PFD quantification method

Concentration of PFD (ug/mL) Signal to Noise
0.1 14.5
0.09 13.98
0.08 11.26
0.07 10.48
0.06 9.511
0.05 8.283
0.04 6.250
0.03 4.035
0.02 3.519
0.01 1.732
Table 3.5 Short-term stability of PFD
%Error
Concentration of
PFD (ng/mL)
Oh 2h 4h 6h 10h 24h
100 -0.31% -0.65% -0.75% -0.49% -0.43% -0.36%
50 1.32% 0.40% 0.64% 1.27% 1.03% 0.60%
10 -1.98% -2.35% -2.36% -2.12% -2.22% 1.94%
1 -7.56% -11.19% -11.13% -6.48% -10.05% -7.40%
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Table 3.6 Summary of UHPLC method for quantification of PFD

UHPLC Parameter Value
Retention time 1.789 min
Intra-day precision (n=6) %RSD <=+ 1%
Accuracy %Error <+ 5%
LOD 0.02 pg/mL
LOQ 0.07 pg/mL
Range of linearity 0-100 pghml,
R*>0.99
Short-term stability Good

3.1.4 Sonication-Based encapsulation of PFD and subsequent purification of PFD-loaded

exosomes

Sonication is commonly used to facilitate the incorporation of drugs into exosomes due to

its ability to disrupt cell membranes and assist with the loading process. In our study, exosomes

were first mixed with of PFD, and an intense sonication condition (25% amplitude, 3 cycles) was
p y

initially used to load PFD into the exosomes. NTA showed a negligible increase in the size of

particles post-sonication. A significant loss in the exosome particle population following

sonication was observed. However, the total number of exosomes decreased to 34% of the original

number (Figure 3.4). This reduction indicates that 66% of the exosomes were either disrupted or

degraded because of the sonication process. This substantial decrease highlights the impact of

sonication on exosome integrity and suggests that the process is disruptive.
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Figure 3.4 Characterization of exosomes and sonicated exosomes. (A) Size distribution of

exosomes. (B) Particle concentration of exosomes and sonicated exosomes. Values represent the

mean =SD, n=3.
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3.1.5 Comparative analysis of exosome recovery and drug removal methods

To purify PFD-loaded exosomes, Exosome Spin Columns (MW3000) was initially
employed to quickly remove low molecular weight components such as buffer elements, salts,
nucleotides, and short oligonucleotides from exosome preparations. In this instance, this method
was employed to remove unincorporated drug (PFD) from PFD-loaded exosome preparations.
Under NTA analysis, the particle sizes distribution of fractions 1 to 5 were similar those of the
exosomes, measuring 152.4 nm, 139.1 nm, 149.9 nm, 1754 and 163.4nm, respectively, indicating
the presence of exosomes in these fractions. The initial concentration of exosomes was 10!
particle/mL. After sonication and purification using Exosome Spin Columns, the concentration
analysis revealed that Fraction 1 had the highest exosome particle concentration, measuring 10°
particle/mL. This was slightly higher compared to Fractions 2 through 5, each of which had a
concentration of 10% particles/mL. Therefore, the particle yield of PFD-loaded exosomes was
substantially low, with only 12.04% of the original exosome population retained in Fraction 1, and
even lower yield in Fractions 2 through 5 (3.04%, 1.38%, 1.86%, and 3.17%, respectively). PFD-
loaded exosomes were possibly trapped in Exosome Spin Column, induce a loss of exosomes
particles during purification. Overall, the result indicate that Exosome Spin Column showed low
efficiency (21.49% of initial exosomes) for drug removal and resulted in reduced yield and sample

dilution.
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Figure 3.5 PFD-loaded exosomes purified with exosomes spin column. (A). Illustration of
Exosome Spin Column purification method of PFD-loaded exosomes. Created with biorender.com
(B-G). NTA analysis of exosomes and all fractions. (H) Characterization of exosomes purified

with Exosome Spin Column. Values represent the mean +£SD, n=4.
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To enhance the yield of PFD-loaded exosomes, an alternative purification method called
MagCapture Exosome Isolation Kit was utilized. This approach employs magnetic beads to
separate free drug from PFD-loaded exosomes, as only PFD-loaded exosomes bind to the beads.
PFD-loaded exosomes were expected to elute from the beads, followed by washing the beads for
three times. During these washes, 3 fraction that contain any free drug were also collected
separately for analysis. NTA analysis showed only the elute showed a particle population with a
relatively homogenous distribution, though with an increased size of around 180 nm. In contrast,
the waste fractions 1 to 3 contained particles that were either significantly smaller or larger and
exhibited a highly variable size distribution. The initial concentration of exosomes was 10!
particle/mL. After sonication and purification using Magcap, the concentration analysis revealed
that the elute had high exosome particle concentration (10° particle/mL). NTA analysis indicated
that the PFD-loaded exosomes were predominantly present in the elute. The particle yield in the
elute was approximately 27.19% of the original exosome population as shown in Figure 3.6 F. This
suggests that Magcapture Exosome Isolation improved the yield of the PFD- exosomes compared
to the Exosome Spin Column method (20.14%). Additionally, unlike the Exosome Spin Column,

Exosome Isolation did not cause sample dilution.
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Figure 3.6 PFD-loaded exosomes purified with Magcapture Exosome Isolation method. (A).
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Figure 3.7 Comparison of particle recovery rates and EE% of PFD-loaded exosomes between
the Magcapture Exosome Isolation method and the Exosomes Spin Column method. Values

represent the mean +=SD, n=4.

Figure 3.7 shows that the Magcapture Exosome Isolation method achieved a particle
recovery rate of 27.2% + 4.2%, higher than the 21.49% obtained with the Exosomes Spin Column
method. Additionally, the Magcapture method demonstrated an encapsulation efficiency of 5.50%
+ 3.09%, while the Spin Column method showed no detectable encapsulation. This low yield of
particle numbers from the Spin Column method explains the lack of measurable drug
encapsulation in the exosomes, as the reduced quantity was insufficient to carry a significant

amount of drug. These findings suggest that the Magcapture Exosome Isolation method is more
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effective for both recovering exosome particles and separating free drug from PFD-loaded

€X0Somes.

3.1.6 Optimization of sonication method for encapsulating PFD into exosomes

Although the drug was detectable after sonication and Magcapture Exosome Isolation of
PFD, the overall EE was low. This possibly resulted from high-power sonication, which caused
irreversible deformation of the exosomes. The sonication parameters were further optimized
through hit and trial method by evaluating particle size, particle recovery (% of the original number

of exosomes), EE% and LE% of drug loaded exosomes.
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Sonication amplitude was used as a variable from 5 % to 25 % (F1, F2 and F4) with
constant sonication time and cycles. Low sonication amplitude was effective for encapsulating
PFD, achieving EE of 7.780+1.432% and LE of 8.670+1.460% in formulation F4. In contrast,
formulations F1 and F2 showed minimal encapsulation, with F2 recording 0.300% EE and 0.441%
LE, while F1 had no detectable encapsulation. These results suggest that medium to high
sonication amplitudes are linked to reduced drug encapsulation. Regarding particle recovery, F1
exhibited the lowest recovery at 11.973%, compared to F4 at 28.736% and F2 at 20.461%. This
indicates considerable exosome loss with increased sonication amplitude. As sonication amplitude
increased, the size of the PFD-exosome particles also increased, with measurements of
229.8+3.8nm for F1, 240.6 £2.6 nm for F2, and 188.9+8.6 nm for F4. However, this increase in

amplitude also led to greater heterogeneity in the PFD-exosome size distribution.

Evaluating the impact of sonication cycles at low amplitude revealed that fewer cycles
enhance drug encapsulation. Formulation F6, which underwent only 1 cycle, achieved the highest
EE of 11.136% =+ 1.267% and LE of 10.012% =+ 1.026%. This exceeded that of F5, which had 2
cycles (10.406% =+ 1.382% EE and 9.586% =+ 1.152% LE), F4 with 3 cycles (7.780% + 1.432%
EE and 8.670% + 1.460% LE), and F3 with 4 cycles (5.495% + 0.987% EE and 7.477% + 1.244%
LE). Additionally, F6 demonstrated the highest particle recovery, retaining 64.213% of the initial
exosome particles, which was significantly greater than F5 (25.543%), F4 (28.74%) and F3
(13.694%). After drug encapsulation, there was a noticeable increase in exosome size across
formulations F3 to F6. Specifically, F3 (213.9 + 6.4 nm) and F6 (209.3 + 6.4 nm) were larger
compared to the sizes observed in F5 (169.4 + 1.8 nm), F4 (188.9 & 8.6 nm). Overall, formulation
F6 was identified as the optimal formulation, balancing relatively high EE with high particle

recovery.
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3.5 Discussion

The feasibility of exosomes as drug delivery carrier is often retrained by upstream low
exosome production and downstream poor drug encapsulation. Improving both drug encapsulation
in exosomes and stability of drug-loaded exosomes has been much challenged to enable the better
drug delivery to the specific targeted cells. This chapter aims to address this issue by investigating
a workflow for actively encapsulating PFD into exosomes and optimize factors (including drug

removal method and sonication parameter) that impact drug encapsulation.

The efficiency of drug encapsulation into exosomes is significantly influenced by the
compound's hydrophilicity or hydrophobicity, as well as the loading techniques. Hydrophobic
compounds typically show higher EE than hydrophilic compounds!>>!%°, Because of the lipidic
nature of the exosomal membrane, hydrophobic compounds interact more effectively with the

163 However, drugs such as curcumin!’>!73 PTX!34160.167 and

hydrophobic tails of exosome
berberine!”!, which are hydrophobic, often show low encapsulation into exosomes when using
passive drug-loading methods. PFD is a very hydrophobic compound (log P = 2.14), so in order to
enhance drug encapsulation, temporary permeabilization of the exosome membrane is necessary.
This can be achieved through sonication, which creates pores in the lipid bilayer of exosomes and
facilitates the encapsulation of small molecule drugs that have limited membrane diffusion!’s.
However, sonication can disrupt exosomal membrane and negatively impact exosome structure,
affecting their shape, size distribution, membrane integrity, and cellular uptake!’®!” . Our findings
confirmed that under intense sonication condition (25% amplitude, 3 cycles), a slight increase in
exosomes particle size but significantly reduced the exosome population by 66%. This reduction,

consistent with previous studies'®’, is likely due to fragmentation or degradation from the intense

sonic waves. Sonication damages the membrane integrity of exosomes, resulting in a lower yield
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of intact exosomes and significantly reducing the number available for drug delivery in this study.
Therefore, sonication protocols must be carefully optimized to reduce exosome rupture and

maintain a sufficient number of exosomes to carry drug.

After using sonication to encapsulate PFD into exosomes, removing unloaded drugs after
the loading process using various purification techniques is essential. This chapter compares drug
removal methods based on the particle size, particle recovery and EE% of drug-loaded exosomes.
Exosome Spin Column rapidly purified PFD-loaded exosomes while preserving exosomes size.
However, the results also indicated a considerably low yield of PFD-loaded exosomes, recovering
maximal 20.14% of the original exosome particles. The low yield is likely due to many particles
were retained in the column, leading to a loss of PFD-loaded exosomes during the purification
process. Furthermore, this method caused sample dilution by separating PFD-loaded exosomes
into different fractions (5 fraction with 1ml in each fraction), which further reduced their yield.
The significant loss of PFD-loaded exosomes particle explains the undetectable drug encapsulation
efficiency. In comparison, the MagCapture Exosome Isolation method significantly improves the
yield of PFD-loaded exosomes, recovering approximately 27.2% + 4.2% of the original exosome
population. Additionally, the Magcapture method showed some EE at 5.0% + 2.3%, whereas the
Spin Column method exhibited no detectable encapsulation efficiency. Unlike the Exosome Spin
Column, MagCapture Exosome Isolation does not cause sample dilution. EE% was detectable but
still consider low. These results indicate that the Magcapture Exosome Isolation method is more
effective in both recovering exosomes particles and separating free drug from drug-loaded

€X0Somes.

To maximize drug encapsulation, it is crucial to carefully optimize the sonication

parameters, which involves adjusting the amplitude and number of cycles to minimize potential
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damage to the exosomes. The particle size, particle recovery (%), drug EE (%) and LE (%) of
PFD-loaded exosomes was firstly optimized using a hit-and-trail approach. Sonication amplitude
was used as a variable from 5 % to 25 % with constant sonication cycles (F1, F2 and F4). The
results showed that increasing the sonication amplitude led to a larger average particle size for
PFD-loaded exosomes, but also significantly altered the size of exosomes and induced a more
heterogenous distribution. Our data indicated that minimal sonication amplitude is optimal for
PFD encapsulation, achieving a particle recovery rate of 28.740%, an EE of 7.780%, and a LE of
8.670% for formulation F4. In contrast, the highest sonication amplitudes appeared to cause greater
damage to exosomes, leading to reduced particle number to 11.970% and a non-detectable EE and
LE. Further, the optimization of sonication cycles at low amplitude (Formulations F3 to F6)
indicates that reducing the number of sonication cycles significantly double drug EE from 5.50 %
to 11.14%. This improvement is likely due to fewer sonication cycles causing less disruption to
the exosome structure and increase drug encapsulation, which was supported by the observed
increase in particle recovery from F3 to F6. Another assumption is the exosomal membrane gets
more disorientated when increasing sonication, which may limit the availability of the surface
required for binding hydrophobic drug!®®. Although increasing the number of sonication cycles did
not create a highly variable size distribution, there was a noticeable increase in exosome size across
formulations F3 to F6 after drug encapsulation. This increase in exosome size is consistent with
previous studies, which also reported a significant rise in particle size after encapsulating drugs
including paclitaxel in glioblastoma-derived and macrophages-derived exosomes'>*. Among all
formulations, F6, produced with the lowest sonication amplitude and fewest cycles, was optimal,
achieving the highest EE of 11.136% + 1.267%, LE of 10.012% + 1.026%, and the best particle

recovery rate of 64.213% =+ 8.490%. In subsequent chapters, F6 will be referred to as the PFD-
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exosomes. In conclusion, the findings emphasize the importance of using mild sonication to

improve both drug encapsulation and particle recovery in exosome formulations.
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3.6 Conclusion

In conclusion, this chapter systematically optimized the formulation for encapsulating PFD
into exosomes, focusing on evaluating drug removal methods and sonication parameters to
improve drug encapsulation efficiency, loading efficiency, and overall exosome yield. Our
comparison of purification techniques highlights that the MagCapture Exosome Isolation method
is significantly superior to the Exosome Spin Column method in recovering drug-loaded exosomes.
Our findings indicated that the application of sonication must be carefully controlled to prevent
damage to exosomal integrity. Specifically, optimizing sonication conditions—by using lower
amplitudes and fewer cycles—Iled to notable improvements in both drug encapsulation and
exosome recovery. Formulations F6 showed the optimal encapsulation with an EE of 11.14% +
1.27%, a LE of 10.01% = 1.03%, and the highest particle recovery rate of 64.21% =+ 8.49%. These
insights provide valuable strategies for enhancing exosome-based drug delivery systems,

ultimately facilitating more effective therapeutic applications.
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Chapter 4 In Vitro and In Vivo Assessment of Human Dermal
Fibroblast-Derived Exosomes and Pirfenidone- exosomes for

Scarless Tissue Repair in Wound Healing
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4.1 Overview

Dermal fibroblasts are essential for wound healing because they regulate collagen
metabolism and the remodeling of the extracellular matrix (ECM). Strategies that focus on
optimizing these fibroblasts' functions, particularly their ability to synthesize and degrade collagen,
aim to improve healing outcomes and minimize scar formation. In pursuit of effective anti-scarring
strategies, pirfenidone (PFD), an FDA (Food and Drug Administration)-approved anti-fibrotic
agent, emerges as a promising candidate due to its ability to regulate collagen dynamics. Although
PFD has shown efficacy in reducing hypertrophic scars, its instability poses challenges for cellular
delivery. To address this, we have proposed loading PFD into exosomes derived from dermal
fibroblasts, hypothesizing that these natural carriers can enhance intracellular delivery and
therapeutic efficacy. The study revealed that exosomes from human dermal fibroblasts enhance
fibroblast migration and proliferation through an autocrine mechanism, suggesting their potential
as a cell-free therapy for wound healing. Notably, this research is the first to show that exosomes
can serve as effective drug carriers for PFD, improving its anti-fibrotic properties in vitro and in
vivo. In vivo experiments demonstrated that PFD-exosomes accelerate healing and organized the
ECM in repaired tissues by reducing excessive collagen buildup. Specifically, they reduced the
expression of Pro-Collagen I alpha 1 and TIMP-1 while increasing MMP-1 production in dermal
fibroblasts. By regulating fibroblast activity and collagen metabolism, PFD-exosomes effectively
minimized excessive ECM deposition, presenting a promising strategy for enhancing wound

healing and reducing fibrotic scarring.
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4.2 Introduction

Dermal fibroblasts represent the main organizers in wound repair by modulating the
synthesis and degradation of proteins in ECM?3. They are primarily responsible for producing
collagen—the predominant structural protein in the ECM that provides mechanical support and
integrity to both healthy skin and scar tissues'®!. More than 20 subtypes of collagen have been
identified, with collagen type I composing about 70-90% of the total collagen in human skin.
When a wound heals, it typically forms a normotrophic scar, which appears flat and slightly raised
but remains within the boundaries of the original wound. Normotrophic scars exhibit increased
collagen synthesis compared to normal skin, with collagen fibers packed more closely and less

loosely!8!

. Hypertrophic and keloidal scars show even predominantly increases in collagen
synthesis, leading to abnormally thicker collagen bundles!®?. These scars appear raised above the
skin's surface and often present with a reddish or darker color compared to the surrounding skin.
Overall, the presence of all scar types reflects abnormal collagen composition and organization,
leading to an unideal wound-healing outcome®*. Therefore, strategies that regulate dermal

fibroblast activity and specifically target collagen synthesis are essential for reducing scar

formation during healing.

Fibroblasts also control collagen degradation through their secretion of enzymes known as
matrix metalloproteinases (MMPs), which break down most structural components of ECM!'#3,
Specifically, MMP-1 and MMP-8 preferentially cleave collagen type 1. Given the significant
impact of MMP activity on healing, their function is stringently regulated at multiple levels
including gene expression, protein secretion, extracellular activation upon their release, and finally
through the inhibition by tissue inhibitors of metalloproteinases (TIMPs)!84. TIMPs, natural

inhibitors of MMPs produced by fibroblasts, bind specifically to MMPs, sterically blocking their
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active site in a one-to-one stoichiometry. Together, MMPs and TIMPs balance the dynamic process
of collagen degradation, impacting ECM remodeling and overall healing outcome. Although
MMPs are essential for regular repair, the imbalance between MMPs and TIMPs during the wound
healing process leads to complications, such as keloid scar formation'®’. Interestingly, mammalian
fetuses exhibit scarless tissue repair due to a unique expression profile with higher MMP levels
and lower TIMP levels, which supports effective wound healing with minimal scarring. Given the
significant impact of the balance between MMPs and TIMPs on healing outcomes, targeting
fibroblasts based on their production of these proteins could be an effective strategy for managing
collagen degradation. Therefore, approaches that regulate fibroblast activity and focus specifically
on collagen degradation through MMPs and TIMPs are essential for reducing scar formation and

promoting scarless healing.

In response to the need for effective scarless wound healing, developing an anti-scarring
treatment that modulates dermal fibroblast activity appears to be a practical strategy. Pirfenidone
(PFD), an FDA-approved compound with broad anti-fibrotic properties, has demonstrated a
potential solution in this regard. PFD primarily targets fibroblast cells and prevents scarring in
vitro and in vivo by regulating collagen production and fibril assembly!®®. In normal human dermal
fibroblasts, PFD inhibits the fibrogenic signals of TGF-B1 by disrupting intracellular p38-mediated
MAPK activation, regulating the transcription of profibrotic genes, and blocking myofibroblast
differentiation!. For instance, a topical gel containing 8% PFD applied over six months has resulted

in significant regression of hypertrophic scars in pediatric patients!®®

. Moreover, PFD-loaded spray
dressings have been associated with effective scar prophylaxis, likely due to their regulation of

collagen synthesis and degradation involving key cytokines like MMP-1'%°, However, PFD is very

hydrophobic (log P = 2.14) and has a low molecular weight (185 g/mol). These properties allow
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PFD to interact with multiple molecular targets and cell types. For example, PFD inhibits cellular
proliferation and migration in both normal and keloid-derived keratinocytes!®. To further enhance
the effectiveness of PFD and targeting fibroblasts, it has been encapsulated in cerium oxide
nanocapsules to protect it against reactive oxygen species (ROS) and achieve efficient intracellular
delivery. This process reduces ROS and TGF-f levels while improving collagen fiber arrangement
and proportion'®!, However, in this study PFD's small molecular weight and instability in the
presence of intracellular ROS pose challenges for effective cellular delivery. An alternative
approach is to load PFD into dermal fibroblasts- derived exosomes. We hypothesize that these
natural carriers can facilitate intracellular delivery to dermal fibroblasts, potentially enhancing
PFD's therapeutic effectiveness in modulating fibroblast activity in vitro and ultimately promoting

scarless wound healing in vivo.

In the previous chapters, we successfully isolated high-purity exosomes and encapsulated
the anti-fibrotic compound PFD into exosomes. This chapter further investigates the effects of
exosomes and PFD-exosomes on dermal fibroblasts functions, including their proliferation,
migration, and the modulation of collagen synthesis and degradation in vitro. Subsequently, the
effects of exosomes and PFD-exosomes was evaluated in vivo using a full-thickness wound model

to evaluate their efficacy in promoting wound healing and scarless tissue repair.
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4.3 Materials and methods

4.3.1 In vitro cellular uptake of fluorescent-labeled exosomes by dermal fibroblasts

Exosomes were stained with different fluorescent dyes including 10 pM Dil and 8 uM
PKH26 dye (PKH26 Red Fluorescent Cell Linker Kit, Sigma, PKH26GL) to identify the optimal
dye for exosomes labelling. Briefly, 100 uL of exosome samples with 10° particles/mL
concentration were labeled with 100 pL dye solution. The mixture was incubated for 20 minutes
while rotating at room temperature. Excess dye was removed by Exosome Spin Columns
(Invitrogen™, Thermo Fisher Scientific) according to the manufacturer’s instruction. Dye
solutions was also loaded on Exosome Spin Columns, and the elutes from the column served as a
negative control group. Dermal fibroblasts directly stained with dye also served as a positive
control. Dermal fibroblasts were seeded in a 96-well plate at a density of 3000 cells/well and
incubated at 37°C for 24 h. After rinsing the cells three times with PBS, each well was treated with
a mixture of 100 pL labeled exosomes and 100 pL of complete EMEM for up to 24 hours. The
cells were then labeled with 300 nM 4',6-diamino-2-phenylindole (DAPI, Invitrogen™, Thermo
Fisher Scientific) for 10 minutes. Cellular uptake was imaged by fluorescence microscope (EVOS®

FL Auto Imaging System, Thermo Fisher Scientific).

4.3.2 In vitro MTS assay

Here, in vitro MTS assay is a colorimetric method used to assess cell viability and
proliferation based on the metabolic conversion of MTS into a formazan product by viable cells.
Briefly, dermal fibroblasts were seeded in a 96-well microplate in complete EMEM at a density of
4000 cells/well (100 pL per well) and incubated at 37°C in 5% CO, overnight to achieve 80%-90%

confluency. After 24h, the cell culture medium was removed and treated with 200 pL positive,
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negative, and treatment groups. The treatment group were different dose of PFD, exosomes, and
PFD- exosomes diluted in EMEM (Wisent, 320-030-CL) to achieve 200 pL total volume. Cells
cultured in EMEM alone were used as a negative control. Cells treated with 1% (v/v) Triton X-
100 were used as a positive control. After exposure to the control and treatment group, cells are
incubated at 37°C, 5% CO; for 12h and 24h. Cell viability of exosomes and PFD-exosomes to
dermal fibroblast cells were then determined using the MTS assay (CellTiter 96 AQueous one
solution cell proliferation assay, Promega) following the manufacturer’s instruction with minor
modification. Briefly, 20 uL CellTiter 96 AQueous one solution was diluted in 200 pL in phenol
red -free EMEM (Wisent, 320-030-CL) in each well. Microplates were incubated at 37°C for 2h
in a humidified, 5% CO; atmosphere, and the absorbance at 490nm was then measured using a 96-
well microplate reader (Varioskan LUX, Thermo Fisher Scientific). The amount of 490nm
absorbance is directly proportional to the number of living cells in the culture. Relative cell

viability was calculated by the following equation:

0, Rolati I viabilin— Abs 490nm in treatment group-Abs 490 nm in blank 100%
0 Reialive ceil viability Abs 490nm in negative-Abs 490nm in blank o ’

4.3.3 In vitro scratch assay

The effect of exosomes and PFD-exosomes on fibroblast migration was tested by in vitro
scratch assay on human dermal fibroblasts, as previously described!®?. Dermal fibroblasts were
seeded in a 24-well plate in complete EMEM at a density of 50,000 cells/well and incubated at
37°C to achieve 90% confluence before treatment. Cells were serum-starved for 12h before
creating scratches on cell monolayer. An artificial scratch gap was created on the cell monolayer
by a sterile 10uL pipet tip, and cell debris was removed by washing with PBS twice. Cell culture

medium was removed and treated with 1000uL positive, negative, and treatment groups. Cells
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cultured in serum-starved medium were served as a negative control, and cells cultured in a serum-
rich medium served as positive controls. 100pL exosomes and PFD- exosomes were added to
1900uL serum-starved medium to achieve a final concentration of 5x108 particles/ml. After 24h,
cells were labeled with 8 uM PKH26 dye and incubated for 45 min. The adherent cells were
washed with PBS twice after the removal of excess PKH26 dye. The image of cell migration was
captured to evaluate the closure rate. Fluorescent images of the in vitro wounds were taken at 0,
12, and 24 h with a fluorescent microscope (EVOS FL Auto Imaging System, Thermo Fisher
Scientific). The extent of cell migration was determined by measuring the area of scratch gap

closure by ImagelJ software. The percentage of migration was calculated by the following equation:

_ ) Initial scratch gap area - scratch gap area
% Migration = — x 100%
Initial scratch gap area

4.3.4 In vitro COL1A1 gene expression of dermal fibroblasts

In order to study how exosomes and PFD-exosomes modulate multiple ECM-related gene
expression, Dermal fibroblasts were seeded in 12 well plates at a density of 20,000 cells/ well and
grown at 37°C for 48h in complete EMEM. Cells were exposed to exosomes, PFD-exosomes for
48h. Total RNA of treated cells was isolated with E.Z.N.A.® Total RNA Kit I (Omega Biotek)
post-treatment according to the manufacturer’s instruction. RNA amount and purity of samples
was measured using NanoDrop 1000 (ThermoFisher). 0.4 pg total RNA was used as a template to
convert to cDNA. The expression of target genes COL1AIl (collagen type I alpha 1,
Hs00164004 m1 was analyzed by quantitative real-time PCR with TagMan® RNA-to-Ct™ 1-Step
Kit and Assays-on Demand Gene Expression probes (Applied Biosystems) following the
manufacturer’s instruction with minor optimization. qRT-PCR reactions were performed on 96

well plates with 20 uL volumes for each reaction. All samples were analyzed in triplicate in an
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individual study. Thermal cycling conditions are displayed in Table 4.1. Products were detected
with the Applied Biosystems™ StepOnePlus™ Real-Time PCR System. Expression of each target
gene in all control and treatment groups was normalized to housekeeping genes GAPDH
(glyceraldehyde 3-phosphate dehydrogenase, Applied Biosystems, Hs02786624 ¢g1). Quantitative

PCR data were expressed as “fold changes” relative to control levels.

Table 4.1 Optimal PCR reaction formulation for gene expression analysis

Component (Life Technologies Gene Expression Volume for Each
Assays) Reaction (uL)
TagMan ®RT-PCR Mix (2x) 10
TagMan ®Gene Expression Assay (20x) 1
TagMan ®RT Enzyme Mix (40x) 0.5
RNA template (0.4 pg) diluted in RNase-free H20 8.5
Total Volume 20

Table 4.2 Optimal PCR reaction program

Step Temperature Time Cycles
Reverse transcription 48°C 15 minutes 1
Enzyme activation 95°C 10 minutes 1
Denature 95°C 15 seconds 40
Anneal/extend 60°C 1 minute

4.3.5 In vitro protein expression of dermal fibroblasts treated with exosomes and PFD-

exosomes

Dermal fibroblasts were seeded in 12 well plates at a density of 20,000 cells/ well and

grown for 48h in complete EMEM. Cells were treated with exosomes, PFD-exosomes, for 12h.
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Supernatants from cell cultures were collected and analyzed for TIMP-1, MMP-1, and Pro-
Collagen I alpha 1 concentration using sandwich-type ELISA assays (R&D Systems) following
the manufacturer’s instructions with minor optimization. Briefly, 96-well microplates were pre-
coated with 100uL per well of the optimal concentration of diluted capture antibodies and
incubated overnight at 4 °C. The plate was washed three times with wash buffer and then blocked
by 300 puL Reagent Diluent for 1h at room temperature. The plate was washed three times again
with wash buffer before loading 100 pL standards and samples. Samples were then incubated at
room temperature for 2h. After that, the plate was washed three times again with wash buffer and
was incubated with 100 puL per well of the diluted detection antibodies at room temperature for 2h.
100 pL per well of the Streptavidin- HRP (diluted to 1:40) was added to each well and incubated
at room temperature for 20 minutes, avoiding direct light. After washing the plate again with wash
buffer, 100 puL of substrate solution was added to each well and incubated for 20 minutes to develop
the color. 50 uL. Stop Solution was added to stop the reaction. The absorbance was immediately
determined by a microplate reader (Varioskan LUX, Thermo Fisher Scientific) set to 450 nm and

corrected by 570 nm.

Table 4.3 Optimal ELISA antibodies and antigens concentration

Pro-Collagen I alphal  MMP-1 TIMP-1
Capture antibody 4 pg /ml 800 ng/ml 2 pg /ml
Detection antibody 100 ng/ml 125 ng/ml 50 ng/ml

Range of detected 31.3 pg/mlto 2000 pg/ml 62.5 pg/mlto 4000 pg/ml 31.3 pg/ml to 2000 pg/ml

antigen
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4.3.6 In vivo wound healing model

The animal protocol for in vivo study was approved by the Animal Care Committee at
University of Waterloo. 5 to 8 week-old SKH-1 hairless male mice were purchased from Charles
River Laboratories (QC, Canada). Upon their arrival, all mice were kept in standard conditions
with free access to food and water. Donut-like splint rings are prepared by cutting from a 0.5-mm-
thick silicone sheet. (Inner diameter 6 mm, outer diameter 15 mm, thickness 0.5 mm). On the day
of surgery, mice were anesthetized with 2% isoflurane. The dorsal skin of the back from the
midline was pulled with fingers. It was punched through the folded skin (both layers) with a Smm
diameter sterile single biopsy punch to create two symmetrical full-thickness excisional wounds
beside the midline that extend through the subcutaneous tissue. A 3M Vetbond tissue adhesive was
spread on one side of the donut-like splint rings and the rings was carefully placed around the
wound with the glue side facing down so that the wound was centered within the ring. All
treatments, suspended in PBS, were administered topically by pipetting the solution into the center

of the ring.

The sample size for this animal study was determined using G*Power software, focusing
on t-tests within the "Means: Difference between two independent means (two groups)" test family.
Employing an "A priori: Compute required sample size-given o, power, and effect size" type of
power analysis, the parameters chosen included an error probability (a) of 0.05 and a power of
0.95 with one tail. An equal sample size in both groups (n1=n2) was assumed. The effect size,
derived from previous studies, was assumed to be 2, indicating a substantial difference.
Specifically, a 20% difference in the percentage of wound closure was considered relevant, with a
standard deviation estimate of 10%!°%!%4. Consequently, the estimated sample size for each group

was determined to be 7 mice per group.
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In the low dosage group, animals were randomized into three groups and received

treatments as follows:

Group 1: Exosomes =4 mice. Where 2 wounds were made on the back of each mouse, one
wound was treated with exosomes and one wound was served as the control (PBS treatment) (n=4).
100 pg exosomes in 15uL. PBS was daily administrated on Day3, Day 5 and Day7 to make a total

dose of 300 pg exosomes treatment to the wound.

Group 2: PFD-exosomes =4 mice. Where 2 wounds were made on the back of each mouse,
one wound was treated with PFD-exosomes and one wound was served as the control (PBS
treatment) (n=4). 100 pg PFD- exosomes in 15 pL. PBS was daily administrated on Day3, Day 5

and Day7 to make a total dose of 300 pg PFD-exosomes treatment to the wound.

Group 3: PFD = 4 mice. Where 2 wounds were made on the back of each mouse, one
wound was be treated with PFD and one wound was served as the control (PBS treatment) (n=4).
10 pg PFD in 15 pL PBS was daily administrated on Day3, Day 5 and Day7 to make a total dose

of 30 pg PFD treatment to the wound.

In the high dosage group, animals were randomized into three groups and received

treatments as follows:

Group 1: Exosomes = 3 mice. Where 2 wounds were made on the back of each mouse, one
wound was treated with exosomes and one wound was served as the control (PBS treatment) (n=3).
200 pg exosomes in 15uL PBS was daily administrated from Day3 to Day8 to make a total dose of

1200 pg exosomes treatment to the wound.

Group 2: PFD-exosomes = 3 mice. Where 2 wounds were made on the back of each mouse,

one wound was treated with PFD-exosomes and one wound was served as the control (PBS
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treatment) (n=3). 200 pg PFD- exosomes in 15 pL PBS was daily administrated from Day3 to

Day8 to make a total dose of 1200 pg PFD-exosomes treatment to the wound.

Group 3: PFD = 3 mice. Where 2 wounds were made on the back of each mouse, one
wound was be treated with PFD and one wound was served as the control (PBS treatment) (n=3).
20 pg PFD in 15 pL PBS was daily administrated from Day3 to Day8 to make a total dose of 120

ug PFD treatment to the wound.

A flexible first aid tape was applied to cover the rings and seal the treatment liquid. All
wounds were then covered with bandages and 3M™ Tegaderm™ Transparent Dressings before
mice being individually housed. Wound size and appearance were photographed and measured
every other day. Wound healing rate were expressed as a percentage of the respective initial wound.
Mice were all sacrificed on day 13 and wound tissue was collected through biopsy punch for

further histological analysis.

Biopsy punch Creation of Excisional Attach the ring Seal the ring with  Attachment of Attachment of
splint wound tape bandage transparent
occlusive dressing
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Figure 4.1 In vivo wound healing model using SKH-1 mice. Surgical technique for creating a

full-thickness excisional splint wound in mice. Created with biorender.com.
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4.3.7 Histological analysis

4.3.7.1 Collagen (Sirius Red/Fast Green) assay

On day 13, the animals were euthanized, and their wounds along with the surrounding tissue were
carefully harvested by 8mm diameter sterile single biopsy punch. These tissues were then divided
into two halves for further experiments. The specimens were fixed in 4% paraformaldehyde (in
PBS, 0.01 M, pH 7.4) for 24 hours. After fixation, the samples were transferred to a 30% sucrose
solution (in PBS, 0.01 M, pH 7.4) and stored at 4°C for 48 hours. The skin tissues were embedded
in Tissue-Plus™ O.C.T. Compound (Fisher Scientific, Canada) at -20°C. The frozen tissue blocks
were then sectioned using a cryostat into slices approximately 10 um thick. These sections were
allowed to air-dry at room temperature before being placed in a 37°C environment for 30 minutes.
Once dried, the slides were gently washed with PBS at room temperature. Next, the tissue sections
were immersed in Kahle fixative, a solution of distilled water, ethanol, formaldehyde, and acetic
acid, and incubated at room temperature for 10 minutes. The sections were then gently washed
again with PBS. A 20 pL dye solution was applied to each tissue section for 5 minutes at room
temperature. Following staining, the dye was thoroughly rinsed off with distilled water, and the
tissue sections were examined under a microscope (Zeiss, Imager A1 with Axiocam 305 color
camera). ImageJ software (Fiji) was used to analyze collagen fiber density and collagen expression

through color deconvolution of stained tissues.

4.3.8 Statistical analysis

All data are presented as means + standard deviation (SD) and were analyzed using
GraphPad Prism software (version 10.2.0). T-tests were used to compare means between two

different groups, while one-way analysis of variance (ANOVA) was used to determine the
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significance level between three or more groups. A two-way ANOVA was used to determine the

significance level between two independent variables. P value < 0.05 was considered to be

statistically significant. *, **, and *** stood for P < 0.05, P <0.001, and P < 0.0001 respectively.
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4.4 Results

4.4.1 Cellular uptake of exosomes in vitro by their parent cells

Due to exosomes’ lipid bi-layer structure, lipophilic membrane dyes including Dil and
PKH26 are commonly used for labeling exosomes due to their membrane-permeable nature and
stable fluorescence. They exhibit strong fluorescence in the red spectrum, making them easily
detectable and compatible with various fluorescence-based detection methods, such as
fluorescence microscopy. Here, exosomes were labeled with both Dil and PKH26, and excess dye
was removed using Exosome Spin Columns (Invitrogen™, Thermo Fisher Scientific).
Interestingly, only exosomes labeled with PKH26 were detectable under fluorescence microscopy,
suggesting a superior labeling efficiency or fluorescence intensity compared to Dil labeling.
Furthermore, the cellular uptake of exosomes was visible after PKH26 labeling, indicating

successful delivery and internalization by recipient cells.

Dil used for labeling exosomes

PKH26 used for labeling exosomes

Figure 4.2 Selection of fluorescent dyes used for labeling exosomes in vitro.
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After confirming the successful labeling of purified exosomes with the lipophilic dye
PKH26, we proceeded to incubate them with dermal fibroblasts. However, drawbacks of PKH26
tracers include: 1) they tend to form micelles or aggregates; 2) they may label other lipid-based
components in the extracellular space; 3) they impact the metabolism of treat cells in vitro. It has
been reported that PKH26 dye molecule itself tends to form micelles or aggregates and overlap
the size range of exosomes. Therefore, to exclude the possibility that the fibroblasts were stained
by PKH26 micelles or aggregates rather than labeled exosomes, 4 uM PKH26 solution was also
loaded on Exosome Spin Columns, and the elutes from the column were served as a negative
control group in our study. The result showed that there is no obvious uptake that was visualized
on the image for PKH26 control group. This indicates that the number of potential PKH26
aggregates or micelles can be ignored. Our observations revealed efficient transfer of PKH26-
labeled exosomes into the dermal fibroblasts. The predominant localization of these exosomes in
the cytoplasm and perinuclear region suggests their successful internalization by fibroblasts. The
cytoplasmic and perinuclear distribution of exosomes indicates their potential ability to deliver
cargo such as proteins, lipids, and nucleic acids into cellular compartments where they can exert
functional effects. Shown as Figure 4.3 A and Figure 4.4 A, no uptake was observed in the negative
control condition. When increasing doses of exosomes (from 12.5 to 100 pg) treated to dermal
fibroblasts, and our results indicate a dose-dependent increase in red fluorescence as shown in
Figure 4.4 B. Fluorescence images also demonstrated a time-dependent accumulation of PKH26-
labeled exosomes by dermal fibroblast cells, with further observation showing continued

accumulation of exosomes over 24h as shown in Figure 4.4 A.
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Figure 4.3 In vitro time-dependent cellular uptake of exosomes by dermal fibroblasts. (A) The
nuclei of dermal fibroblasts were stained with DAPI, while exosomes were stained with PKH?26.
Cellular uptake of exosomes was visualized at 6, 10, and 24 hours using the EVOS® FL Auto
Imaging System (scale bar = 200 nm). (B) Semi-quantitative analysis of exosome uptake is shown
in the bar graph, depicting the integrated density of PKH26. All images were analyzed using
Image]. Data are presented as mean + SD (n = 6), representing the average from six representative
images. Statistical analyses were performed by a one-way ANOVA with Tukey’s multiple

comparison test.
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Figure 4.4 In vitro dose-dependent cellular uptake of exosomes by dermal fibroblast at 24
hours. (A) Dermal fibroblast nuclei were stained with DAPI, while exosomes were stained with
PKH26. The uptake of exosomes was visualized at 6, 10, and 24 hours using the EVOS® FL Auto
Imaging System (scale bar = 200 nm). (B) Semi-quantitative analysis of exosome uptake is
represented in the bar graph, showing the integrated density of PKH26. All images were analyzed
using ImageJ. Data are presented as mean = SD (n = 6), representing the average from six
representative images. Statistical analyses were performed by a one-way ANOVA with Tukey’s

multiple comparison test.
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4.4.2 Exosomes and PFD- exosomes promote dermal fibroblast proliferation in vitro

The impact of different concentrations of PFD, exosomes, and PFD-exosomes on dermal
fibroblasts viability was evaluated in dermal fibroblasts with MTS assay. To determine if PFD had
any effect on dermal fibroblasts’ cell viability, different concentrations of PFD at the microgram
level (considering the PFD loading capacity in exosomes) were first treated to dermal fibroblasts.
As shown in Figure 4.5A, PFD (from 5 pg/ml to 100 pg /ml) did not have a significant impact on
relative cell viability; significant inhibition or promotion of cell growth at all doses was not
observed. In our further evaluation, both exosomes and PFD- exosomes at all concentrations (10-
100 pg/ml) did not display significant cytotoxicity after being treated with dermal fibroblasts after
12h, shown as Figure 4.5 B and C. Interestingly, both exosomes and PFD-exosomes showed
enhanced cell viability after 24 hours (above 100% as compared to negative control), indicating
substantial fibroblast proliferation. A dose-dependent response was observed with exosome
treatment. Specifically, it appeared that only the higher concentration of exosomes (above 25 pg/ml)
could significantly enhance the viability in dermal fibroblasts. Similarly, the presence of PFD-
exosomes also promoted the proliferation of dermal fibroblasts in a dose-dependent manner as

compared to negative control.
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Figure 4.5 In vitro cytotoxicity of (A) PFD, (B) Exosomes, and (C) PFD-exosomes. The
negative control consisted of untreated cells in serum-starved EMEM, while the positive control
included cells treated with Triton™ X-100 (1% v/v) in EMEM. Values are presented as mean =+
SD (n = 6). Statistical analyses were performed by a two-way ANOVA with Sidék's multiple

comparisons test.
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4.4.3 Exosomes and PFD- exosomes promote dermal fibroblast migration in vitro

In vitro scratch assay, also known as wound healing assay is a tool to evaluate cell migration
in response to treatments on 2D surfaces over time in vitro'*>. Here, we studied exosomes and
PFD- exosomes in their ability to induce dermal fibroblast migration with this method. To visualize
cell migration, dermal fibroblasts were stained with PKH26 fluorescent dye, presenting the cell
membrane with red fluorescence observed under the microscope. Fibroblasts exhibited
multidirectional movement rather than migrating strictly linearly, making it challenging to measure
cell migration by measuring the scratch width. Therefore, we quantify migration by calculating the
percentage closure of the cell scratch area over time, providing a more accurate measurement of
cell movement. Cell gap closure of dermal fibroblast cells expressed as a percentage of the initial
wound. By 12h post-wounding, both exosomes and PFD-loaded exosomes induced faster
migration of dermal fibroblasts compared to the negative control at 12 hours post-wounding.
However, PFD-exosomes showed relatively slower migration (67.36 = 7.06 %) than exosomes
alone (83.08 £ 8.89 %). In contrast, PFD alone showed a significant delay in cell migration (41.25+
3.04 %) compared to all other groups. After 24h, the closure percentages for exosomes (91.21 +
1.79 %) and PFD- exosomes (92.42 + 1.94 %) were comparable to the positive control (91.16 +
4.48 %), suggesting a significant efficacy in promoting dermal fibroblasts migration. Again, PFD

alone exhibited a delayed migration (67.13+ 7.42 % of closure).

111



Negative

Exosomes

PFD-Exosomes

PFD

Positive

112



% migration of dermal fibroblasts

12h 24h

B Negative Bl Exosomes

B Positiv Il PFD-Exosomes
ositive PFD

Figure 4.6 In vitro scratch wound healing analysis of exosomes and PFD-exosomes.

(A) Migration of cells was tracked using the fluorescent marker PKH26. (B) Bar graph illustrating
the percentage of dermal fibroblast cell migration at 12h and 24h post-treatment. Negative control
represents untreated cells in serum-starved medium, while positive control consists of cells in
serum-rich medium with growth factors. Data are presented as mean + SD; n = 4. Statistical

analyses were performed by a two-way ANOVA with Sidak's multiple comparisons test.

4.4.4 PFD-exosomes induce down regulation of COL1A1 mRNA expression and Pro-

Collagen I Alpha 1 synthesis in dermal fibroblasts in vitro

To investigate the potential impact of exosomes and PFD-exosomes on collagen synthesis
in dermal fibroblasts, we first assessed the expression of Pro-Collagen I alpha 1, a precursor
molecule for collagen type I synthesis encoded by the COL1A1 gene. Using qRT-PCR, we found

a significant 1.7-fold increase in intracellular COL1A1 mRNA levels following exosome treatment
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in vitro. In contrast, cells treated solely with PFD showed slightly reduction in COL1A1 expression
(75%). Furthermore, PFD-exosomes actively suppressed COL1A1 expression, reducing mRNA
levels by 47% in fibroblasts. Subsequently, we measured the expression of Pro-Collagen I alpha 1

(an early indicator of collagen type I synthesis) at the protein level using an ELISA assay.

Not completely consistent with the finding in mRNA level, the result indicated that
exosomes alone did not significantly alter the expression of extracelilar Pro-Collagen I alpha 1
in culture media. However, when PFD was incorporated into exosomes, there was a substantial
58% decrease in Pro-Collagen I alpha 1 level compared to control conditions. This reduction was
significantly greater than that observed with PFD treatment alone, which decreased Pro-Collagen
I alpha 1 level by 73%. These results suggest the effective inhibitions of PFD-exosomes on both
intracellular COL1A1 mRNA expression and extracellular Pro-Collagen I alpha 1 protein synthesis

by dermal fibroblasts, highlighting their potential role in reducing collagen production invitro.

114



COL1A1
%
Fkdkk
skokskok *
2.0 _—
—_

5
‘= 1.5
(7]
2
Q
X
()
< 10f
o
E T
(]
2
< 0.5 T
12

0.0 -

Negative Exosomes PFD-Exosomes PFD
B.
Pro- Collagen | alpha 1
*
1.5~ *eokokok
ns %

1.0

0.5

Relative protein expression (fold change)

0.0

Negative Exosomes PFD-Exosomes PFD

Figure 4.7 Exosomes and PFD- exosomes affected the expression of genes associated with
ECM remodelling by dermal fibroblasts in vitro. (A) The expression of COL1AT mRNA in
fibroblasts (B) The expression of Pro-Collagen I alpha 1 protein in culture media. Values represent
mean + SD; n = 3. Statistical analyses were performed by a one-way ANOVA with Tukey’s

multiple comparison test.
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4.4.5 PFD-exosomes induce MMP-1 upregulation and TIMP-1 downregulation in vitro

Given the essential balance of MMP-1/TIMP-1 in collagen breakdown, the impact of
exosomes and PFD-exosomes on their expression modulated by dermal fibroblasts was also
investigated. The result showed that exosomes again did not alter the protein level of both MMP-
1 and TIMP-1 in vitro. Treatment with PFD-exosomes to fibroblasts led to a notable 1.4-fold
increase in MMP-1 expression produced, demonstrating a stronger effect compared to treatment
with PFD alone, which resulted in a 1.2-fold increase. A notable downregulation in TIMP-1
(inhibitor of MMP-1) expression was observed following PFD-exosomes treatment, with levels
decreasing to 45% as depicted in the Figure 4.8 B. In contrast, treatment with PFD alone reduced
TIMP-1 expression by approximately 55%. Taken together, these findings suggest that
encapsulating PFD into exosomes effectively reduces the protein expression of TIMP-1 in vitro
while increasing MMP-1 production simultaneously. This modulation indicates the potential role
of PFD-exosomes in optimizing fibroblast function in collagen degradation, which may lead to

less scar formation outcome.
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Figure 4.8 Exosomes and PFD- exosomes affected the expression of proteins associated with
collagen degradation by dermal fibroblasts in vitro. (A) The expression of MMP-1 (B) The
expression of TIMP-1. Values represent mean + SD; n = 3. Statistical analyses were performed by

a one-way ANOVA with Tukey’s multiple comparison test.
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4.4.6 Exosomes and PFD- exosomes accelerated cutaneous wound healing in SKH-1 Mice in
vivo

Since fibroblasts-derived exosomes showed a positive effect in dermal fibroblast
proliferation and migration in vitro, their efficacy was further investigated in a pilot full-thickness
excisional wound healing study in healthy SKH-I1mice. Two full-thickness skin injury in mice
which involves the loss of subcutaneous tissue, sensory nerve endings and some neuroimmune

functions was established on the back of mice.

For the initial dosage, mice were randomly divided into three groups, with each mouse
receiving two treatments. One treatment involved exosomes (300 pg), PFD-exosomes (300 pg,
containing 30 pg of PFD), or PFD only (30 pg), while the other side was treated with PBS as a
control. Treatments were repeatedly given on Days 3, 5, and 7 to evaluate their impact on wound
healing over 13 days. Representative images of the wound for each group are shown in Figure 4.9.
Over time, all groups exhibited a progressive reduction in wound without any signs of persistent
inflammation (significantly red and swollen) or wound infection, indicating normal healing
processes. Scab formation indicates the beginning of the proliferation stage, during which the
wound surface smooths out and new epidermal and dermal tissues start to develop. Over a 13-day
period, we measured the median healing times for wounds to become red, smooth, and scabbed
under different treatments, resulting in the following order: exosomes (7 days) = PFD-exosomes

(8 days) < PBS (8 days) < PFD (9 days).

Exosome treatment alone significantly reduced wound size from Day 5 to Day 9 compared
to the PBS control post-treatment. In contrast, PFD-exosomes showed a significant effect only on
Day 5, with no lasting impact observed by Days 7 and 9. By Day 13, topical treatment with

exosomes and PFD-exosomes led to smaller wound sizes, measuring 1.630 mm? and 2.167 mm?,
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respectively. These were significantly smaller than the wound sizes observed in the PBS control
group (3.311 mm?) and the PFD group (3.437 mm?). Analysis of wound closure rates revealed that
exosome treatment alone significantly achieved higher healing rates than all other groups,
particularly between Day 5 and Day 13. This indicates that exosomes are the most effective for
promoting wound closure. In contrast, the PFD treatment resulted in larger wound sizes and slower
healing rates throughout the 13 days postoperatively compared to both the exosome and PFD-
exosomes treatments. Although PFD-exosomes was not as effective as exosomes alone, it
promoted wound healing at all time points from Day 5 to Day 13, showing faster wound reduction
than both the PBS and PFD groups. This suggests that encapsulating PFD in exosomes may help
mitigate the inhibitory effects of PFD, facilitating wound closure that is otherwise hindered when

using PFD alone.
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Figure 4.9 Low-dosage exosome and PFD-exosome treatments for wound healing in SKH-1
mice. (A) Dosage regimen and timeline for the in vivo study, created with BioRender.com. (B)
Representative images of wound healing at various time points following treatment with 300 pg

exosomes, 300 ug PFD-exosomes, and 30 pug PFD. PBS was used as a positive control.
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Figure 4.10 Quantitative analysis of wound closure in low-dosage exosome and PFD-exosome
Treatments in vivo. (A) Median healing times for scab formation. (B)Wound size at each time
point normalized with respect to day 1. (n = 4 per treatment group). (C) Wound closure rates (%)
for all groups for up to 13 days. (n = 4 per treatment group). Statistical analyses were performed

by a two-way ANOVA with Dunnett's multiple comparisons test.
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As shown in Figure 4.11, with a higher dose of exosomes (1200 pg) and PFD-exosomes
(1200 pg), both exosome and PFD-exosomes significantly reduced wound size from Day 5 and
Day 7 compared to the PBS control post-treatment. By Day 13, exosomes demonstrated an
improvement in wound healing, reducing the wound size to 2.604 mm?. PFD-exosomes showed
the most significant healing effect, with the smallest wound size (~2.119 mm?) at end point. In
contrast, PFD alone had little impact, resulting in a wound size of 3.477 mm?, which was similar
to that observed with PBS treatment (~3.416 mm?). Analysis of wound closure rates revealed that
exosome and PFD-exosomes treatment both significantly achieved higher healing rates than all

other control groups between Day 5 and Day 13.
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Figure 4.11 High-dosage exosome and PFD-exosome treatments for wound healing in SKH-
1 mice. (A) Dosage regimen and timeline for the in vivo study, created with BioRender.com. (B)
Representative images of wound healing at various time points following treatment with 1200 pg

exosomes, 1200 pg PFD-exosomes, and 120 ug PFD. PBS was used as a positive control.
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Figure 4.12 Quantitative analysis of wound closure in high-dosage exosome and PFD-
exosome Treatments in vivo. (A) Wound size at each time point normalized with respect to day
1. (n = 3 per treatment group). (B) Wound closure rates (%) for all groups for up to 13 days. (n =
3 per treatment group). Statistical analyses were performed by a two-way ANOVA with Dunnett's

multiple comparisons test.
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4.4.7 PFD-exosomes reduced collagen expression and improved dermal organization in SKH-

1 Mice in vivo

Histological analysis was conducted to evaluate the effect of exosomes (300 pg) and PFD-
exosomes (300 pg) on the formation of new dermal and epidermal structures, as well as overall
tissue regeneration. Frozen skin sections from the wound area were stained using Sirius Red/Fast
Green to assess the collagen (red) and non-collagen fibers (green) in the healed tissues. From
general observations in Figure 4.13, all groups showed reconstruction of epithelial and dermal
layers. All stained sections provided a clear contrast between collagen and non-collagen elements,
revealing the epidermis over a continuous, undulating basement membrane and collagen bundles
in the dermis arranged in multiple directions. On day 13, the PBS group showed a noticeably
thickened and uneven new epidermis, along with a thick and extensive layer of new granulation
tissue in the dermis. Both collagen and non-collagen components were densely produced and
arranged. The newly formed epidermis was thinner and flatter after exosomes treatment, with a
dermal layer rich in both collagen and non-collagen fibers. In contrast, the PFD-only group showed
a thicker, more evenly regenerated epidermis. As expected, the dermis in this group contained a
higher proportion of non-collagen components compared to collagen. Notably, in the PFD-
exosome group, the epidermis was thinner and more uneven than in the PBS control group. The
dermis in this group appeared more loosely organized, with less collagen cross-linking than in the
other groups. The collagen in the PFD-exosome group was arranged in a reticular pattern, similar
to the structure of unwounded skin after 13 days. This collagen organization is consistent with
scarless skin repair, where collagen initially accumulates and then partially reduces and rearranges

into tissue.
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A quantitative analysis was performed to assess the impact of different treatments on
collagen tissue density and collagen expression as shown in Figure 4.13. The PFD-exosome group
showed a significant reduction in tissue density (73.48%) compared to the PBS control (99.89%),
while PFD alone had a more modest effect, reducing tissue density to 90.85%. Regarding collagen
expression, the exosome-treated group displayed levels nearly identical to the PBS control,
indicating that exosomes alone have little impact on collagen expression. In contrast, PFD alone
resulted in a decrease in collagen expression (72.05%), although it remained slightly higher than
the PFD-exosome group. This suggests that PFD's effect on collagen expression is less pronounced
when delivered without exosomes. Notably, the PFD-exosome group showed a significant
reduction in collagen (66.62%) compared to the PBS control (95.36%), indicating that PFD-

exosomes has a negative effect on collagen expression.
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Figure 4.13 Histological analysis of wound skin sections collected on day 13 (Low dosage
group). Collagen and non-collagen fiber distribution in tissues was evaluated using Sirius
Red/Fast Green staining. Sirius Red stains total collagen fibers in red, while non-collagen proteins
appear green. (A) Quantitative analysis of tissue density. (B) Collagen expression. Values represent

mean + SD; n = 4. Statistical analyses were performed by a one-way ANOVA with Tukey’s

multiple comparison test.
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When the dosage was increased (as shown in Figure 4.14), exosomes (1200 pg) alone led
to a moderate reduction in tissue density (~12.2%). PFD (120 pg) alone caused a more significant
decrease of 30.96%. However, PFD-exosomes (1200 pg) had the strongest effect, reducing tissue
density by 34.03% compared to the control. A higher dose of PFD-exosomes (1200 pg) also
significantly reduced collagen expression in SKH-1 mice in vivo. Treatment with PFD alone
resulted in a 44.3% reduction in collagen expression, compared to the PBS control. PFD-exosomes
demonstrated the most potent effect, reducing collagen expression by 82.11%, with an expression
level of just 17.89%. The delivery of PFD through exosomes produced the greatest reduction in

collagen expression, indicating a synergistic effect.
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Figure 4.14 Histological analysis of wound skin sections collected on day 13 (High dosage
group). Collagen and non-collagen fiber distribution in tissues was evaluated using Sirius
Red/Fast Green staining. Sirius Red stains total collagen fibers in red, while non-collagen proteins
appear green. (A) Quantitative analysis of tissue density. (B) Collagen expression. Values represent

mean + SD; n = 3. Statistical analyses were performed by a one-way ANOVA with Tukey’s

multiple comparison test.
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4.5 Discussion

Dermal fibroblasts are key cellular targets for scarless wound healing, as they significantly
contribute to the repair process through their abilities to proliferate, migrate, and remodel the ECM.
This chapter aim to comprehensive understand the in vitro effects of exosomes derived from
dermal fibroblasts and PFD-exosomes on fibroblast functions, specifically their impact on
proliferation, migration, and gene expression associated with ECM remodeling. Furthermore, we
conducted an in vivo pilot study to explore the effects of exosomes and PFD-exosomes on wound

closure and the scarless tissue repair.

We first demonstrated the robustness of PKH26 as a fluorescent label for tracking
exosomes and its utility in studying exosome uptake dynamics in vitro. A dose-dependent and time-
dependent cellular uptake was then observed for exosomes derived from dermal fibroblasts in vitro.
Our result coincides with previous studies!*®!*7, indicating a successful uptake of exosomes by the
same source of cells. The number of exosomes administered influences the extent of cellular
uptake, with higher doses leading to increased internalization. The duration of exposure to
exosomes also affects their uptake efficiency, indicating a dynamic process of interaction between
the cells and exosomes over time. Overall, the cellular uptake highlights the capability of exosomes
to integrate into their originating cells, demonstrating their potential as autocrine factors and
effective carriers for delivering drugs to specific cells. This finding can be explained by the
necessity for exosomes derived from donor cells to be incorporated back into the donor cells
through an autocrine mechanism, which is essential for maintaining cellular equilibrium?*.
Currently, we can hypothesize that exosomes are taken up by cells primarily through fusion with
or binding to the plasma membrane. A previous study also demonstrated that exosomes can be

internalized by neighboring fibroblasts, and this process can be blocked by anti-annexin
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198

antibodies'”°. This suggests that annexin proteins are likely involved in the cellular uptake of

€X0Somes.

The proliferation and migration capabilities of dermal fibroblasts have laid a good
foundation for wound closure. Our studies have shown that exosomes and PFD-exosomes are both
noncytotoxic to dermal fibroblasts in vitro after 12h treatment. After 24h, both exosomes and PFD-
exosomes stimulate proliferation in a dose-dependent manner. Herein, we hypotheses exosomes
derived from dermal fibroblasts alone could induce their parent cells’ proliferation as an autocrine
factor. Studies have consistently shown that exosomes possess the capability to enhance
proliferation in their originating cells under both physiological and pathological circumstances.
For example, exosomes originating specifically from hepatocytes have shown the unique ability
to induce proliferation of hepatocytes in vitro and promote liver regeneration in vivo. In contrast
to exosomes derived from other liver-derived cells such as Kupffer cells and liver sinusoidal
endothelial cells, which do not induce hepatocyte proliferation, the study suggests that hepatocyte-
derived exosomes deliver sphingosine kinase 2 (SK2) and therefore promote hepatocyte
proliferation!. Another example is exosomes derived from non-small cell lung cancer (NSCLC),
which promote cell proliferation and attenuated apoptosis in NSCLC by delivering alpha-smooth
muscle actin (ASMA), thereby influencing the behavior of their parent cells and supporting the
progression of NSCLC?%, These studies provide evidence of the proliferative effect of exosomes
on their originating cells in an autocrine manner, suggesting that this effect is largely due to the
delivery of exosomal proteins. We hypothesize dermal fibroblast-derived exosomes also contain
exosomal cargos that stimulate fibroblasts proliferation. Dermal fibroblast’s exosomal cytokines
include growth-regulated protein alpha (GRO-a), the cytokine interleukin-6 (IL-6), interleukin-8

(IL-8) and the monocyte chemoattractant protein-1 (MCP-1)!® was found related to fibroblast
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proliferation. In a previous study, exosomes derived from dermal fibroblasts' 3D cell culture were
found to restore fibroblast proliferation that was initially suppressed by anti-IL-6 antibodies.
Similarly, in monolayered-cultured fibroblasts, treatment with anti-IL-6 antibodies inhibited

198 These results

scratch closure, while exosomes enhanced the migration rate of these cells
indicate that exosomal IL-6, acting as a multifunctional cytokine, partially promotes both

migration and proliferation of dermal fibroblasts.

Exosomal microRNAs, in addition to exosomal proteins, also contribute to promote
fibroblast proliferation and migration in vitro. For example, young fibroblasts-derived exosomes
promoted fibroblasts migration by delivering miR-125b'"*. Furthermore, 2D-cultured fibroblasts
release exosomes containing miR-27b%°. Notably, abundant miR-27b was also detected in the
MSC-derived EVs, while EV-transferred miR-27b improved cutaneous wound healing in mice and
improved proliferation and migration of dermal fibroblasts in vitro?®!. In our study, we found both
fibroblast- derived exosome and PFD-exosome treatments enhanced fibroblast migration and led
to full cell gap closure within 24 hours, indicating their advantages in enhancing dermis closure in
vitro. However, the migration observed in fibroblasts at 24h (in Figure 4.6) is partially influenced
by their proliferation as described in the result. Considering the overall effects of PFD-exosomes
on promoting fibroblasts proliferation and migration, initial in vitro assays suggest they are safe

and beneficial for promoting complete wound healing.

Excessive scar formation poses a significant challenge in skin regeneration, often resulting
from an overproduction of collagen, inadequate degradation of the ECM, and poor cellular
coordination. Collagen biosynthesis initiates with the production of procollagen alpha chains,
which are synthesized in the endoplasmic reticulum (ER) of dermal fibroblasts. Within the ER,

these alpha chains assemble into procollagen triple helices before being transported to the Golgi
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apparatus for secretion into the extracellular space, where they spontaneously form collagen
fibrils?®2. In this study, we assessed collagen type I expression both intracellularly (COL1A1
mRNA) and extracellularly (Pro-Collagen I alpha 1 protein). Our results confirmed previous
findings indicating that PFD reduces collagen biosynthesis on both transcriptional level and
translation level.!872%, In the drug-free exosome group, a discrepancy was observed between
mRNA and protein levels. Treatment with exosomes alone resulted in increased COL1A1 mRNA
levels, but there was no corresponding increase in Pro-Collagen I alpha 1 protein. This difference
may be attributed to the presence of exosomal microRNAs, which may bind to specifically to
COLI1A1 mRNA and inhibit its translation into protein. One such microRNA, miR-196a, has been
found in exosomes, including those from fibroblasts®’, and it bind with collagen mRNA.
Downregulated miR-196a leads to a high expression of type I collagen in normal dermal
fibroblasts?**. The results demonstrated that exosomes significantly enhanced the delivery of PFD
to dermal fibroblasts, effectively reducing collagen production at both the mRNA and protein

levels in vitro.

Since wound healing also requires the coordinated action of MMPs/TIMPs and the
distinctive pattern of their expression has been implicated in scarless healing in mammalian fetuses,
in this study we have also these characteristics are exhibited in dermal fibroblasts after treatment
of exosomes and PFD-exosomes in vitro. We found that exosomes alone again do not have a
significant impact on the expression of MMP-1 and TIMP-1 proteins. After PFD alone and PFD-
exosomes treatment on dermal fibroblasts, substantial differences in up-regulation of MMP-1 and
downregulation of TIMP-1 were found. PFD-exosomes showed greater potency on up-regulating
MMP-1 than PFD alone, indicating the enhanced effectiveness of delivering PFD via exosomes.

However, this supercity was not as significant as for reducing TIMP-1. The reduction in TIMP-1
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expression may enhance the impact of elevated MMP-1 levels induced by PFD-exosomes, leading
to increased collagen degradation turnover. Overall, the in vitro findings indicate that PFD-
exosomes affect dermal fibroblast activity in two key ways: 1) by reducing collagen production at

both the mRNA and protein levels, leading to decreased synthesis of the ECM and 2) by

promoting collagen degradation and remodeling by increasing the expression of MMP-1 while

decreasing TIMP-1 levels, which further enhances ECM degradation.

Given the complexity of skin repair as a regenerative process, we further evaluated the
effects of exosomes and PFD-exosomes topical treatment in vivo using a full-thickness wound
model on SKH-1 mice. To assess wound healing accurately, we employed a silicone ring splint
attached around the wound to slow down natural contraction and prevent involuntary movement
during the healing process. Over a 13-day period, we observed exosomes and PFD-exosomes both
accelerated wound reduction and consistently achieving higher healing rates than controls (PBS
and PFD). This suggests that fibroblast-derived exosomes are key factors to promote wound
closure, partially due to their ability to enhance fibroblast proliferation and migration in an
autocrine manner, as observed in vitro. Previous studies have also suggested that theses exosomes
actively promoted endothelial cells proliferation and angiogenesis®>'?3, as wells re-
epithelialization by directly enhancing keratinocyte proliferation or indirectly increasing wound
contraction”. These factors were not examined in the current study; however, they collectively
contribute to accelerated wound closure. Furthermore, histological observations revealed that
PFD-exosomes evidently reduced both the collagen tissue density and collagen expression in vivo
compared to other groups, demonstrating greater effectiveness than PFD alone. This may be due

to PFD-exosomes significantly suppressing collagen production in dermal fibroblasts at both the

mRNA and protein levels, which in turn reduces collagen biosynthesis and fiber formation.
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Consequently, the newly formed ECM exhibited a loose structure, with collagen arranged in a
reticular matrix similar to that of unwounded skin. In the later stages of healing, ECM
reconstruction is crucial, as optimal wound healing relies on the remodeling of collagen into a
well-organized network to restore normal tissue structure?®. This loose and orderly arrangement
of collagen in newly formed ECM suggests that PFD-exosomes improved collagen disposition and

lead to a scarless healing pattern.
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4.6 Conclusion

In this chapter, we illustrated how exosomes derived from human dermal fibroblasts can
be taken up by fibroblasts in vitro, enhancing their migration and proliferation in an autocrine
manner. Exosomes have the potential to serve as a standalone, cell-free therapy to accelerate
wound healing. This study is the first to demonstrate that exosomes, as drug carriers, can enhance
the effectiveness of PFD, offering a promising approach for anti-fibrotic therapy. In our in vivo
models, PFD-exosomes not only improved the healing process but also organize the ECM in
repaired dermal tissue by reducing excessive collagen deposition. PFD-exosomes effectively
decreased the expression of Pro-Collagen I alpha 1 and TIMP-1, while simultaneously increasing
MMP-1 production in dermal fibroblasts in vitro. By specifically modulating fibroblast activity
and regulating collagen metabolism, PFD-exosomes minimized ECM deposition during tissue
repair. This innovative platform holds significant potential for enhancing wound healing outcomes

and reducing fibrotic scarring.
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Chapter S Conclusion and Future Direction
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5.1 Result conclusion and significance of study

In the first chapter, we developed a method for isolating high-purity exosomes from in vitro
cultured human dermal fibroblasts, with a detailed workflow for their harvesting, isolation, and
characterization. Our findings indicated that the affinity method produces exosomes of higher
purity and better dispersion. Characterization through various biophysical techniques, such as
TEM and AFM, as well as comprehensive molecular assays like antibody arrays and ELISA,

confirmed the successful isolation of high-purity exosomes from conditioned media.

The following chapter explored the use of exosomes as drug delivery platform, specifically
focusing on the encapsulation and formulation optimization of the antifibrotic compound PFD. We
optimized an active drug encapsulation method using sonication and evaluated various parameters,
including drug removal techniques, to improve drug encapsulation and overall exosome yield. Our
analysis showed that the MagCapture method significantly outperforms the Exosome Spin Column
method for recovering drug-loaded exosomes. We also found that carefully controlling sonication
conditions—specifically by using lower amplitudes and fewer cycles—enhances both drug
encapsulation efficiency and exosome recovery. After formulation optimization, formulation F6
yielded the best encapsulation, achieving a drug encapsulation efficiency of 11.136% + 1.267%, a

loading efficiency of 10.012% =+ 1.026%, and a particle recovery rate of 64.213% =+ 8.490%.

In the fourth chapter, we explored the potential of exosomes as therapeutics for and drug
delivery carriers under the content of wound healing. Our findings indicated that exosomes derived
from human dermal fibroblasts can be effectively taken up by fibroblasts in vitro, promoting their
migration and proliferation through an autocrine mechanism. /n vivo results further suggested that
exosomes alone could serve as an effective cell-free therapy to accelerate wound healing. Further,

this study is ground-breaking in demonstrating that exosomes can enhance the effectiveness of
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PFD as a drug carrier, paving the way for new antifibrotic therapies. In our in vivo models, PFD-
exosomes not only improved healing but also organized the ECM in repaired dermal tissue by
reducing excessive collagen deposition. PFD-exosomes were also found to simultaneously
decrease Pro-Collagen I alpha 1 and TIMP-1 expression while increasing MMP-1 production in
dermal fibroblasts in vitro. By specifically modulating fibroblast activity and regulating collagen
metabolism, PFD-exosomes mitigated excessive ECM deposition during tissue repair (as illustrate

in Figure 5.1).
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Figure 5.1 Graphical result conclusion. A proposed mechanism of PFD-exosomes by which

accelerating closure while simultaneously minimizing scar formation. Created with biorender.com.

The significance of this study lies in its comprehensive exploration of high-purity exosome
isolation and the optimization of exosome-based drug delivery systems, which serve as a
foundation for their clinical applications. Importantly, the research demonstrates the therapeutic
potential of exosomes, showing that they can serve as an effective cell-free therapy to accelerate
wound healing. Additionally, PFD-exosomes represents an innovative strategy in pre-scarring

interventions, promising improved wound healing outcomes and minimizing scarring. Overall, this
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study paves the way for innovative applications of exosomes in clinical therapies for wound

healing.

5.2 Limitations and future directions

Our study has certain limitations that should be acknowledged. While we successfully
isolated exosomes with relatively high purity, the production yield remains insufficient for clinical
translation. Currently, a static flask system was employed, which is less labor-intensive than
bioreactors; however, bioreactors can produce over 100 times more exosomes. Scaling up
production with bioreactors is promising, as they allow precise control over CO», Oz, and pH levels.
Factors such as cell seeding density, passage number, and medium selection significantly affect
exosome cargo. Optimizing these parameters is crucial for standardized exosomes mass
production. Higher cell seeding densities may reduce the number of exosomes produced per cell
and increase contamination risks from culture medium proteins?*®. Additionally, prolonged cell
culture and multiple passages can lead to variability in exosome production’’’. Modulating
cultivation conditions can enhance exosome release and production®%®, For example, acidic pH and
increased glucose levels have been linked to higher exosome yields?”. Conversely, glucose
starvation can alter protein composition and increase release. Future research should focus on
optimizing these factors while adhering to Good Manufacturing Practices (GMP) to improve the

quality and scalability of exosome production for clinical use.

Finding an efficient way of isolating exosomes is always necessary. In this study,
conventional isolation techniques (PEG precipitation and affinity methods) were evaluated for
their feasibility of obtaining exosomes. Nevertheless, challenges such as high sample consumption,
high costs, long processing times, and low recovery of exosomes, make these methods unsuitable

for clinical applications. Microfluidic-based methods are future tools in new exosome separation
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technology, and they are promising alternatives to gold-standard conventional methods. Exploiting
exosomes’ size, surface charge, or specific markers, microfluidics can achieve rapid separation,
and higher separation yield of exosomes with lower sample volume. Also, microfluidics could
integrate multiple steps of exosome isolation and characterization into a single device or lab-on-a

chip platform, reducing manual handling and improving reproducibility?!°.

Exploring new technologies is essential for enhancing drug encapsulation in exosomes.
One promising method in this area is Exo-Fect™ (System Biosciences), a chemical transfection
technology that has demonstrated significantly higher RNA loading into milk exosomes compared
to traditional electroporation techniques?!!. Advancements in molecular design and engineering
are also being explored to improve drug loading. For instance, Yim et al. developed a novel protein
loading technique using optically reversible protein-protein interactions (EXPLORs) for
intracellular drug delivery?'2. In this method, a protein is linked to the photoreceptor cryptochrome
2 (CRY2), which interacts with the CIB1 protein anchored to exosomes via CD9. This allows
precise manipulation of drug loading using blue light. Exosomes from light-treated HEK293T cells
demonstrated a significant increase in loaded mCherryCRY2 protein, achieving a loading capacity
estimated to be 40 times greater than traditional extrusion methods. Moreover, lab-on-a-chip
systems utilizing microfluidic technologies have proven effective in improving drug
encapsulation®’3, For example, Exo-Load microfluidic device enhances loading efficiency for

drugs like DOX and PTX into exosomes derived from glioma cells?!?

. This mechanical technique
leverages controlled deformation of exosomes to increase membrane permeability, facilitating the
introduction of different molecular weight cargos while preserving exosomal integrity. The

efficiency of loading varies with flow rate due to differences in shear forces created by the defined

dimensions of the nanochannels.
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Understanding the cellular mechanisms of exosomes is crucial for their role in
communication between cells and their therapeutic applications. In this study, our knowledge
about how exosomes are taken up by cells is limited, with the primary methods believed to be
fusion with or binding to the plasma membrane. Future studies should investigate whether
receptor-dependent pathways are involved in this uptake, potentially using inhibitors for pathways
like clathrin-mediated endocytosis, caveolae-mediated endocytosis, micropinocytosis, and
phagocytosis. Notable markers for these pathways include low-density lipoprotein and transferrin
for clathrin, and cholera toxin subunit B for caveolae, etc.>'* Research in this area will enhance

our understanding of exosome uptake and the basics of exosomes therapeutic functions.

In this study, we aimed to isolate less heterogeneous exosomes from cell media. However,
each single cell line produces various subpopulations of exosomes, characterized by distinct
morphologies, charges, and profiles of surface proteins and microRNAs?!>. These variations lead
to different biophysical properties and biological effects. We can only hypothesize that proteins
(such as IL-6) and miRNAs (including miR-27b"° and miR-125b'%) derived from fibroblasts play
crucial roles in regulating fibroblast behavior and promoting tissue regeneration. However, there
is a need for a comprehensive analysis of microRNA and protein profiles in exosomes derived
from individual strain. Future research should focus on characterizing individual vesicles and
conducting detailed molecular profiling, including proteomics and genomics, to facilitate the
precise application of exosomes populations. While this study demonstrates that exosomes
stimulate fibroblast behavior—specifically proliferation and migration—it does not investigate
any signaling pathways related to wound healing that could further illuminate the biological

function of fibroblast-derived exosomes. Understanding these cellular mechanisms may guide the
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development of targeted therapeutic strategies, maximizing the potential of exosomes in wound

healing.

Our pilot animal study has limitations. Firstly, exosomes and PFD-exosomes are
administered repeatedly as a liquid dosage form topically. However, incorporating exosomes into
wound dressings or sponges may offer a more effective approach for sustained release. This
method allows for easier application and consistent release of exosomes to an open wound. Second,
the in vivo study is limited to a 13-day observation period and does not explore multiple timing
and dosage options for administration, both of which are essential for future clinical applications.
This duration may not be adequate to evaluate the long-term effects of PFD-exosome treatment on
wound healing and collagen remodeling. Additionally, this platform is intended for pre-scarring
interventions; however, established scars may also potentially be reversible with PFD.
Investigating delayed administration could provide more insights into its prognostic role of this
platform. Third, our experiments focused solely on the impact of exosomes on dermal fibroblasts.
However, other critical mechanisms, such as endothelial cell proliferation and angiogenesis, were
mentioned but not investigated, limiting our understanding of how exosomes contribute to overall
healing. Further studies are needed to evaluate the effects of our platform on more dermal cell
types involved in wound healing. Finally, while histological observations indicated differences in
collagen density and cross-linking, the specific methods used for skin histology, such as
hematoxylin and eosin (HE) staining or immunofluorescence, were not provided. Without
comprehensive histological analysis, the conclusion that PFD-exosomes result in scarless healing
may be overly simplistic. The study also lacks comparative data on scarring outcomes, including
functional assessments of healed tissue or long-term follow-up, which are essential for validating

claims of "scarless" healing.
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