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ABSTRACT

Inflammatory bowel disease (IBD) is a chronic and progressive disorder with destructive
inflammation in the gastrointestinal tract (GIT). RNA interference, which is mediated by small
interfering RNA (siRNA), has been recognized as an efficient approach for downregulating the
expression of tumour necrosis factor o (TNFa) at inflamed intestinal mucosa, thereby reduces
inflammation and restores the damaged mucosa. Considering the site of drug action in IBD
resides within the GIT itself, oral administration of medication is naturally the preferred and
most efficacious choice. However, oral administration of siRNA is currently not possible since
the physiological barriers in GIT pose significant challenges. Milk extracellular vesicles
(mEVs), which could potentially resist in vitro digestion and possess the ability to transport
across the intestinal epithelium, may serve as vehicles for oral delivery of anti-TNFa siRNA in
IBD.

This work focuses on the development of mEVs-based systems for oral siRNA delivery and
the investigation of their potential for IBD therapy. Initially, mEVs were isolated by
ultracentrifugation from bovine milk and purified by size exclusion chromatography (SEC).
Expected size, remarkable yield, high purity, characteristic protein markers and typical
morphology were exhibited among isolated mEVs. Thereafter, various strategies were assessed
for loading siRNA into mEVs, and the most effective method (using a commercial transfection
kit) achieved a loading efficiency above 20%.

The potential of mEVs as oral delivery systems for siRNA in IBD therapy was investigated in
this study. The results showed that mEVs efficiently translocate across the Caco-2 intestinal
epithelial model, which is not compromised by treatment with simulated intestinal fluids.
Significantly, two relevant in vitro human intestinal epithelial organoids (IEOs) models were
initially created: a 3D apical-out IEO model and an IEO monolayer model. Unlike the

conventional culture of IEOs whereby the apical surface is shielded in the interior of organoids,



these models enabled the investigation of the apical-to-basolateral permeability of mEVs.
mEVs demonstrated similar permeability through these highly human relevant models,
demonstrating their potential for oral delivery. Furthermore, mEVs loaded with siRNA
successfully induced (glyceraldehyde 3-phosphate dehydrogenase, GAPDH) gene silencing in
J774A.1 macrophages, confirming the therapeutic potential of mEVs delivery systems.

To improve the siRNA loading efficiency of mEVs, hybrid nanovesicles (‘hybridosomes’)
based on mEVs and liposomes were developed in this work. Hybridosomes were fabricated
using two related methods based on freeze-thawing fusion of mEVs and cationic liposomes.
The systems were 180-230 nm and demonstrated efficient loading of siRNA cargo.
Hybridosomes exhibited significantly lower cytotoxicity in intestinal Caco-2 cells and superior
stability in a fed-state simulated intestinal fluid compared to cationic liposomes. Furthermore,
these systems significantly increased the transport of siRNA across the in vitro intestinal model,
and hybridosomes loaded with GAPDH siRNA successfully induced transfection in J774A.1
macrophages. Importantly, anti-TNFa siRNA loaded-hybridosomes and -mEV's were both able
to downregulate TNFa levels and relieve inflammation in an in vifro co-culture model of
intestinal inflammation.

In conclusion, this work demonstrates that mEVs and mEVs-mediated hybridosomes can either

act as safe and effective systems for potential oral delivery of siRNA therapies in IBD.
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1. Introduction

1.1. Inflammatory Bowel Disease (IBD) and Treatment

1.1.1. Pathophysiology of IBD

Inflammatory bowel disease (IBD) is a type of progressive, chronic, and immune-mediated
disorder, which is characterized by destructive inflammation in small and/or large intestines.
The prevalence of IBD in developed countries although is stable at approximately 1%; the
incidence and prevalence are still increasing in developing countries across Africa, Asia, and
South America due to their rapid economic growth and urbanization [1-4]. For instance, the
prevalence of Ulcerative Colitis (UC, a subtype of IBD) in India was increased from 21.10 to
44.30 per 100,000 person between 1990 and 2016 [2] . Therefore, IBD has emerged as a global
disease in the 21% century [1-4]. The management costs for IBD are substantial by healthcare
system and society, e.g., in the United States (US), the healthcare costs for IBD patients are 3
times higher than those for non-IBD patients [4].

Two main forms of IBD include Crohn’s Disease (CD) and UC, which show overlapping and
specific clinical signs and symptoms. The overlapping features of both CD and UC include
weight loss, abdominal pain, diarrhea and malnutrition [5]. However, CD often influences the
entire gastrointestinal tract (GIT) from mouth all the way down to the anus and may appear in
discontinuous intestinal sites featuring skip lesions, whereas UC is always restricted to large
bowel, displaying a continuous pattern without skip lesions [6, 7]. In addition, UC can be
diagnosed earlier than CD by the hematochezia with mucus and the primarily inflammation
which is focused on mucosal surface. In contrast, CD usually gets delayed diagnosis due to
more insidious onset, and the inflammation is usually transmural [5]. Importantly, IBD has a
high potential to progress to colorectal cancers if the inflammation remains uncontrolled or

untreated [8], and timely and effective management of inflammation for IBD is crucial to
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mitigate the risk of disease progression. Therefore, due to the severe symptoms and long
disease course of IBD, this condition significantly impacts every aspect of the sufferer’s life

and requires life-long therapy to manage and improve their life quality [9].

The pathophysiology of IBD is complicated and currently remains only partially understood.
Nevertheless, research has provided evidence and insight into the underlying causes and
progression of IBD. Generally, IBD is associated with multiple factors, including genetic
susceptibility of the host, various environmental elements, and alteration of intestinal
microbiota which may lead to immunological abnormalities. These disorders are considered to
be related to the dysfunction of the intestinal epithelial barrier. However, whether the epithelial
dysfunction precedes the development of IBD or caused by inflammation is still not clear

(Figure 1-1) [10, 11].

Environment

Genetics

20V O

Figure 1-1. Inflammatory bowel disease (IBD) is influenced and developed by multiple factors.
Environmental factors can impact the intestinal microbiota and barrier function, and genetics and the

immune system also play a role in barrier dysfunction.
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Gene analysis has identified over 240 nonoverlapping genetic risk loci which therein
approximately 30 genetic loci are shared between CD and UC [12, 13]. Nucleotide-binding
oligomerization domain 2 (NOD2) is the first gene found to be associated with CD. NOD2
could recognize the muramyl dipeptide (MDP) which is the minimal bioactive fragment of
peptidoglycan found in the surface wall of bacteria [14, 15]. After binding to MDP, there is a
conformational change of NOD2 and then binding to the receptor interacting protein-2 (RIP2),
which activates nuclear factor kappa B (NF-kB), resulting in the secretion of proinflammatory
cytokines [14, 15]. In addition, there are several risk genetic loci associated with both UC and
CD development, including ATG16L1 and IRGM which are related to autophagy, and IL23R,
associated with the immune response [16, 17]. However, ECM1, which regulates the epithelial
barrier, was reported to have no association with CD, while certain loci such as those encoding
genes ICOSLG and CCR6 were identified as CD-specific and showed no evidence of
association with UC [18]. It should be noted that some of the risk genetic loci show
heterogenicity between populations, while some individuals may carry the genetic risk loci
associated with IBD, but do not necessarily develop the condition [19]. This also indicates that
the genetic predisposition is only one of several contributing factors to IBD and other factors
should be considered.

Previous studies have revealed that different environmental conditions are associated with IBD
pathogenesis. Food and diet are considered as important factors. Intake of fruit and vegetables
decreases the risk of CD, while food rich in fat and sugar may speed up the development of
IBD [20, 21]. The impact of diet also indicates why the prevalence of IBD in developed
countries is higher than in others [20, 21]. Generally, the modern western diet, characterized
by a high intake of processed foods, refined sugars, unhealthy fats, and low intake of fruits and
vegetables, has been associated with an increased risk of IBD [20, 21]. In addition, other

environmental conditions such as smoking, psychological stress, appendectomy or medications
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are also regarded as relevant factors affecting IBD development [22]. However, the relevance
of these environmental factors with the risk of IBD was demonstrated complicated. For
instance, active smoking was reported to have a protective effect against UC but pose a risk for
CD [23], and appendectomy was associated with subsequent CD, yet the risk diminished when
more than 5 years elapsed between the appendectomy and the CD diagnosis [24]. Interestingly,
maintaining a favourable lifestyle, including a healthy diet and regular physical activity, has
been associated with an approximately 50% lower risk of IBD among participants at a high
genetic risk, which indicates the complex pathophysiology of IBD and the interactions between
various risk factors [25].

Gut microbiota which contains 1000-5000 different species plays an important role in intestinal
homeostasis and function, as well as develops and differentiates local and systemic immune
systems [26]. Numerous studies have demonstrated that the changes in the composition of
microbiota and termed dysbiosis could be observed under IBD progression [17]. Collectively,
both CD and UC are associated with a decreased diversity of gut microbiota [17]. A previous
study in animals has demonstrated that the intestinal microbiota may have dual roles in the
development of IBD, with the potential to exhibit both pro-inflammatory and anti-
inflammatory effects in disease pathogenesis [27]. In human studies, it is difficult to conclude
whether a definitive cause-effect relationship between microbiota and IBD exists, but the
intestinal microbiota clearly promotes the development of IBD [28].

Immunological abnormalities are considered as essential factors related to IBD development.
GIT immune system is divided into innate and adaptive immunity. Innate immunity composes
the intestinal barrier, defensins, acid environment, immune cells including macrophages,
dendritic cells and natural killer T cells, as well as innate cytokines (interleukin-1 (IL-1),
tumour necrosis factor (TNF), etc.) [29]. The adaptive immunity, including T and B cells, is

pathogen-specific, and they are activated when innate immune response is unable to circumvent
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the stimulation of pathogens [29]. The immune response in GIT is strictly regulated by immune
systems, and this regulation determines the balance of the infection tolerance and the defensive
inflammatory response. Disturbance of this maintained balance can lead to IBD development
[30]. Specifically, the intestinal epithelial barrier integrity is disturbed due to the trigger of
proinflammatory cytokines which regulate tight junctions and promote apoptosis [31]. The
epithelial goblet cells are also dysregulated under IBD, potentially resulting in the disruption
of integrity of tight junctions via downregulation of WFDC2, an antiprotease molecule which
is expressed by goblet cells and preserves the integrity of tight junctions [32]. Dendritic cells,
known as the most potent antigen-presenting cells in both innate and adaptive immune
responses, have been shown to accumulate at the site of inflammation throughout the lamina
propria and mesenteric lymph nodes under IBD [33]. Intestinal epithelium cells from 70% of
patients with CD cannot control the dendritic cell-mediated proinflammatory response and this
can lead to upregulated production of IL-12, which polarizes Type 1 T helper (Thl) responses
[34]. In UC, there is a positive correlation between the circulating number of activated and
mature dendritic cells with disease activities [35].

Macrophages are found underneath the intestinal epithelial layer in the lamina propria [36]. In
IBD patients, the number of macrophages was found to increase in the inflamed mucosa, which
can initiate a rapid response to luminal microbial antigens [33, 37]. The aberrant cluster of
differentiation 14 (CD14)-expressing macrophages isolated from the mucosa of IBD patients
was observed to produce high levels of IL-12 and IL-23 in vitro under microbial stimulation
[38]. In IBD animal models, there is an obvious influx of immature macrophages into the gut
mucosa, where these macrophages are arrested for further differentiation during inflammation.
This leads to the secretion of a large amount of proinflammatory mediators like TNF, IL-6 and
nitric oxide [39]. Furthermore, the dysregulation of the innate immune system could result in

functional abnormalities of the adaptive immune system, leading to various characteristics of
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chronic inflammation observed in IBD [33]. Previous studies have demonstrated that CD is
caused by an overly aggressive Thl immune response and recently it was found that in
genetically predisposed individuals, there is an excessive activation of the IL-23/Type 17 T
helper (Th 17) pathway in response to bacterial antigens [40], while UC is usually consisted as
a “Type 2 T helper (Th 2)-like” disease characterized by the increased amount of IL-5 and IL-
13 [41].

In IBD, increased secretion of various nonspecific inflammatory mediators is observed, such
as free radicals, leukotrienes, chemokines, and proinflammatory cytokines (including TNF-
related, IL-6 family cytokines and transforming growth factor  (TGF-p)).

TNF-related cytokines are proinflammatory cytokines with molecular weight of 17 kDa, which
are mainly secreted by macrophages and monocytes. TNF-related cytokines are associated with
various biological functions such as proliferation, differentiation, stimulation of the acute phase
response, or cytotoxicity [42]. Secreted TNF-related cytokines can bind to two distinct cell
surface receptors: TNF receptor 1 (TNFR1) and TNF receptor 2 (TNFR2). This binding leads
to activation of one of the three pathways: a death domain pathway results in apoptosis;
activation c-Jun N-terminal kinases (JNK) involved in cell differentiation and proliferation; or
activation NF-«kB [11, 43]. The soluble forms of both cell surface TNF receptors, known as
soluble TNF receptors, are generated through proteolytic cleavage of the extracellular domains
of the surface receptors and are subsequently released into circulation [44]. Significantly
increased concentration of soluble TNF receptors was observed in acute or chronic
inflammatory conditions, binding with TNF-related cytokines and activating their biological
activities [45]. Previous studies have revealed that the TNF-related cytokine level is increased
in the intestinal mucosa and shows a correlation with disease activity in patients with CD [43].
TNF-related cytokines have the potential to increase epithelial permeability by destroying tight

junctions and promoting apoptosis, thereby compromising epithelial integrity and exacerbating
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inflammation [31]. TNFa is the typical proinflammatory cytokine in TNF family and previous
studies have shown that the inhibition of TNFa (e.g. application of anti-TNFa monoclonal
antibodies) can dramatically reduce inflammatory markers and restore the damaged structure
of mucosa, which elicited beneficial responses in IBD patients [46]. Figure 1-2 illustrates how
TNF inhibitors can neutralize TNF-oa—mediated signalling [47]. Therefore, inhibiting or
reducing inflammatory cytokines such as TNFa represents an effective approach to manage
inflammation and restore intestinal barrier function, and then achieve the purpose of IBD

therapy [43].
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Figure 1-2. Mechanism of therapeutic effect of anti-tumor necrosis factor o (TNF-a) antibodies

in inflammatory bowel disease. Anti-TNF-a antibodies bind to two types of homotrimeric TNF-a: the
precursor transmembrane TNF-o (tmTNF-a) and the soluble TNF-a (sTNF-a), which is processed from

tmTNF-o. Thus, these biologic agents block the interaction between TNF-o molecules and TNF-a
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receptor type 1 and type 2 (TNFR1 and TNFR2) as well as soluble TNF-a receptors (sTNFR),
neutralizing TNF-o—mediated proinflammatory cell signalling and inhibiting the expression of
inflammatory genes. Infliximab, the first TNF inhibitor on the market, is used as an example in this
figure. IxB denotes inhibitor of kB, MEKK mitogen-activated protein kinase kinase, NF-kB nuclear
factor kB, NIK NF-kB-inducing kinase, P phosphorylated protein, TRADD TNFR1-associated death

domain protein, and TRAF TNFR-associated factor [47].

1.1.2. Conventional treatment and demand of alternative therapeutic approaches for

IBD

There are three categories of conventional medication for IBD: a) non-steroidal anti-
inflammatory drugs, such as mesalamine, sulfasalazine and olsalazine, which are able to inhibit
the secretion of leukotriene, free radicals and prostaglandin E (thermoregulator) to regulate
immune responses; b) glucocorticoids, such as budesonide, which are able to block the
metabolic pathways of arachidonic acid (a key inflammatory intermediate), show efficient anti-
inflammatory and immunosuppressive effects; ¢) synthetic immunosuppressants, such as
cyclosporine, azathioprine and tacrolimus, which induce the T-lymphocytes apoptosis and
could relieve inflammation [48, 49]. Conventional therapies are capable of relieving symptoms
to some extent, but fail to address the cause of underlying inflammation, and are also limited
by their toxicity during long-term administration [50, 51]. For instance, there is an uncertain
efficacy of amino salicylates on CD, and the toxicity of corticosteroids is still unacceptable.
Immunosuppressants on the other hand are associated with a slow response and adverse events
like lymphomas [52, 53]. Therefore, an alternative therapeutic approach is highly demanded

for IBD treatment.
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1.1.3. Monoclonal antibodies for IBD treatment

Biologics, which refer to products derived from living organisms or those containing
components of living organisms (such as peptides, antibodies, and fragments of nucleic acids),
have been expanding rapidly in the past two decades. Biologics have revolutionized the
management of various diseases, presenting powerful treatment options for patients [54].

Monoclonal antibodies are a major class of biologics used in IBD. Anti-TNF monoclonal
antibodies such as infliximab, adalimumab and certolizumab pegol have been used successfully
in IBD treatment (Figure 1-2). These antibodies are able to downregulate pro-inflammatory
cytokines, including TNF-a. Infliximab, which is approved by the European Union for the
treatment of CD of adults and children and UC in adults, produces clinical remission and
mucosal healing. Ustekinumab and guselkumab are monoclonal antibodies against IL-12/IL-
23, which is a heterodimeric cytokine involved in pro-inflammation. Additionally, natalizumab
is a monoclonal antibody which targets a4p1 (an integrin protein on white blood cells involved
in inflammation) and is used as a therapy option in CD [55, 56]. These monoclonal antibodies
as biological therapies have remarkably improved the management of IBD refractory to
conventional medications, although their use is not without issues. Specifically, these
treatments may produce serious adverse effects such as infection, infusion reaction and
lymphomas, which need to be carefully monitored [53]. Furthermore, the resistance to mAb
therapy in IBD is a significant concern. It occurs when patients exhibit inadequate responses
to mAb treatment and may suffer a relapse, often resulting from factors including drug

pharmacokinetics, pharmacodynamics, or immunogenicity [57, 58] .
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1.2. Small Interference RNA (siRNA) as a Treatment Approach for IBD

1.2.1. siRNA mechanism of action

siRNA is a kind of double-strand nucleic acids with 21-23 pairs of nucleotides and about 7.5
nm length. The molecular weight of siRNA is about 13 kDa, and the phosphate groups in their
backbone make them possess negative charge [59]. It is important to note that siRNA is
categorized distinctively from typical biologics. Unlike conventional biologics, which are
derived from living organisms, siRNA is chemically synthesized nucleic acid molecules and is
recognized as a separate class of therapeutic agents, which stands alongside small molecules
and biologics, offering a novel modality for disease treatment and intervention [60, 61].
Therapy by siRNA is one of the RNA interfering-based systems belonging to gene therapy.
Specifically, duplex siRNA contains two strands including a passenger strand (sense strand)
and a guide strand (antisense strand). Once transferred into cells, siRNA in cytoplasm gets
incorporated into a ribonucleoprotein called RNA-induced silencing complex (RISC), resulting
in duplex unwinding and the passenger strand is degraded. Thereafter, the remained guide
strand could bind to the complementary sequence of target mRNA, and guide RISC to cleave

the mRNA then inhibit its protein translation (Figure 1-3) [62, 63].
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Figure 1-3. Mechanism of siRNA action, 1) The delivery of siRNA into the cell by a suitable
nanocarrier, 2) Inside the cytoplasm the siRNA binds to a ribonucleoprotein called RNA-induced
silencing complex (RISC), 3) The guided strand of siRNA is maintained by Argonaute protein in the
(RISC) and the passenger strand is degraded, 4) The activated RISC recognizes the complementary

mRNA of the targeted gene and induce mRNA degradation [62].

Following the discovery of the RNA interference mechanism two decades ago, several siRNA
based-drugs have been approved for clinical use by the US FDA (Food and Drug
Administration) or the European Medicines Agency between 2018 to 2022, including
Givosiran (Givlaari®) for acute hepatic porphyria, Patisiran (Onpattro®) for transthyretin-
mediated amyloidosis, Inclisiran (Leqvio®) for hypercholesterolemia, Vutrisiran (Amvuttra®)
for transthyretin-mediated amyloidosis, and Lumasiran (Oxluma®) for primary hyperoxaluria
type 1. All of them are applied based on the delivery systems of N-acetylgalactosamine
(GalNAc) conjugate or lipid nanoparticles (DLin-MC3-DMA) via subcutaneous or intravenous

[64], due to the instability (rapid enzymatic or non-enzymatic degradation), short half-life in
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blood stream, and low cellular uptake of siRNA [65]. Specifically, Givosiran is administered
by subcutaneous injection with a dosage of 2.5 mg/kg once per month, and the long-term
administration (24-month) demonstrated a sustained decrease of d-aminolevulinic acid and
porphobilinogen [66]. Importantly, with Givosiran treatment, the reduction of attack frequency
and serious daily pain improved the life quality of patients with acute hepatic porphyria [66].
Patisiran is recommended to be administered via an intravenous injection every 3 weeks with
the dose of 0.3 mg/kg, and with an 18-month period treatment. 81% decrease of serum
transthyretin and obvious improvement in polyneuropathy were observed [64]. Patients with
heterozygous familial hypercholesterolemia received the treatment of Inclisiran via
subcutaneous injections with dose of 300 mg at day 1, followed by subsequent doses on days
90, 270, 450, and this treatment resulted in a reduction of PCSK9 levels by over 60% as well
as a sustained decreasing in low-density lipoprotein cholesterol by 51% [67]. Therefore, siRNA
therapies demonstrate the potential as long-term treatments capable of long-lasting effects on
various diseases. Additionally, numerous other siRNA drugs, relying on various delivery
systems, are currently undergoing clinical studies. These are targeted for different diseases,

such as metabolic diseases, infectious diseases, and oncology ocular diseases, etc [64].

1.2.2. siRNA delivery systems for IBD management

Compared with conventional therapeutic approaches for IBD, siRNA therapy offers distinct
advantages. Firstly, siRNA holds the potential to exert on-site therapeutic effects at the sites of
intestinal tissue when carefully designed for targeting and correctly administered, aiming to
minimize immunosuppression throughout the whole body, and this targeted approach relieves
inflammation from the underlying cause of disease instead of only the symptoms [51].
Importantly, siRNA therapy has the capacity to modulate the secretion of proinflammatory

cytokines associated with IBD (such as anti-TNFa siRNA) by interfering with their gene
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expression. As a result, it can restore the mucosa and recover the immune balance at the sites
of diseases [43]. In addition to siRNAs targeting pro-inflammatory cytokines, research has
demonstrated that siRNA against CD98 significantly reduces CD98 expression in a dextran
sodium sulfate-induced colitis mouse model, thereby contributing to the alleviation of colitis
by modulating both homeostatic functions and innate immune responses [68]. Cyclin D1, a
molecule integral to cell cycle regulation which is often elevated in cases of colonic
inflammation, can be targeted by siRNA to potentially mitigate colitis [69]. Research indicates
that Cyclin D1 siRNA, when administered through intravenous nanoparticles, can attenuate
colitis in murine models by downregulating inflammatory markers, demonstrating alleviation
of inflammation [70]. Importantly, compared to monoclonal antibodies for IBD, siRNA therapy
can directly reduce the secretion of pro-inflammatory markers at the source by silencing mRNA
before protein production, and siRNA is more flexible for targeting any gene via sequence
selection, which stands in contrast to the need for antibodies to recognize complex protein
structures [71]. Furthermore, the biggest problem is that antibody therapies have strong
immunogenicity [72], and many patients with Crohn’s disease gradually developed resistance
to therapy through the generation of anti-antibodies, whereas siRNA is considered to
potentially have a safer therapeutic profile [73]. Though siRNA has significant potential for the
management of IBD, one of the main limitations of siRNA application currently is the lack of

safe, effective and patient-friendly delivery options.

1.2.3. The obstacles of oral administration of siRNA for IBD treatment [incorporated

publication 3]

(Statement: The contents in section (1.2.3.) is based in part on the previously published

review article:
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Yunyue Zhang, Maya Thanou, Driton Vllasaliu (2020). Exploiting disease-induced changes
for targeted oral delivery of biologics and nanomedicines in inflammatory bowel disease.
European  Journal of Pharmaceutics and  Biopharmaceutics, 155, 128-138.
Authors contributions: Yunyue Zhang (the candidate) contributes to the designing of the subject,
writing and revision of the manuscript. Maya Thanou contributes to the revision of the
manuscript, and Driton Vllasaliu contributes to the concept, supervision and revision of this

work. I have permission from my co-authors/publishers to use the work in my thesis.)

Oral administration is a convenient, familiar, painless and the most accepted route of siRNA
administration. Given that the site of drug action in IBD is the GIT itself, administration via
the oral route is an obvious choice. However, siRNA is not stable and prone to degradation in
GIT due to its sensitivity and the harsh environment in the GIT, such as stomach acid, which
could lead to denaturation and depurination of nucleic acids over time and reduce their
effectiveness in unprotected form [54, 74]. The presence of nucleases in the GIT is also
considered as a major obstacle, resulting in degradation of siRNA before reaching the disease
sites [75, 76]. Additionally, due to the high molecular weight and strong negative charge,
siRNA is not capable of overcoming the biological barriers in the GIT, which include, amongst
others, microbiota-mediated metabolism, mucus, intestinal epithelium and basement
membrane (BM) (Figure 1-4A) [77]. Therefore, oral administration of siRNA is currently
remaining an unsolved challenge.

In disease states such as IBD, physiological barriers to oral siRNA delivery may undergo
alterations. IBD is a disease caused by multiple factors (as mentioned in Section 1.1.1),
including genetic factors and excessive immune response to altered intestinal microbiota,
leading to — crucially — dysfunction in epithelial barrier [10]. Barrier dysfunction has become
the most common characteristic of IBD and this arises from increased permeability, alterations

in tight junctions, reduced antimicrobial secretions, altered mucus composition and amount,
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reduced number of secretory cells and even complete loss of the area of ulcerated epithelium
(Figure 1-4B) [77, 78]. Previous studies using non-invasive techniques have demonstrated an
increase in intestinal permeability in CD [79]. Furthermore, intestinal permeability can be
considered as a potential contributor to disease progression and is also a predictor of relapse in
CD patients [80]. In patients with UC, intestinal permeability was also increased in remission
[81]. The following sections explore the distinct biological barriers associated with the oral

administration of siRNA, as well as the alterations observed in each under IBD conditions.
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Figure 1-4. Physiological intestinal barriers and typical changes in inflammatory bowel disease
(IBD). The homeostasis of healthy intestine is maintained by various barriers, including enzymes,
microbiota-mediated metabolism, mucus layer, intestinal epithelium, basement membrane and immune
cells (A). In IBD, all of these barriers are altered, including alteration of enzymes activity, wrong
location and changed diversity of microbiota, alterations of mucus composition and amount, increased

epithelial permeability, alterations in tight junctions and stimulated immune cells (B) [77].

1.2.3.1. Biochemical barrier

The stomach pH ranges from 1.0 to 2.5, and this rises to 6.6 to 7.5 in small and large intestine
[82]. The harsh acidic environment of the GIT is not compatible with the labile nature of siRNA

therapies. In addition, the GIT is rich in the presence of degradative enzymes, such as pepsin
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in the stomach [83] and amylase, trypsin, chymotrypsin and lipase in the small intestine.
Pancreatic juices also comprise various enzymes which degrade nucleic acids and proteins [84].
In IBD, there may be disease-induced changes in pH and degradative enzymes of the GIT. For
UC patients, the pH in stomach is slightly higher, whereas in the small intestine there are no
significant changes compared with healthy subjects. On the other hand, the change in colonic
pH of UC patients has been reported inconsistently in the literature, with a mainly observed
decrease [85]. For CD patients, the pH in the stomach was usually found to be higher compared
to control (healthy) subjects, which correlated with decreased gastric acid secretion. No
significant differences were observed in the median pH of the small intestine. Finally, the
colonic pH values in patients with CD were found to fluctuate with a large range of values
reported in different studies [85]. On the other hand, the changes of pH can vary from
individuals and disease states [86]. A previous study has revealed that the colon environment
in patients with IBD can be significantly more acidic (pH 2.3-5.5) than that in healthy states
(pH 7.0 £ 0.7) [87]. For degradative enzymes, significant decreases of activity of amylase (33-
85%), lipase (28-80%) and trypsin (29%) were observed in CD patients compared with controls
[88, 89]. Previous studies have also revealed that a large number of proteases, such as
metalloproteinases and elastase, are upregulated in IBD and this relates to the degradation of
proteins in tight junctions, increasing intestinal permeability [90]. In addition, it has been
increasingly recognised that alterations in the microbiota usually happen in IBD patients. The
decrease in diversity and a shift of microbiota to potentially more inflammatory and less
protective species in IBD could affect the drug-metabolising enzymes they secret [91, 92]. It
has been revealed that the activity of proteinase from microbiota increases in patients with CD

and UC compared to controls [93, 94].
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1.2.3.2. Mucus

Mucus in the GIT, which ranges between 10-800 um in thickness, is secreted by goblet cells
allocated on the intestinal epithelium [95, 96]. Mucus is a semipermeable fibrous network
(average pore size between 5-500 nm), which is governed by the main functional component —
mucin glycoproteins (1-5% content) with extensive intermolecular interactions [74, 97, 98].
Other components of mucus are water (90-95%), proteins, enzymes, lipids and immune factors
[99]. Mucus allows the transport of water, gasses, nutrients and hormones, but limits the transit
of most bacteria, therefore playing an important role in maintaining intestinal homeostasis [99,
100]. The dense network structure of mucus results in a size-dependent hinderance of the
diffusion of drug from the intestinal lumen to the underlying surface of epithelium [74], and it
was found that the diffusion mobility of particles decreased with the increasing particle size
(Figure 1-5) [101, 102]. It has been demonstrated that the effective diffusion decreased 2.9-
fold with the increase in particle size from 100 to 500 nm [103], and particles larger than 200
nm were observed to accumulate within the mucus [99], which were thought to be too large to
undergo rapid diffusional transport through the mucus barrier [104]. In addition to size
hinderance, the negative charge of mucins is considered as an important factor affecting the
transport of molecules through mucus. It is reasonable to speculate that the naked negatively
charged siRNA might be repelled by the mucin fibres due to the similar charge characteristics
[105]. However, in principle, positively charged molecules or delivery systems might interact
with the negatively charged mucus and get trapped. A previous study demonstrated that the
negatively charged nanoparticles (NPs) with Zeta-potential of -19 + 2 mV exhibited higher
permeation ability compared to positively charged NPs (26 + 6 mV), while the highest diffusion
was observed for neutral NPs (0.9 =2 mV) [106]. Additionally, there were observed differences
in both thickness and components among various segments in the intestinal mucus, and the

mucus heterogeneity provides numerous potential sites for chemical and physical interaction
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with macromolecules (Figure 1-5) [101]. In the small intestine the mucus appears as a single
layer residing on top of the epithelium, whereas in the large intestine the mucus blanket has
two layers: the outer is relatively loose and can be adhered by bacteria; while the inner is tight
and is normally sterile [96, 107]. The mucus layer was found to be thicker in the large intestine
compared to the small intestine which exhibited the thinnest mucus lining throughout the GI
tract [108]. Additionally, the viscosity of mucus in colon is considerably higher than that in
small intestine [109], consistent with a reported observation of higher mucin concentration (30
mg/ml) in the large intestine compared to the lower mucin concentration (20 mg/ml) in the
small intestine in pig [110]. It was found that the particles with the size of 100 nm demonstrated
higher diffusion through small intestinal mucus compared with colonic mucus [111]. Therefore,
considering the variations in mucus characteristics between the small and large intestines, the
design of delivery systems should be meticulously tailored for specific segments, such as
systems for drugs absorption in small intestine followed by blood circulation, or therapeutic

systems intended for the small/large intestine such as in the treatment of IBD.
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Figure 1-5. Schematic representation of the filtering properties of the mucus barrier. The size
filtering mechanism of mucus is depicted on the left side: purple particles are trapped by the network
due to their bigger size than the mesh spacing, while green particles can diffuse through the pores relying
on their smaller size compared to mesh spacing. However, the interaction filtering mechanism of mucus

(right side) allows interceptions of smaller particles through different interactions, such as direct
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electrostatic interactions between particles and mucins or indirect binding mediated by non-mucin

proteins and other mucus constituents [101].

In IBD, there are alterations in mucus amount, thickness and composition. CD is associated
with goblet cell hypertrophy and therefore mucus formation is increased, leading to increased
thickness of the mucus layer in colon and rectum compared with controls [112]. Although in
CD the expression of Mucin 2 (MUC?2) is increased irrespective of inflammation [113], the
structure of MUC?2 is however altered as a result of reduction of the oligosaccharide chain
length by around 50% [114], and although the production of MUC?2 increases, the altered
structure leads to a loss of its viscoelasticity and an overall reduced barrier function. On the
contrary, UC is characterized with a reduction and depletion of goblet cells, which leads to
decreased mucin production and a diminished mucus barrier. The thickness of mucus layers in
colon and rectum was found to be reduced in patients with UC compared to controls [112]. In
more active colitis, the mucus layer is even completely lost [115]. Mucus diarrhoea, which is
one of the main clinical symptoms in UC, may indicate poor mucus quality leading to decreased
retention at the mucosal surface [78]. Apart from the amount and the thickness of mucus layer,
the composition of mucus is also altered in conditions under IBD. Studies have revealed that
the expression of antimicrobial peptides, which prevent bacteria from contacting the epithelial
surface, decreased in the mucus of CD patients [116, 117]. Additionally, phosphatidylcholine,
a crucial constituent for normal function of mucus barrier, was reportedly significantly reduced
in the colonic mucus of UC patients (-70%); phosphatidylcholine used in treatment of UC has
produced benefits [118-120]. Another change concerns the carbohydrate content of
glycoproteins in mucus, which has been found to be reduced in patients with active UC
compared to healthy controls [121]. Besides, colonic mucins from healthy mucosa display a

negative charge due to the sulfate and sialic acid residues. However, in conditions of chronic
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inflammation, glycans that have a shorter structure and decreased sulfation confer a less
negative charge to mucins [122]. It is worth mentioning that reactive oxygen species (ROS)
can be produced by macrophages and neutrophils into mucus and intestinal lumen under
inflammatory conditions. It has been reported that the concentrations of mucosal ROS are 10-
to 100-fold higher in UC patients compared with controls [123]. These changes in GIT mucus
in IBD patients must be fully understood and considered when designing and developing drug
delivery systems. Many formulations designed for oral delivery of siRNA employ mucus-
penetrating or mucoadhesive systems, which are typically tested in healthy mucus (or more
typically mucus models). More research is therefore needed to evaluate the performance of

such systems in situations where mucus is altered [124].

1.2.3.3. Intestinal epithelium

Intestinal epithelium, which consists of a near-continuous layer of epithelial cells, is the largest
and most crucial barrier for siRNA permeation. There are different epithelial cell subtypes
within this barrier, such as enterocytes (the main component), goblet cells, Paneth cells,
enteroendocrine cells, stem cells, tuft cells and microfold (M) cells. Enterocytes possess
biochemically and functionally distinct apical and basolateral membrane domains, which are
responsible for water and nutrient transportation from the intestinal lumen into the bloodstream
[125]. These cells also provide opportunities for macromolecules to traverse the intestinal
epithelium via transcytosis by enterocytes or M cells [80]. There are also junctional complexes
including tight junctions and adherens junctions (estimated pore radius of 0.8—1.3 nm) between
enterocytes, which restrict the transport of most ions and molecules which are larger than 2 nm
(termed paracellular transport). Therefore, siRNA is not capable of permeating the epithelial

barrier via the paracellular pathway under normal situations.
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In IBD, it has been shown that the intestinal epithelial cells undergoing apoptosis are constantly
shed from the epithelial surface, leaving transient gaps, which are subsequently filled by
migration of surrounding cells. This shedding can be observed by fluorescein leakage (using
confocal endomicroscopic techniques) into the intestinal lumen following intravenous
administration (a common method to investigate intestinal epithelial barrier defects), indicating
a loss of continuous epithelium (Figure 1-6) [126]. In both CD and UC, this shedding is
increased and has been shown to predict subsequent relapse in both cases [127]. Epithelial
apoptosis was found to be upregulated and mediated by TNF-a (reversible by anti-TNF-a
antibody treatment) in the colon in CD, and this is a structural correlation of epithelial barrier
dysfunction [128]. An increased rate of epithelial apoptosis has also been reported in UC [129].
Furthermore, in mild inflammation without epithelial lesions, leaks turned out to be foci of
epithelial apoptosis, while in moderate-to-severe inflammation, leaks were associated with

epithelial erosion/ulcerative lesions or crypt abscesses [130].
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Figure 1-6. Loss of barrier function visualized by confocal endomicroscopy. (A) Intact barrier

function with no escape of fluorescein into the gut lumen (arrow). (B) Fluorescein in the gap in the
epithelium left by a shedding cell (arrow). Cellular debris from the shedding cell can be seen in the
lumen. (C) Efflux of fluorescein out of blood vessels (block arrow) into the lateral intercellular space.
Efflux into the lumen is constrained at the apical border (block arrows). A plume of fluorescein effluxing
through the gap left behind a shedding cell (line arrow). (D) Multiple sites of efflux of fluorescein
through the epithelium into gut lumen (arrows). Note the increased fluorescence in the gut lumen. (E)
Microerosion (arrow) where more than one epithelial cell has been lost at one site exposing a capillary
to the lumen. Note the functional relevance of this lesion as there is efflux of fluorescein into the lumen

[131].

Damage of epithelial tight junctions is an important characteristic in active IBD [132]. The

increased permeability of tight junctions in IBD has been attributed to the changes in
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expression, structure and location of tight junction proteins, possibly as a result of changes in
the expression of pro-inflammatory cytokines, such as TNF-a and Interferon-y (IFN-y) [10,
133]. In CD, tight junction protein claudin 2 was found to be upregulated, whereas claudin 5
and 8 (seal-forming tight junction proteins) were reported to be downregulated [132]. Murine
models of CD, such as the SAMP1/YitFc model, demonstrated an increase in paracellular
permeability of intestinal epithelium at early stages of disease [134]. Impaired tight junction
function is also seen in UC, which could be due to the upregulation of cytokines, such as TNF-
a, IL-1p and IL-13 [78, 79]. Increased expression of the tight junction protein claudin 2 and
decreased expression of claudin 4 and 7 was demonstrated and thought to contribute to the
development of epithelial barrier dysfunction in UC [135, 136].

Epithelial shedding and impaired paracellular epithelial barrier in IBD could theoretically result
in a higher intestinal absorption of macromolecules at sites of inflammation — an outcome that
would allow targeted delivery of siRNA following oral administration. siRNA or delivery
systems may be able to penetrate through the leaks among epithelial cells. This has been termed
epithelial enhanced permeability and retention (eEPR) effect [137, 138]. Disruption of
epithelium also causes the exposure of positively charged proteins, such as transferrin,
bactericidal/permeability-increasing proteins and anti-microbial peptides [139, 140]. This leads
to a localised build-up of positively charged components at the damaged epithelial surface, and
provides an opportunity for targeted drug delivery mediated by electrostatic interaction, e.g.
via negatively-charged drug carriers [139]. However, with regards to the tight junction-
regulated paracellular barrier, this is not expected impaired to a degree to allow significantly
higher absorption of macromolecules across the inflamed mucosa compared to the healthy
tissue.

Differential expression of epithelial trafficking receptors in intestinal epithelial cells may also

create opportunities for improving intestinal translocation of biological delivery systems via
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transcytosis, in addition to enabling targeted absorption at the sites of inflammation. A number
of biological transport systems expressed in the intestinal epithelium have been shown to
possess potential for transepithelial delivery of macromolecules. Transferrin receptor (TfR) is
a membrane glycoprotein found on epithelial cells, involved in the intestinal absorption of ions
by binding to Transferrins (Tfs) through transcytosis [141]. Tfs has been utilized to modify NPs
so to increase their permeation through the intestinal epithelial barrier [142], and it has been
found that the expression of TfR increases in colonic enterocytes of rats with colitis and patients
with UC [143]. CD98 transporter, responsible for the uptake of essential amino acids across
biological barriers, has been reported to be significantly upregulated in intestinal epithelial cells
in inflammation and increased at the surface of intestinal immune cells, including B cells, CD4*
T cells and CD8" T cells in IBD [144]. Similarly, the PepT1 (an oligopeptide transporter) is
also observed to be overexpressed in the colon epithelial cells of IBD patients [145]. Therefore,
these changes could present opportunities for the use of CD98 antibodies or dipeptides (such
as valine-glycine and tyrosine-valine) as targeting ligands to direct a delivery system such as
NPs to the sites of intestinal inflammation. Further, CD44 receptor has also been found to be
upregulated at the surface of epithelial cells and activated inflammatory cells [146]. Hyaluronic
acid as a natural anionic polysaccharide has a high affinity to CD44 receptor and has been used
as a ligand to modify NPs for targeted drug (including biologics) delivery in IBD. In addition,
there are various carbohydrate receptors, such as mannose and galactose receptors, which are
expressed by cells of the intestinal epithelium and immune system [147]. The mannose and
galactose receptors are also been observed to be exclusively expressed on the macrophages
surface [148]. Studies have therefore attempted to present saccharide moieties on NPs surface
for selective macrophage targeting and internalization [ 149, 150]. Neonatal Fc receptor (FcRn)
was identified as an IgG receptor on the intestinal epithelial cells, which facilitates the transport

of IgG across the intestinal epithelium through transcytosis by interacting with the Fc portion
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of IgG [151]. NPs featuring surface-modified IgG Fc have been applied for the delivery of
insulin across the intestinal epithelium [152]. Interestingly, FcRn may have an essential role in
the intestinal absorption of mEVs, where the antibodies presented on mEVs could be
recognized by FcRn expressed on intestinal epithelial cells, facilitating their transcytosis across
this barrier [153, 154]. These receptor systems may serve as biological gateways for
inflammation-targeted oral delivery of siRNA, although the role or efficiency of these systems

in promoting apical-to-basolateral translocation of siRNA is currently not clear.

1.2.3.4. Basement membrane (BM)

Epithelial BM is a thin structure formed from sheets of extracellular matrix (ECM) and located
between epithelium and connective tissue (Figure 1-7). The composition of BM includes
collagen, laminins, nidogen and perlecan [74]. Collagen as the main BM protein is cross-linked
by various bonds, such as disulfide and hydrogen bonds [155, 156]. Laminin also supports the
networks of BM and tightly associates to the cell surface [157]. Additional ECM proteins, such
as nidogen and perlecan, link the independent collagen and laminin networks to form the
integral BM structure. BM is associated with several functions, such as cell and tissue polarity
coordination, function as signalling platforms by sequestering many growth factors and other
ligands, as well as playing a critical role in cell differentiation. BM has also been reported to
possess a barrier function, displaying selective permeability (size- and charge-dependent) of
molecules across this barrier [157, 158]. Mantaj et al. [159] measured the permeability of
macromolecules (dextrans) and 100 nm nanoparticles through the BM. They found that the BM
did not affect the movement of dextran, but severely hindered the diffusion of nanoparticles.
The BM barrier effect with respect to macromolecule diffusion was also shown by a study by
Alfanon et al. [160]. The diffusion of inulin (molecular weight S5kDa) was impeded by the oral

mucosal epithelial BM, while that of a larger macromolecule dextran (20kDa), was not
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influenced. The possible reason for this observation was suggested to be the binding of smaller
molecules to the structural components of BM or the possibility of these molecules being

caught in the finer interstices, similar to the mechanism of gel permeation chromatography.

Epithelial cells—
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Figure 1-7. Epithelial basement membrane is a thin structure formed from sheets of extracellular

matrix and located between epithelium and connective tissue.

In IBD, it has been shown that the ECM plays an important role in the interaction with the
immune system [161]. In the inflamed tissues, the ECM is influenced by the activated resident
cells of tissue and infiltrating immune cells. This leads to a remodelled or abnormal ECM
microenvironment with high concentrations of proinflammatory cytokines (such as IFNs and
TNF-a), esterases, matrix metalloproteinases (MMP), myeloperoxidase, and ROS [162]. The
remodelling of ECM, characterized by increased degradation of ECM components and the
development of excessive intestinal fibrosis, is a significant feature in the progression of IBD
[163]. Specifically, ECM macromolecules (such as type I collagen) can be selectively cleaved
by MMP into small bioactive peptides [164]. In addition to the increased activity of degradation
enzymes, ECM remodelling during IBD is also relevant to the excessive ECM formation. This
involves a substantial increase of the synthesis of fibre-forming collagens, contributing to
progressive intestinal fibrosis and subsequent narrowing of the intestinal lumen [163, 165].

Therefore, in IBD, the imbalanced and dysregulated remodeling of ECM results in the
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breakdown of the BM barrier and contribute to the development of fistulas, eventually leading
to intestinal perforation [163]. It has been found that the immunosuppressive treatment, such
as anti-TNFa agents or corticosteroids, contributed to the improvement, including enhanced
wound-healing response via decreasing of MMP-9 and MMP-26 positive neutrophils and
stromal TIMP-1 and TIMP-3, in patients with CD [166]. Furthermore, infliximab (anti-TNFa
monoclonal antibodies) has been shown to potentially impede subclinical fibrosis related to
ECM remodeling in CD [167]. Additionally, the elevated presence of enzymes, such as MMP,
in the ECM of the inflamed colon during IBD provides an opportunity for degradation-
mediated targeting delivery system to the site of inflammation. Various MMP-sensitive
delivery systems have been developed [168], including hydrogels formed by cross-linking
polymeric chains with specific amino acid fragments, which result in the polymer
biodegradation through enzymatic cleavage, subsequently facilitating drug release [169, 170].
Therefore, in IBD, the structural damage of BM may further compromise the overall mucosal
barrier either directly or indirectly. Indirect effects arise from a clear effect of BM on intestinal

epithelial cells, including morphology and tight junction barrier, above the BM [159].

1.2.3.5. Intracellular Barriers

Beyond the biological barriers mentioned above, a critical challenge in achieving effective
RNA interference therapy for IBD lies in the inefficiency of SiRNA delivery across the cellular
and endosomal membranes to reach the cytoplasm of immune cells [171]. The cellular
membrane is typically composed of negatively charged phospholipids, causing disruptions in
the intracellular trafficking of anionic siRNA due to repulsive interactions [172]. Various
delivery systems have been developed to facilitate the intracellular trafficking of siRNA
through the endocytosis route. However, once these systems, such as NPs, are endocytosed,

they encounter entrapment within endosomal vesicles [173]. Early endosomes (pH 6-6.5)
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gradually transition into more acidic late endosomes (pH 5-5.5), and eventually fuse with
lysosomes (pH 4.5-5) for degradation [174]. Part of the endosomes may undergo exocytosis
(recycling back to the membrane), leading to the excretion of cargos from the cells [175]. It
has been reported that only 0.3% of endocytosed GalNAc-siRNA conjugate was present in the
cytoplasm in vivo [176]. Therefore, escaping from endosomes following enabling the release
of SiRNA into the cytoplasm after endocytosis, is the critical capacity of SIRNA delivery
systems for efficient gene silencing. Different strategies for endosomal escape proposed in
siRNA delivery systems, such as “proton sponge effect”, endosomes membrane disruption, or

fusion with endosomes, were elaborated upon in Section 1.3.

1.3. Nanoparticles (NPs)-Based siRNA Oral Delivery Systems for IBD Treatment

As indicated in Section 1.2.3., the physiochemical properties of siRNA and physiological
barriers in GIT pose challenges for the oral administration of naked siRNA. Chemical
modifications on siRNA, such as focusing on phosphodiester bond of RNA backbone, 2’-ribose
and binding siRNA with peptide, polyethylene glycol (PEG) or cholesterol, could promote the
resistance to rapid degradation by ribonuclease to a certain degree [177, 178]. However, most
of these modifications are not enough for siRNA to permeate through physiological intestinal
barriers efficiently. Viral vectors as a delivery strategy could improve the transfection
efficiency of siRNA, while several limitations such as high production costs, immunotoxicity
and gene insertion on host chromosomes are still hindering their application [178, 179]. The
cargo loading capacity into viral vectors can still vary widely depending on the type of virus.
Adenoviral vectors, for instance, have been demonstrated to carry large transgene cassettes,
and are reorganized as effective carriers for siRNA [180]. However, a significant challenge lies
in the inefficient siRNA release from the endosome to the cytoplasm [180]. Adeno-associated

virus, characterized by non-immunogenic and non-pathogenic features, however compromised
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with small packaging capacity which is generally considered to be < 5kb [181]. In contrast,

herpesviral vectors offer a higher packaging capacity (40 kb-150kb), but may trigger a robust
inflammatory response [181]. Even though being one of the promising carriers for gene therapy
delivery [182, 183], viral vectors are typically administered via systemic delivery such as
intravenous route instead of oral administration, due to the harsh environment of GIT, including
the acidic conditions in the stomach, proteolytic conditions in the intestine, and the high
turnover rate of enterocytes, which could lead to the denaturation of viral surface proteins,
compromising viral structural integrity [184]. In addition, oral administration of viral vectors
may trigger an immune response from the immune components in the gastrointestinal mucosa,
while the mucosal immune responses provide an opportunity for the application of recombinant
adeno-associated virus vectors in the development of oral vaccines [185-187].

Non-viral NPs-based oral delivery systems for siRNA therapy have been developing fast in
recent years, and numerous nanomaterials have been tested to encapsulate or complex siRNA
to overcome the obstacles for its oral delivery, including enteric-coated systems (e.g.
Eudragit®), polymers (polylactide(PLA)-based NPs, poly(D,L-lactide-co-glycolide acid)
(PLGA)-based nanoparticles), liposomes and natural macromolecules (e.g. extracellular

vesicles or exosomes), etc.

1.3.1. Polymer-based NPs

Polymer-based NPs such as PLA-based and PLGA-based NPs have been investigated as
systems for loading and delivery of siRNA in IBD. PLA is an aliphatic thermoplastic polyester
which shows non-toxicity, biocompatibility and biodegradability in human and has been
approved by FDA for use in oral drug delivery systems [188]. PLGA, a copolymer composed
by PLA with poly glycolic acid (PGA), has been widely applied as oral drug delivery carrier

and has been approved by FDA and European Medicines Agency owing to its biodegradable
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and nontoxic characteristics [189]. Polymer-based NPs possess flexibility of controlled release
profile design to reduce the adverse effects or dosing frequency, and the incorporation of
ligands to enable targeted delivery. Polymer-based NPs delivery systems have been developed
for different diseases via various administration routes depending on the therapeutic
requirement. Intravenous injection is widely used for targeting tumors or providing system
treatment, and subcutaneous and intramuscular injection are also applied for the delivery of
these systems. Additionally, some other routes such as inhalation, ocular, and transdermal
applications have also been explored [190, 191]. Importantly, there has been development in
polymer-based NPs delivery systems specifically for the oral administration of siRNA in the
treatment of IBD. Laroui et al. [192] designed PLA-PEG NPs loaded with TNFa siRNA for
potential IBD therapy. This delivery system’s surface was modified with antigen-binding (Fab’)
portion to improve targeting ability, and the siRNA was mixed with polyethyleneimine (PEI)
to form a complex which promotes siRNA lysosome-escape ability [192]. The in vivo study
(delivery system orally administered in dextran sulfate sodium (DSS)-mice) showed this
system was capable of targeting colonic macrophages and relieving inflammation [192]. Huang
et al. [193] used PLGA NPs as nanocarriers to load TNFa siRNA and modified them with
galactosylated chitosan on the surface to improve mucus adhesion and targeting ability to
macrophages. In vivo study demonstrated that this delivery system could target colitis tissues
of mice and alleviate inflammation effectively via oral administration [193].

Multi-shell polymer-based NPs have been investigated, where different functional layers or
ligands were incorporated, and these layers effectively carry a specific function for the oral
delivery of siRNA in the treatment of IBD. Merlin et al. [194] designed a delivery system by
loading PEI/TNF-a siRNA complexes into PLA NPs, and polyvinyl alcohol was added to coat
these complexes. The complexes were subsequently encapsulated into alginate and chitosan

for collapsing in intestinal pH and targeting to inflamed colon for IBD therapy [194]. According
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to the results of pretreatment by this multi-layer NPs system to mice with UC (induced with
lipopolysaccharides (LPS)), TNF-a expression level was significantly reduced compared with
blank NPs [194]. Frede et al. [195] engineered an oral delivery system - TNF-a siRNA loaded
multi-layer NPs for IBD therapy. Specifically, TNF-a siRNA was loaded into a calcium
phosphate (CaP) core which was subsequently coated with PLGA. PLGA-CaP-siRNA
complexes were further encapsulated into PEI for early endosomal release of siRNA.
Intrarectal administration of this delivery system in DSS-induced mice led to a significantly
decrease of TNF-a expression and colonic biopsies along with recovery [195]. Lichen et al.
[196] synthesized an asymmetric tri-block copolymer, poly(ethylene glycol)-b-
poly(trimethylenecar-bonate-co-dithiolane  trimethylene  carbonate)-b-polyethyl-enimine
(PEG-P(TMC-DTC)-PEI) (RCP), that can self-assemble to redox-sensitive polymersomes with
an inner PEI core and PEGylated surface. This system could electrostatically interact with
TNF-a siRNA, as well as encapsulate the dexamethasone sodium phosphate. Their results from
an in vivo study showed that these delivery systems were able to relieve intestinal inflammation

effectively [196].

1.3.2. Liposomes

Liposomes are composed of a phospholipid bilayer, offering the benefits of biocompatibility
with cell membranes, and the hydrophilic core in liposomes facilitates a high loading efficiency
of siRNA. The flexible fabrication of liposomes with various lipid types or ligands
incorporation also enables liposomes to be modified for targeted delivery. Liposomes have
been developed for different therapeutic delivery using multiple routes of administration,
including parenteral (intravenous), ocular, pulmonary and transdermal pathways [197, 198].
Specifically, liposomal delivery systems for siRNA targeting IBD therapy via oral or rectal

administration have been developed fast in recent years.
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Commercially available liposomes such as Lipofectin® and Lipofectamine™ 2000 have been
widely applied for loading siRNA as delivery systems, which facilitates binding and fusion
with the cellular membrane to release the siRNA in cells [199]. Zhang et al. [200] prepared a
liposome complex by encapsulating siRNA with Lipofectamine™ 2000, and the siRNA
mediated gene-silencing efficiency and therapeutic effect on a murine IBD model were
evaluated. The results revealed that rectal administration of this delivery system decreased
corresponding mRNA levels by 72% compared to control groups and the inflammation was
observed to be relieved. Guo et al. [201] designed ROS-responsive liposomes (with the lipids
of ZnDPA-R) which could combine ROS reduction and siRNA delivery capacity for colitis
treatment. The in vitro study showed that the TNF-a siRNA loaded-liposomes efficiently
reduced the expression level of TNF-ao mRNA in macrophages and the in vivo study proved
that the delivery system could not only treat inflammation by ROS reduction, but also relieve
inflammatory symptoms by reducing inflammatory factors [201]. Furthermore, biocompatible
natural source-derived cationic lipoplexes have been identified to encapsulate siRNA for IBD
therapy through oral administration. Zhang et al. [202] found that the lipid nanoparticles with
positive charge derived from ginger were able to form complexes with CD98-siRNA.
Remarkably, orally administered CD98-siRNA loaded-lipid nanoparticles demonstrated
targeted delivery to colon tissues, resulting in a decreasing expression of CD98. Importantly,
the efficacy of gene silencing by siRNA loaded-lipoplexes or lipid nanoparticles relies on their
capacity for endosomal escape. Image visualization has observed siRNA release from these
complexes during endosomal maturation, which subsequently initiates the autophagic isolation
of the releasing endosome [203].

Even though the siRNA loading efficiency and transfection efficiency of liposome delivery
systems are relatively high, toxicity arising from cationic (positively charged) lipids, which are

essential for complexing with negatively charged siRNA, is the unignorable limitation for their
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general application [204]. Furthermore, it has been observed that liposomes exhibit limited
stability in the in GIT (e.g. lipid can be digested in the small intestine and the digested products
would associate with bile salts to form mixed micelles) [76]. Efforts have been dedicated to
enhancing the GIT stability of liposomes by adjusting their formulations. It has been found that
phospholipids, the primary components of liposomes, exhibit greater stability when they
possess longer fatty acid chains and a higher degree of saturation in their hydrocarbon chains
[205]. Additionally, cholesterol has been identified as an effective lipid component to increase
the structural stability of liposomal membranes against harsh GIT environment, attributing to
hydrogen bonds formed by cholesterol with phospholipids and increase the rigidity of
membranes [205, 206].

Though artificially synthesized NPs with various modified strategies have been widely
investigated for siRNA oral delivery, most synthetic NPs suffer from poor delivery across the
highly effective, multi-component intestinal mucosal barrier [207]. An ideal carrier for safe and
effective oral delivery of siRNA is one that successfully protects the cargo and tackles the
physiological barriers in the GIT without toxicity. However, such a system is yet to be identified.
The current technology based on conventional lipid nanoparticles (i.e. those utilized for the
COVID-19 vaccines) is not suitable for oral administration due to the instability of these
particles in the complex gut environment [208] and the need for the formulation to address
mucus diffusion [209]. Therefore, the search for effective technologies for oral delivery of

siRNA is still highly demanded.

1.3.3. Extracellular vesicles (EVs)

1.3.3.1. The source, components, and functions of EVs

EVs are membrane-bound vesicles secreted by a variety of cell types to extracellular

environment. The three major types of EVs are exosomes (30 nm -150 nm), microvesicles
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(MVs, 100 nm — 1 um) and apoptotic bodies (50 nm — 5 pm), which can be distinguished by
their size, biogenesis and functions (Figure 1-8) [210-212]. Exosomes form through a process
involving the endosomal system (Figure 1-9) [213]. Briefly, this process begins with the
inward budding of plasma membrane forming early endosomes. Then the early endosomes
mature into multivesicular bodies (MVBs) and lead the formation of intraluminal vesicles
(ILVs) inside them via inward budding of MVBs membrane. In the process, certain molecules,
including specific proteins, lipids, and nucleic acids, are selectively incorporated into the ILVs.
Depending on the surface protein of MVBs, most of them serve as ‘delivery trucks’, fusing
with plasma membrane to release ILVs into the extracellular space, which are then termed
exosomes. A small proportion of MVBs function as ‘garbage trucks’, directing their cargo
towards lysosomes for degradation [214]. Apoptotic bodies are derived from disassembly of
apoptotic cells [215], and microvesicles are directedly budded from plasma membrane of live

cells [212].
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Figure 1-8. EV subtypes and role in mediating cellular crosstalk. Schematic representation of three
main EV subtypes; (A) exosomes, (B) microvesicles, (C) apoptotic bodies released by all cell types into
the extracellular space. Exosomes and microvesicles are released by live cells via exocytosis and
outward budding, respectively. Apoptotic bodies, on the contrary, are released by apoptotic cells. EVs
are known to mediate intercellular communication by carrying a diverse cargo of proteins, nucleic acids

and lipids from the donor cell to the recipient [212].
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Figure 1-9. Process of exosome formation in cells [213].

EVs are found in different types of biofluids including blood, urine, saliva, breast milk,
cerebrospinal liquid, ascitic fluid and amniotic fluid [216, 217]. The composition of EVs
includes lipids, proteins, and nucleic acids (Figure 1-10). The bilayer structure of EVs is
composed of phospholipids, glycerophospholipids, cholesterol, diglycerides and sphingolipids
[216]. Due to endosomal origin, exosomes possess proteins include Alix, tumor susceptibility
gene 101 protein (TSG101), heat shock cognate 71 kDa protein (HSC70), heat shock protein
90 (HSP90p), and tetraspanin family protein including CD9, CD63 and CD81, which are often
termed “exosomal marker proteins” [210], while microvesicles and apoptotic bodies always
contain signaling proteins and actin-myosin cytoskeleton proteins [218]. Exosomes are also
carriers of various nucleic acids, including DNA, mRNA and micro RNA (miRNA, a type of
small non-coding RNA) that regulate gene expression [216]. Apoptotic bodies also contain
nucleic acid fragments, inclusive of DNA and RNA, derived from cellular apoptotic processes
[219], whereas microvesicles always include a diverse array of nucleic acids from the parent

cell [220].
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Figure 1-10. Phospholipids bilayer structure and contents of extracellular vesicles.

EVs from different sources exhibit different compositions of lipids and proteins, along with
various nucleic acid fragments, which potentially affect their functions. Various cell types
capable of secreting EVs have been explored, including mesenchymal stem cells,
haematopoietic cells such as reticulocytes, T cells and macrophages, and non-haematopoietic
origin such as intestinal epithelial cells, neurons and tumor cells [216]. Previous studies
demonstrated that EVs secreted from immune cells were especially good at immune
phagocytosis from immune system, and these EVs have longer circulation time [221]. However,
EVs from dendritic cells were found to induce antigen-specific effector immune responses
[222]. EVs derived from mesenchymal stem cells have been applied in clinical studies [223].
These EVs exhibit low-immunogenicity and have the potential to treat tissue fibrosis, in
addition to demonstrating the capacity to promote tissue regeneration in some instances [224].

Moreover, mesenchymal stem cells derived-EVs are regarded as promising therapeutic agents
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to mediate immunomodulation [224]. Tumor cell-derived EVs have also attracted a lot attention
in recent years due to their specific targeting capabilities, relying on specific molecules on their
surface that originate from the parent tumor cells, which allow them to interact with
corresponding receptors on tumor cells [225]. For instance, use of ovarian cancer cell-derived
EVs as delivery vehicles for CRISPR/Cas9 plasmid have demonstrated effectively delivery and
accumulation in ovarian cancer cells, resulting in a decreased expression of PARP-1 gene, and
sensitizing the tumor cells to cisplatin treatment [226]. However, EVs from certain cell types
including colorectal cancer, pancreatic cancer and kidney adenocarcinoma tumor cells have
also demonstrated limitations such as induction of apoptosis in activated cytotoxic T cells,
[227], and tumor cell-derived EVs (such as cholangiocarcinoma) potentially induced a pro-
inflammatory microenvironment, which may aggravate a patient’s malignancy [228, 229]. In
addition, the need for long-term cell culture (potential effects by cell status and growth
conditions) and low yield of cell-derived EVs (depending on cell types) also pose obstacles to
their application [230]. Considering the limitations of cell-derived EVs mentioned above, EVs
isolated from dietary sources such as milk or plants have been explored for their potential
functions. There are two main reasons to choose dietary EVs: (1) they originate from edible
sources and thus potentially have a better safety profile, (2) cost-effectiveness and scalability
[228].

Raimondo et al. [231] found that the EVs isolated from Citrus limon juice were able to inhibit
the cell proliferation of tumor cell lines including lung carcinoma, chronic myeloid leukemia,
and colorectal adenocarcinoma, and no effect from these EVs was observed on normal cell
lines. In a recent study conducted by the same research team, it was found that the consumption
of lemon EVs (isolation was conducted at an industrial scale) as a dietary supplement led to a
decrease of low-density lipoprotein (LDL) cholesterol levels in healthy volunteers [232]. Ju et

al. [233] isolated exosome-like NPs from grapes, and found that these NPs could target to
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intestinal stem cells and protect against DSS-induced colitis. Wang et al. [234] revealed that
the grapefruit-derived nanovectors coated with inflammation-related receptors could enhance
the targeting ability to inflammatory tumor tissues and can more directly deliver therapeutic

agents to inflamed tumor sites.

1.3.3.2. The application of EVs for siRNA delivery

Due to the variety of potential functions exhibited by EVs originating from various sources
(mentioned above), EVs (particularly exosomes) have attracted significant interest for
therapeutic (and diagnostic) purposes, with around 70 EV-based companies emerging globally
in recent years, roughly 10 of them are engaged in researching the delivery capacity of EVs for
therapeutic molecules such as anti-cancer drugs or RNA therapies [235]. 6 companies are
focusing on investigating the inflammation inhibition capabilities of EVs derived from various
sources [235]. Among over 200 active or recruiting clinical trials investigating EVs/exosomes
(as of Jan. 2024), 7 trials are specifically investigating the potential of EVs/exosomes for IBD
therapy [236]. Interestingly, mEVs per se have been investigated for their therapeutic potential
in IBD and were found to ameliorate colitis in a murine model of the disease [237]. This
therapeutic effect of mEVs is thought to arise from beneficial miRNA and cytokine cargo, such
as miRNA-148 [238] and TGF-B (an immune-suppressive cytokine) [239]. However, the
significant potential of EVs is currently underexplored for oral drug delivery.

Originally, EVs were regarded as a mechanism of cellular dumping or maintenance. However,
in recent decades, research revealed that EVs are involved in cell-cell communication between
local and distant cells. It has been observed that EVs are able to transfer their cargo (such as
protein, nucleic acids and lipids) to nearby or distant recipient cells [240]. Numerous studies
have demonstrated the potential of EVs as nanocarriers for siRNA delivery, where their

advantages include small size and similarity with cell membranes ensuring effective cell uptake,
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as well as long circulation with their slightly negative Zeta-potential [228]. Wahlgren et al.
[241] found that exosome vesicles derived from human peripheral blood can deliver exogenous
siRNA (encapsulated via electroporation) to human mononuclear blood cells (monocytes and
lymphocytes), leading to selective gene silencing of corresponding proteins. In a recent
research reported by Rong et al. [242], EVs isolated from induced neural stem cells modified
with peptide CAQK were targeted to spinal cord injury (SCI) region and taken up by target
cells (via tail vein injection in a SCI rat model), and the electroporated CCL2-siRNA cargo
demonstrated anti-inflammatory and neuroreparative functions to promote the therapeutic
effect of siRNA loaded-EVs against SCI in vivo. Interestingly, EVs were found to deliver cargo
to recipient cells more efficiently than lipid nanoparticles. It was observed that the P21-
activated kinase 4 (PAK4) siRNA (siPAK4) loaded-EVs (derived from PANC-1 cells) had
significant higher gene silencing efficiency compared to siPAK4 encapsulated-
Lipofectamine™ which has been commercially used for transfection, and the intra-tumoral
administration of siPAK4 loaded-EVs decreased tumor growth in vivo then promoted mice
survival (p <0.001) [243]. A similar result was reported in another study, showing EVs could
deliver approximately 10-30% of RNA cargo to the cytosol of recipient cells, whereas only 1-
2% of RNA cargo could be delivered by lipid nanoparticles [244]. This result indicated the

promising potential of EVs as siRNA carriers, capable of inducing effective gene silencing.

1.3.3.3. Advantages and potential of bovine milk EVs (mEVs) for siRNA oral

delivery

Considering the limited yield and the possibility of immune responses associated with EVs
derived from cell lines, bovine milk has been revealed as a scalable source of EVs with low
immunogenicity and high cross-species tolerance [245]. mEVs are observed to be stable in the

gut biofluid including saliva, gastric, pancreatic and bile juices [246]. In addition, the
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remarkable ability of EVs to cross biological barriers is regarded as a promising attribute for
oral delivery of siRNA [247-249]. Rani et al. [250] revealed that the natural miRNA in milk
exosomes did not affected by simulated digestion in vitro and could permeate through the
intestinal monolayer. The bioactive function of miRNA in exosomes was still valid after
simulated digestion process. The same results were also observed in another research. Liao et
al. [251] found that the top 15 exosomal miRNAs in human milk maintained their stabilities
after simulated gastric/pancreatic digestion process. Another study tried to load curcumin into
milk exosomes by incubating curcumin with milk whey overnight at 4°C, and the results
showed a loading efficiency of 70.46%, indicating a significant loading capacity of milk
exosomes for hydrophobic molecules [252]. With loading into milk exosomes, the solubility
and stability of curcumin were increased, and milk exosomes were able to protect curcumin
against GIT digestion as well as promote their intestinal permeability in vitro [252]. The
permeability of mEVs through Caco-2 cells was demonstrated to be mediated by endocytosis
and associated with mEVs surface glycoproteins [247]. Similarly, mEVs could transport
through the human vascular endothelial cells by endocytosis to deliver their cargo to the
peripheral tissues [253]. Matsuda et al. [254] loaded siRNA into mEVs via Lipofectamine™
transfection reagents, and found that these siRNA loaded-mEVs are able to be uptaken by
hepatocellular carcinoma cells in vitro, showing significant target gene silencing efficiency.
However, this study did not demonstrate the loading efficiency of siRNA into mEVs.
Importantly, significant progress has been made in mEV isolation methods that are amenable
to industrial-scale production of purified, high-quality EVs as drug delivery vehicles [255].
Therefore, mEVs are potentially ideal, safe, effective and inexpensive carriers to enhance the
intestinal uptake of therapeutic RNAs (siRNA), without toxicity/immunogenicity issues [239,

256].
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1.3.3.4. Methods for mEV isolation from milk

Milk is a complex mixture of different constituents which should be removed in the process of
mEYV isolation. Various methods for mEVs isolation from milk have been developed in recent
decades. Common isolation methods, including differential ultracentrifugation, density
centrifugation, filtration centrifugation, immunoaffinity capture, microfluidic chip, size
exclusion chromatography (SEC) and commercial precipitation kits, are applied separately or

combinedly to isolate and increase the purity of mEVs (Figure 1-11) [245, 257].

" i Size exclusion
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Figure 1-11. Isolation techniques for extracellular vesicles (EVs) [245].

Differential ultracentrifugation, which is cost-effective and amenable to handling large
volumes of mEV sources, is currently the most widely used technology to isolate mEV's from
milk. This method is based on several ultracentrifugation steps with different speed to remove
untargeted components in milk and finally collect mEVs. The first spin normally utilizes low

speed (~ 10,000 x g) to remove fat globules, casein aggregates, somatic cells and other large

debris in milk. The higher spin speeds (~ 100,000 x g) are subsequently applied to remove large

56



particles and macrovesicles, and the final mEVs pellets are obtained via a high speed of spin
(~ 130,000 x g). During or after spin, the mEVs supernatant is usually filtered with 0.22 pm
membrane to remove large particles and provide sterilization [154, 247, 258, 259]. The
differential ultracentrifugation can enable the isolation of mEVs from substantial milk volumes,
which in turn improves the yield of mEVs. Normally, the initial volume of milk applied to
ultracentrifugation exceeds 100 mL (relying on large-volume tubes compatible with spin rotor),
significantly larger than several milliliters processed by commercial kits [260]. However,
disadvantages of differential ultracentrifugation include the fact that it is time consuming,
affords a low yield (to volume) and low purity [261]. Therefore, additional steps are always
followed to ultracentrifugation to improve the purity of mEVs.

Density gradient centrifugation is another method to isolate mEVs from milk, which enriches
mEVs to a specific density layer made from sucrose or iohexol. Briefly, gradient concentrations
of sucrose or iohexol are loaded in a centrifugal tube with density increasing from top to bottom,
and the sample loaded on the top travels through the gradient when centrifugation is applied.
The sucrose gradient is created by layering decreasing concentrations of sucrose solution, such
as 0, 64, 58, 52, 46, 40, 34, 28, 16 and 10%. With centrifugation, the layer with density range
of 1.13-1.19 g/mL enriched with purified mEVs is collected [262]. With this method, the purity
of mEVs is improved, but the steps such as sucrose solution with different concentrations
preparation are complicated and time-consuming. Therefore, one specific concentration of
sucrose cushion was reported to be applied following ultracentrifugation to purify mEVs [261,
263, 264]. 25% - 30% sucrose density ultracentrifugation is usually applied to remove non-
mEVs particles including apoptotic bodies or Golgi-derived vesicles, and protein
contaminations. The density of mEVs is equivalent to the density of 30% sucrose (1.12. to 1.18
g/mL), thereby a cushioning produced by sucrose separates protein contaminants of high

density (1.22 g/mL) and also maintains the integrity of mEVs [265].
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SEC technique (e.g. qEV column), applied to isolate mEVs from milk, is based on the
relationship between particle size and the pore size of the stationary phase with porous beads.
Specifically, particles with larger size such as mEVs in an aqueous solution flow out of the
column firstly, and components with smaller size such as protein contaminants would go into
and pass through the beads and stay longer in the column [266]. Even though SEC is associated
with long-running time, in addition to not being suitable for large-scale purification and
resulting in some loss of mEVs during the process, this process provides high purity based on
the selective eluted fractions and maintains the integrity of mEVs [267]. Therefore, SEC is
often used in combination with differential ultracentrifugation or other methods to improve the
purity and integrity of mEVs [268].

Commercial precipitation kit is another choice for mEVs isolation from milk, such as the
ExoQuick™ reagent [269]. These precipitation reagents are based on polymers such as PEG,
which competitively bind with free water molecules and co-precipitate the hydrophobic
proteins and lipid molecules [270]. The kit requires simpler equipment (low-speed
centrifugation) and less professional operation. However, the method based on precipitation
technique performs poorly in purity of mEVs [267], and the kit, which is expensive, could be
only applied for limited volumes of milk or other sources (1 mL to 100 mL), resulting in low
yield [261].

In addition to the methods mentioned above, there are techniques in current development.
Immunoaffinity capture, which is based on the capture of magnetic beads coated with
monoclonal antibodies to specific protein markers on EVs surface, shows high specificity and
can maintain the morphological integrity of mEVs [271]. However, the high costs of
immunomagnetic beads and small scale production are still limitations of this technology [272].
Ultrafiltration based on the centrifugation through membranes with specific molecular weight

cutoff, has been applied to separate mEVs from other macromolecules in milk, however, the
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contaminations possessing same molecular weight as mEVs cannot be removed [273]. Overall,
various methods for isolating mEV's each come with their own advantages and disadvantages,
and currently, a universally standard technique for the isolation and purification of mEVs is
lacking. It is worth noting that lipoproteins, another phospholipid-based nanoparticles, are
extensively assessed as contaminants in isolated EVs derived from blood plasma, due to the
approximately 6 orders of magnitude of lipoproteins more abundant than EVs [274]. Even
though the composition of lipoproteins in milk is not as abundant as in plasma, their existence
should not be overlooked, especially a recent research has indicated that the interactions
between EVs and lipoproteins may affect the bioactivities of EVs [275, 276]. However, the
overlap of size and density between EVs and lipoproteins makes it a challenge to separate
lipoproteins from EVs efficiently via traditional separation technologies such as SEC [277].
Various technologies have been explored to remove lipoproteins from EVs, such as ELISA
[278], acoustofluidic-based separation technique [279], agarose gel electrophoresis [280], and
a chemical method (styrene-maleic acid copolymer) involving the breakdown of lipoproteins
[274], which could be considered as additional steps in isolation procedures to enhance the

overall purity of mEVs.

1.3.3.5. Methods for drug loading into EVs

Various methods for drug loading into EVs have been researched (Figure 1-12) [281]. The
simplest and most straightforward method is co-incubation (mixing) of EVs with the drug [282].
Due to the lipid bilayer structure of EVs, some hydrophobic drugs such as paclitaxel and
curcumin can passively incorporate into the vesicles. Electroporation, which is based on the
creation of temporary pores on EV membrane via high-intensity electric pulses, is commonly
employed for nucleic acid loading into EVs, which is discussed specifically in the subsequent

Section. Similarly, the ultrasonic energy from sonication also leads the formation of transient
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pores in EVs membrane and allows efficient loading of drugs [283]. Both freeze/thaw cycles
and extrusion are methods relying on the temporary disruption of the lipid bilayer structure of
EVs, enabling the encapsulation of drugs [281]. In addition to these physical loading
technologies, chemical conjugation has also been attempted to load drugs into EVs. Drugs can
be chemically conjugated to lipids or other molecules that have an affinity for EV membranes
[284]. These modified molecules are then incorporated into the EVs during their biogenesis.
Given the inherent advantages and disadvantages associated with various loading techniques,
it is important to consider the nature of drugs (hydrophilicity, size, surface charge, and stability),
the types of EVs, and the intended therapeutic application when choosing a loading method.

The subsequent section discusses specifically siRNA loading methods into mEVs.

Physical Extracellular Vesicle Chemical
Therapy

@ \

Illlﬁ]

Electroporation Sonication Saponin
D E G
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Freeze/Thaw Mixing Extrusion Transfection agents

Figure 1-12. Examples of drug loading methods post-extracellular vesicles (EVs) isolation. After
EVs have been isolated from biological sources, drugs can be loaded into EVs through various physical
[e.g. electroporation (A), sonication (B), freeze/thaw cycles (D), mixing (E), and extrusion (C)] or

chemical methods [e.g. use of saponin (F) and transfection reagents (G)] [281].
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1.3.3.6. Methods for siRNA loading into mEVs

Even though mEVs are potentially ideal nanocarriers of siRNA, the key impediment to the
clinical development of mEV's for RNA delivery is the current lack of non-destructive methods
for efficient loading of macromolecules. Several approaches for siRNA loading into EVs have
been reported, which are generally classified as endogenous or exogenous loading strategies
[285].

Endogenous loading strategies

Endogenous loading approach concerns the genetic engineering of EV-producing cells to
facilitate the intracellular production and loading of molecules by co-opting the EVs
biosynthesis machinery [286]. Overexpression of exogenous nucleic acids has been widely
applied for loading miRNA into EVs. Briefly, the donor cells which secret EVs are transfected
by commercial transfection reagents to increase the production of RNAs that could be involved
into pre-secreted EVs [211]. For instance, NIH3T3 cells were transduced with shRNA against
human MY C and the EVs secreted by cells were generated and collected [287]. To evaluate the
loading of siRNA, secreted EVs were added to A820 cells expressing human c-MYC, and the
results showed that c-MYC expression from cells was decreased in both mRNA and protein
levels, which indicated that efficient endogenous loading of siRNA [287]. However,
endogenous loading strategy is more suitable for cell-derived EVs due to the mechanism of

cell modification, while this approach is not applicable to mEVs.

Exogenous loading strategies

Electroporation is the most widely used technology to load siRNA into mEVs. The mechanism

of electroporation is based on the electrical pulse to create temporary pores on mEVs
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membrane and small siRNA molecules could following diffuse into the interior [228]. After
pulsing, mEVs are placed on ice to restore the mEV membrane and complete siRNA loading.
This method is straightforward and typically used for loading of siRNA, which due to its
hydrophilic and macromolecular nature cannot be loaded through simple incubation (in a
similar way to hydrophobic or small molecules) [228]. However, electroporation is prone to
inducing siRNA aggregation, affects mEV membrane integrity and exhibits a low loading

efficiency for siRNA [288, 289].

siRNA loading into mEVs can also be achieved via transfection reagents due to the similar
bilayer structure of mEVs and cells [248, 290, 291]. The transfection reagent is typically a
cationic lipid-based product such as lipofectamine, or cationic polymers (ExoFect™
transfection kit), efc. Condensed siRNA-transfection reagent complexes are formed via
electrostatic interaction between positively charged reagent and negatively charged siRNA
[292]. The ExoFect™ siRNA/miRNA transfection kit was utilized to facilitate the loading of
siRNA into mEVs, resulting in a several-fold increase in loading efficiency compared to
electroporation [293]. Additionally, unlike electroporation, transfection reagents for
introducing siRNA into mEVs does not require specialized equipment and the operation steps
are user-friendly.

In addition to electroporation and transfection, additional methods have been reported to load
siRNA into EVs. For instance, simple incubation was attempted in an effort to load siRNA into
EVs, where the hydrophobic siRNA was modified with cholesterol and phosphonothioate for
internalizing the siRNA across EV membranes [294]. Sonication is based on the sonoporation
phenomenon, which uses low-frequency ultrasound to induce microbubble burst and allows
siRNA to cross into EVs [295, 296]. However, loading siRNA into EVs via sonication requires

consideration of the damage from ultrasound force to both siRNA and EVs.
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1.3.4. Development of hybridosomes as a technique to achieve macromolecule loading

into EVs

Various methods have been used to load siRNA into EVs (mentioned above), however, these
strategies are highly inefficient [297, 298]. Some of these (exogenous loading) are associated
with a plethora of adverse effects, including the denaturing of drugs or proteins on EV surface,
EV aggregation, compromised tissue-penetrating properties of native EVs and potential toxic
residual impurities [299]. Importantly, most current methods produce orders of magnitude
lower RNA loading into EVs compared to what can be achieved in synthetic delivery systems
[300], presenting a significant barrier to clinical translation of EVs as delivery vehicles for
macromolecules.

The fusion of EVs with liposomes to create novel bioinspired delivery systems that merge the
advantages of both EVs and liposomes has recently emerged as a strategy to overcome some
of the obstacles associated with EVs (Figure 1-13) [301, 302]. Hybrids have found application
in various diseases including cancer therapy (tumor-targeted drug delivery), drug delivery to
fibrosis, anabolic therapy for bone loss, and gene delivery, etc [302]. These systems, which are
generated via different approaches, overcome the poor drug loading of EVs, enable easier
surface functionalization to confer beneficial properties, such as theranostics or targeting
capabilities (functionalizing the surface of native EVs is challenging), and are endowed with
high biocompatibility and low immunogenicity of EVs [302]. For example, it was recently
demonstrated that the loading efficiency of siRNA into EV-liposome hybrids can reach up to
~50% [303]. As a result of these advantages, a number of recent studies have reported the
generation of different EV-liposome hybrid systems, which are comprehensively reviewed by

Liu et al. [302].
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Figure 1-13. Membrane fusion-based hybrid exosome preparation and applications [302].

Various methods can be employed to fuse liposomes with EVs. When selecting an appropriate
fusion method, various factors should be considered, such as fusion efficiency, impact on
bioavailability, drug loading efficiency, and the practicality of the process.

Freeze-thaw cycles
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The freeze-thaw method is the most commonly used fusion approach, relying on the disruption
and reassembly of lipids bilayers of liposomes and EVs. During the freezing phase, ice crystals
formed from water induce disruption of the lipid bilayers. Upon thawing the frozen mixture,
the lipids from the disrupted liposomes and EVs can reassemble, driven by their hydrophobic
properties. Cheng et al. designed a hybrid fused by genetically engineered exosomes (a type of
EVs) with heat-sensitive liposomes via three freeze-thaw cycles [304]. The fusion efficiency
was shown to be 97.4% and the hybrids possessed properties suitable for a combination of
photothermal therapy and immunotherapy for cancer [304].

Incubation

It was also found that spontaneous membrane fusion of liposomes and EVs can occur through
incubation, based on the similarity in lipid bilayer structures between liposomes and EVs. Lin
et al. [305] designed hybrids by simply incubating EVs with liposomes at 37°C for 12 h to
provide a delivery system for CRISPR-Cas9. However, even though this method is safe and
straightforward, it is associated with relatively low fusion efficiency.

Polyethylene glycol (PEG)-mediated fusion

PEG has been widely applied to induce cell-cell fusion mediated by the close contact and
dehydration of lipid bilayer structures. Piffoux et al. [306] fused EVs with functionalized
liposomes via PEG trigger to develop a smart biosynthetic hybrid. The hybrids enable EVs to
encapsulate exogenous compounds efficiently, and the hybrids improved 3-4 folds of cellular
delivery efficiency of a therapeutic compound compared to free drug or drug-loaded liposomes
[306].

Extrusion

The membrane extrusion method for fusion of liposomes with EVs refers to the simultaneous
extrusion of these nanoparticles through membrane pores with controllable size. The

mechanical pressure on the lipid bilayers causes them to deform and pass through the pores
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and on the other side of the membrane the mixed vesicles reform to hybrids. A number of
studies have used the extrusion method to prepare hybrids [307-309]. Briefly, EVs and
liposomes were mixed in various ratios and the mixtures were subsequently vortexed and/or
sonicated for several minutes to solvate and homogenize the nanoparticles in solution.
Thereafter, the mixtures were extruded through the membranes with various pore size of 400

nm, 200 nm and/or 100 nm.

1.4. Research Aim & Objectives

Research Aim
This work explored the potential of bovine milk extracellular vesicles (mEVs) and mEVs-
mediated systems for the oral delivery of anti-TNFa siRNA as a new therapeutic approach for

IBD.

Research Objectives

In pursuit of the aim, the following specific research objectives have been defined:

Objective 1 (Chapter 3): To optimize the methods for isolation, purification and siRNA
loading into mEVs from skimmed bovine milk. The target is to achieve a high yield and purity
of mEVs, and achieve similar or higher siRNA loading efficiency compared with previous

studies employing similar techniques.

Objective 2 (Chapter 4): To determine the drug delivery potential of mEVs by testing their
stability in simulated intestinal fluids, uptake and transport across the intestinal epithelium,
gene silencing effect of siRNA-loaded mEVs on macrophages. The target is to achieve these
performances of mEVs demonstrating better than siRNA delivered either unaided or via

liposome delivery systems.
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Objective 3 (Chapter 5): To optimise siRNA loading into mEVs through the development of
'hybridosomes' — hybrid particles formed via the fusion of mEVs and liposomes (aim to achieve
a higher loading efficiency compared to existing loading methods), and assess their anti-TNFa

siRNA delivery potential in in vitro co-culture inflamed intestinal models.
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2. Materials and General Methods

2.1. Materials

Bovine pasteurized skimmed milk was purchased from a local grocery (Sainsbury’s).
QuantiPro™ BCA Assay Kit, Triton X-100, Sodium Dodecyl Sulfate (SDS), N,N-
Dimethylforamide Dulbecco’s Modified Eagle’s Medium (DMEM), Hank’s Balanced Salt
Solution (HBSS), fetal bovine serum (FBS, non-USA origin), non-essential amino acids,
antibiotic/antimycotic solution, N-Acetyl-L-cysteine, Nicotinamide, Gastrin | human,
paraformaldehyde, Fluoroshield™ DAPI, low temperature gelling agarose, fluorescein
isothiocyanate—dextran with molecular weight of 10k (FD10), MISSION® siRNA Fluorescent
Universal Negative Control #1, Cyanine 5 and X-tremeGENE™ 360 Transfection Reagent
were obtained from Merck (Dorset, UK). qEV original 35 nm size exclusion chromatography
(SEC) was purchased from Izon Science (Lyon, France). Fasted- and Fed-State Simulated
Intestinal Fluids (FaSSIF and FeSSIF, respectively) were purchased from Biorelevant (London,
UK). TrypLE™ Express Enzyme, Ambion™ Nuclease-Free Water, TRIzol® reagent,
Advanced DMEM/F-12, HEPES (1 M), GlutaMAX™, Penicillin-Streptomycin, B-27™
Supplement (50X), Human Epidermal Growth Factor (EGF) Recombinant Protein, A83-01,
Opti-MEM™ | Reduced Serum Medium, KDalert™ GAPDH Assay Kit, Silencer™ Select
GAPDH Positive Control siRNA, Silencer™ Select Negative Control sSiRNA, ZO-1 polyclonal
antibody and chicken anti-rabbit 1gG (H+L) cross-adsorbed secondary antibody, Alexa Fluor™
488 were bought from Thermo Fisher Scientific (Waltham, MA, USA). Goat Anti-Mouse 1gG
H&L (Alexa Fluor™ 594) was purchased from Abcam (Cambridge, UK). Tris-EDTA (TE)
buffer and QuantiFluor® RNA System were purchased from Promega (Southampton, UK).

Caco-2 cells and macrophages (J774A.1) were purchased from European Collection of Cell
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Cultures (ECACC, Salisbury, UK). ExoGlow™-Protein EV Labeling Kit (Red), ExoQuick™
reagent and Exo-Check™ Exosome Antibody Array kit were purchased from System
Biosciences (Palo Alto, CA, USA). 6.5 mm Transwell® with 0.4 pm pore polycarbonate
membrane inserts and Corning® Matrigel® Growth Factor Reduced Basement Membrane
Matrix were purchased from Corning (Glendale, AZ, USA). Recombinant Human Noggin was
purchased from PeproTech (London, UK). IntestiCult™ Organoid Growth Medium (Human),
SB202190, and Y27632 were purchased from STEMCELL Technologies (Cambridge, UK).
24-well PET inserts with 0.4 um pore size were purchased from SARSTEDT (Nimbrecht,
Germany). Cultrex® Reduced Growth Factor Basement Membrane Extract Type 2, PathClear®

(BME2) and DAPT were purchased from Bio-Techne Ltd. (Oxford, UK).

2.2. General Methods

2.2.1. Isolation and purification of mEVs

mEVs were isolated from skimmed bovine milk by differential ultracentrifugation process
according to the methods described by previous studies [259, 310]. Briefly, 70 mL of milk was
centrifuged at 13,000 x g for 30 min at 4 °C with Optima XPN-80 Ultracentrifuge (Beckman
Coulter, Type 45 Ti fixed angle rotor) to remove fats and casein. The whey was then centrifuged
at 100,000 x g for 60 min to pellet large particles. The supernatant was filtered by 0.2 um filter
to remove large particles and further centrifuged at 135,000 x g for 90 min, producing mEVs
pellets which were washed with PBS once and resuspended in 1 mL sterile PBS. Resuspended
mEVs were then purified by SEC. Specifically, the qEV original column was equilibrated in
room temperature for 30 min and flushed with 20 mL filtered sterile PBS or HEPES buffer.
Then 500 mL of raw mEVs suspension was immediately loaded onto the loading frit and the
elution was collected. When all the samples entered the loading frit, the column was topped up

with 500 mL buffer and elution was collected again. The same procedure was repeated and 20
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fractions were collected in total. The protein level in each fraction was compared with the
absorbance of plasma protein (280 nm) by a plate reader. The fractions containing purified
mEVs were used for downstream application. Purified mEVs in sterile PBS or HEPES buffer

could be stored at -80 °C for up to 3 months.

2.2.2. Fluorescent labelling of mEVs

To image and quantify the cell uptake and transport, mEVs were labelled using an ExoGlow™-
protein EV labeling kit (Red). Briefly, 1 puL of the labelling dye was added to 500 pL mEVs
suspension (0.4-1.0 mg/mL, protein concentration) and incubated at 37°C for 20 min with
shaking. Thereafter, 167 uL ExoQuick™ reagent was added to the mixture and incubated at
4°C overnight to precipitate mEVs. The mixture was centrifuged with 10,000 x rpm for 10 min
to remove excess labelling dye and pellet the labelled mEVs which were then resuspended in

sterile PBS.

2.2.3. Preparation of liposomes

Liposomes were formulated by different lipid compositions. Firstly, lipids were dissolved in
different organic solvents depending on their solubility in a round bottom flask, and the organic
solvent was evaporated by a rotary evaporator to create a lipid film, which was dried under
vacuum overnight. Thereafter, the lipid film was hydrated with HEPES buffer (4 mM, pH 7.4)
at a final lipid concentration of 1 mg/mL. 10 freeze-thaw cycles (freezing in liquid nitrogen
and thawing by sonication at 40 °C for ~5 minutes) were applied to develop and homogenize

the liposomes.
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2.2.4. Characterization of EVs, liposomes and hybrid EVs

The size and surface charge (Zeta-potential) of NPs (including EVs, liposomes and hybrid EVs)
were measured by Malvern Zetasizer (Malvern, UK). Following isolation or synthesis, the NPs
were diluted 100x using either 0.01 M PBS or 4 mM HEPES buffer (pH 7.4) for the purpose
of measurement. Nanoparticle Tracking Analysis (NTA, Malvern Nanosight LM-10, UK) was
used to determine the size and nanoparticle concentration (yield, nanoparticles count/mL). To
conduct NTA, nanoparticles were diluted with filtered (0.2 um) 0.01 M PBS or 4 mM HEPES
buffer (pH 7.4) to a concentration which allowed the count rate to stabilize at 20-80
particles/frame.

The morphological features of mEVs were examined by transmission electron microscopy
(TEM). Briefly, 300-mesh carbon-coated copper grids were pre-treated by glow discharge
(negative charge). 3 ul of mEVs were applied onto the grids and incubated at room temperature
for 1 min, after which were stained with 3% uranyl formate for additional 1min. Images were
acquired on JEM-1400 flash (JEOL, Japan) at an acceleration voltage of 80 k'V.

Total protein concentration and protein markers of mEV samples were determined by
QuantiPro™ BCA Assay Kit and Exo-Check™ Array, respectively, following the

manufacturers’ instructions.

2.2.5. Cell culture

2.2.5.1. General culture of Caco-2 cells and macrophages

Caco-2 cells were maintained in DMEM supplemented with 10% FBS (v/v), 1% non-essential
amino acids (v/v), and 1x Antibiotic-Antimycotic in T-75 cell culture flasks at 37 °C and 5%
COz2 atmosphere. When the cells were above 80% confluent, the medium was removed by

aspiration and cells were washed with 5 mL sterile PBS. 2 mL TrypLE™ was added to the
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flask and incubated for 10 min at 37 °C and 5% CO atmosphere to detach the cells from flasks.
After detachment, 8 mL culture medium was added, and cell suspension was centrifuged at
1500 x rpm for 5 min. Thereafter, the cell pellets were resuspended in 5 mL culture medium
and 1 ml of cell suspension (1:5 splitting ratio) was added to a new T-75 culture flask with 14
mL culture medium involved. The culture medium was changed every 2 days. Caco-2 cells
were used between 10 to 80 passages, after which they were discarded, and a new batch was
defrosted. Macrophages (J774A.1) were maintained in the same culture medium and splitting
procedure as above, except the detachment of macrophages was operated by scraping.
Macrophages were used between 10 to 30 passages, after which they were discarded, and a

new batch was defrosted.

2.2.5.2. Culture of Caco-2 monolayers and transport experiments

To establish differentiated Caco-2 monolayers, cells were seeded on 12-well polycarbonate
Transwell inserts (0.4 um pore size) at 100,000 cells/well (500 uL/well) density and cultured
for 21 days (changed culture medium every 2-3 days), with measurement of trans-epithelial
electrical resistance (TEER) by EVOM (World Precision Instruments, Sarasota, FL, USA) to
monitor the monolayer barrier integrity.

Prior to the transport study, the culture medium in both apical and basolateral sides was
replaced with HBSS and incubated for 45 min at 37°C and 5% CO2 atmosphere for
equilibration. Thereafter, 500 pL of tested samples dissolved in HBSS were added to the apical
side of monolayers for a certain period of incubation. During the incubation, 100 pL basolateral
solution was sampled regularly (at 30 min or 40 min intervals), with the sampled solution

replaced with HBSS.
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2.2.6. Statistical analysis

Data were analyzed using GraphPad Prism® 9. Data is presented using the mean + standard
deviation (SD) using at least three technical replicates and repeat experiments. Statistical
analysis was performed by unpaired Student’s t-test or ANOVA, and the normality distribution
of data was checked before analysis. Differences with a p-value lower than 0.05 were taken as

significant. The * and ** nomenclature were used to indicate p < 0.05 and p <0.01, respectively.
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3. mEYV Isolation, Characterization and Loading siRNA into mEVs

3.1. Introduction

mEVs, which are designed by nature for delivery of cargos to cells, have been shown to have
unique characteristics for lipid membrane-enclosed nanosystems, which comprise a
combination of stability in GIT and the ability to cross biological barriers [247-249].
Importantly, the milk origin of mEVs renders them cost-effective and suitable for large-scale
production by the dairy industry, compared with other EVs sources such as cell culture medium
[311]. These advantages position mEVs as promising candidates for oral delivery carriers.
However, milk as a source of natural nutrients, comprises complicated components including
a plethora of carbohydrates, proteins, lipids, minerals, and vitamins, which poses challenges to
isolating pure mEVs from milk [257].

Many studies have focused on isolation of mEVs from milk reproducibly, utilizing various
techniques (as mentioned in Section 1.3.3.4.). However, the yield and purity of mEVs are still
highly variable due to the presence of contaminations from milk such as proteins/nucleic acids,
other vesicles or cellular components [312]. The lack of gold standard methods for mEVs
isolation and purification is the main obstacle for mEVs application. In recent years, the
International Society for Extracellular Vesicles (ISEV) has worked actively to improve the
standardization of EVs research, and released the first Minimal Information for Studies of
Extracellular Vesicles (MISEV) guidelines in 2014 (renewed in 2018) [313], which provides
guidance in standardization of protocols and reporting in EVs filed. However, as the study of
mEVs is still rapidly evolving, methods for isolating or purifying EVs are frequently updated
or advanced, leading to variations in outcomes compared to earlier findings. Therefore, reliable
methods for mEVs isolation and purification are highly demanded, and the obtained mEVs

need to be well characterized for downstream application.
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Upon obtaining purified mEVs, the efficient loading of siRNA into them becomes a pivotal
step in the development of a siRNA delivery system. Several approaches for siRNA loading
into EVs have been reported, which are generally classified as exogenous or endogenous
loading strategies (described in Section 1.3.3.5). Different loading technologies possess their
own advantages and disadvantages. For instance, commercial transfection reagent provides
relatively high loading efficiency, while their toxicity and high cost should be considered [293].
Electroporation, as the most widely used technology, enables encapsulation of siRNA into
mEVs in a straightforward and efficient manner [228]. However, the pulse of electroporation
could cause siRNA aggregation and destroy the mEVs membrane integrity [288, 289].
Therefore, different loading methods need to be carefully considered not only for achieving a

high loading efficiency but also to maintain subsequent bioactivities of siRNA-loaded mEVs.

3.2. Study Objectives

The aim of this Chapter is to isolate mEVs from bovine milk and load siRNA into mEVs.
Described in this Chapter are studies on: 1) Optimizing mEV isolation methods and conditions,
including using commercial kit (Invitrogen™ Total Exosome Isolation Reagent (from other
body fluids)) and ultracentrifugation, as well as SEC to increase the purification of mEVs; ii)
Characterizing mEVs with various parameters, including size, Pdl, Zeta-potential, yield,
morphology and protein markers; iii) Optimizing methods for siRNA loading into mEVs,
including using transfection reagents (X-tremeGENE™ 360 Transfection Reagent and Exo-

tTM

Fect™ siRNA/miRNA Transfection Kit), surfactant-saponin, and electroporation.

The objectives of this Chapter are:

1. To isolate, purify and characterize mEV's from bovine milk.

2. To load siRNA into mEVs efficiently.
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3.3. Methods

3.3.1. mEVs isolated by a commercial kit

In addition to isolation and purification of mEV's from bovine milk via ultracentrifugation and
SEC (General Methods Section 2.2.1.), a potentially alternative isolation method, namely a
commercial kit (Invitrogen™ Total Exosome Isolation Reagent (from other body fluids)), was
also investigated in this chapter. According to the manufacture’s instruction, 1 mL bovine milk
was centrifuged at 2000 x g for 10 min to remove the bigger debris, then the supernatant was
centrifuged at 10,000 x g for 30 min and with another 10 min to remove the upper layer and
lower debris pellet. The middle layer was carefully moved to a new tube followed by the
addition of 1 volume of PBS and 1 volume of isolation reagent. Thereafter, the solution was
mixed and incubated for 30 min at room temperature. Then the mixture was centrifuged at
10,000 x g for 10 min to collect the pellet which contained the mEVs. The pellets were then
resuspended in 50 uL PBS and centrifuged at 10,000 % g for 5 min to remove non-organic
particles in the pellets and the supernatant containing mEVs was used for downstream
application.

Characterization of mEVs was conducted according to General Methods, Section 2.2.4.

3.3.2. siRNA loading into mEVs

3.3.2.1. Loading siRNA into mEVs by transfection reagent

To optimize the loading conditions, siRNA Fluorescent Universal Negative Control #1
containing Cyanine 3 (Merck, St. Louis, MO, USA) was loaded into mEVs. X-tremeGENE™
360 Transfection Reagent was used according to the methods described by previous studies
[290, 314]. Briefly, siRNA was dissolved in 50 uL. Opti-MEM reduced serum medium, and the

transfection reagent was mixed with 100 pL Opti-MEM medium. Then the siRNA and
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transfection reagent solution were mixed gently and incubated for 15 min at room temperature.
Thereafter, 200 uL. of mEVs resuspended in Opti-MEM medium were added to the siRNA-
transfection reagent mixture, followed by additional incubation at room temperature or 37°C.
Unloaded siRNA was removed via centrifugal ultrafiltration with 100 kDa Amicon Ultra-0.5
Centrifugal Filter Unit (Merck, Dorset, UK) by four sequential centrifugations for 10 minutes
each at 10,000 x rpm. 500 puL of PBS was added between each spin to wash off the remaining
unloaded siRNA from the mEVs suspension. After ultrafiltration, siRNA loaded-mEVs were
collected and resuspended in 100 pL. PBS for downstream application. ExoQuick™ reagent,
which precipitates mEVs, was another approach to remove unloaded siRNA. Briefly, 167 uL
ExoQuick™ reagent was added to 500 pL siRNA loaded-mEVs solution and mixed completely.
The mixture was then incubated at 4°C overnight or on ice for 30 min followed by a
centrifugation with 10,000 x rpm for 10 min. siRNA loaded-mEVs pellets were then
resuspended in 250 pL sterile PBS for downstream application.

After loading siRNA into mEVs, the fluorescent signal of loaded siRNA was measured by a
plate reader with excitation wavelength (Ex) of 555 nm and emission wavelength (Em) of 605
nm. The amount of loaded siRNA was calculated based on the fluorescence-to-concentration
standard curve. The loading efficiency of siRNA into mEVs was calculated by Equation 3-1:

amount of loaded siRNA
amount of added siRNA

% loading ef ficiency = 100 X B-1

Loading of siRNA into mEVs by the Exo-Fect™ siRNA/miRNA Transfection Kit was
conducted according to the manufacturer’s instructions. Briefly, positive control siRNA (Cy3-
labeled siRNA, provided within the Kit) or Cy5-labeled siRNA was mixed with transfection
reagent and transfection buffer according to the recommended amounts (by the manufacturer),
following incubation for 15 min at room temperature in dark. Thereafter, mEVs (50-300 pg in
100 pL) were added to the mixture and incubated for 1 hour at 37°C in the dark. After

transfection, the ExoQuick™ reagent was applied to precipitate siRNA loaded-mEVs and
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remove unloaded siRNA. Fluorescence of Cy3-labeled siRNA and Cy5-labeled siRNA was
measured by a plate reader at Ex/Em: 555 nm/605 nm and 640 nm/676 nm, respectively. The

loading efficiency was calculated by Equation 3-1.

3.3.2.2. Loading of siRNA into mEVs by saponin

mEVs were initially diluted to a concentration of 0.5 mg/mL with PBS. 1 nmol siRNA
(dissolved in 20 puL nuclease-free water) was added to mEVs solution (300 uL). Thereafter, the
mixture of sSiRNA and mEVs was supplemented with 0.2% (m/v) saponin and incubated for 20
min at room temperature. After loading, the unloaded siRNA was removed via ultrafiltration

and loading efficiency was calculated as mentioned above.

3.3.2.3. Loading of siRNA into mEVs by electroporation

Electroporation was applied to load siRNA into mEVs using parameters that were optimized
based on previous reports [289]. Specifically, 150 pg mEVs were mixed with 0.5 nmol siRNA,
followed by the addition of electroporation buffer (1:1 v/v ratio to mEVs-siRNA mixture, and
total volume was 400-500 pL). The electroporation cuvette (4 mm) was incubated on ice for
10 min before pulsing. Electroporation was performed at various voltages and capacitances on
a Gene pulser System (Bio-Rad Laboratories, Watford, UK). Unloaded siRNA was removed

via ExoQuick™ reagent or ultracentrifugation (135,000 x g for 90 min).
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3.4. Results and Discussion

3.4.1. mEV isolation and characterization

3.4.1.1. mEV isolation by a commercial kit

Commercial kit (Invitrogen™ Total Exosome Isolation Reagent (from other body fluids)) was
applied to isolate mEV's from pasteurized skim bovine milk. Dynamic Light Scattering (DLS)
and NTA were both used to identify the size of mEVs. According to the results shown in Table
3-1, the size of mEVs measured by NTA (144.3 = 7.00 nm) was slightly lower than that given
by DLS (173.8 £3.50), which could be a result of variations in the optical detection mechanism.
DLS delivers an intensity-weighted measurement by analyzing fluctuations in light scattering
intensity from particles due to Brownian motion, disproportionately emphasizing larger
particles because they scatter more light [315]. In contrast, NTA provides a number-weighted
distribution by tracking Brownian motion of individual particles using a microscope camera
system, assigning equal significance to each particle, regardless of size, which allows for a
more balanced representation of all particles present in the sample [315, 316]. The low PdI
value measured by DLS indicated good dispersibility of isolated mEVs and without
aggregations (Table 3-1). Commercial pasteurized skim bovine milk served as the source of
mEVs in this study for several reasons: a) Quality control: commercial milk often has
standardized compositions, enhancing the reliability and reproducibility of mEVs isolation; b)
Reduced contamination: the production procedure of commercial milk includes steps to remove
some contaminations such as microorganisms; ¢) Availability and convenience: the commercial
milk can be easily procured from groceries, making it readily accessible for research. However,
whether the pasteurization process has effect on mEVs remains to be fully investigated.
Previous reports have demonstrated that the pasteurization does not appear to adversely affect

the integrity and biological function of mEVs, and pasteurized mEVs are shown to be as
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functionally beneficial as raw milk EVs [317, 318]. Research into the specific marker proteins
of goat mEVs has revealed little effect due to pasteurization [319]. Another study showed that
the pasteurization process might decrease mEVs concentration from bovine milk, and some
types of original miRNA in EVs may be affected by pasteurization [320]. Therefore, though
comprehensive research for the effect of pasteurization on mEVs is warranted, the focus of this
study on the delivery potential of mEVs, which related to their integrity and protein instead of
bioactive components such as miRNAs, indicates a minimal impact of pasteurization on the
mEVs used for delivery purposes.

As abundant proteins existed on mEVs surface, protein concentration measured by BCA assay
was a straightforward way to quantify mEVs [321], and the results showed a high protein
concentration (1.07 mg/mL, resuspended in 50 uLL PBS) of mEVs isolated by commercial kit
from 1 mL bovine milk. However, considering that the accuracy of this assay may be
compromised by protein contamination, particle count should be also involved to evaluate
mEVs yield [321], which is shown as 2.74 x 10" + 9.02 x 10 particles/mL (Table 3-1).
Importantly, the purity of mEVs is always determined by the ratio of particle to protein
concentration [322]. Herein, isolated by commercial kit, the mEVs ratio of particle/protein
concentration was calculated as 2.56 x 108 particles/ug, which indicated the impurity of mEVs
and protein contaminations existence (according to the reported standard: ratios > 3x10!°
particles/ug equate to high EVs purity, ratios of 2x10° to 2x10'° particles/ug represent low
purity, and any ratios below 1.5x10° Particles/pg are impure [323]).

Determining the expression of mEV protein markers (via the Exo-Check™ Array kit), Figure
3-1 shows that the general markers of EVs were expressed in mEVs, such as: a) non-tissue
specific tetraspanins including CD63 and CD81, which are proteins associated to plasma
membrane and/or endosomes, b) ICAM (Intercellular Adhesion Molecule-1) which is a cell

surface glycoprotein involved in cell-cell adhesion, ¢) FLOT 1 (Flotillin 1) and TSG101 (Tumor
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Susceptibility Gene 101), which are cytosolic proteins recovered in EVs [324]. ALIX (ALG-
2-interacting protein X, cytosolic proteins) is not apparent, as this protein exists in EVs from
colostrum and not mature milk [325]. Epithelial cell adhesion molecule (EpCAM), which is a
cell/tissue specific protein marker and often found in epithelial cells-derived EVs, was also not
apparent in mEVs. The staining of GM130 (Cis-golgi matrix protein) suggests some
contamination of intracellular proteins (arising from apoptosis) during mEV's preparation [326-
328]. According to MISEV 2018 guidelines, the protein markers highlighted in our results serve
to confirm the nature of EVs and the successful isolation of mEV's from milk [324]. However,
it is recommended for future studies to include a purity control protein marker for major
components of non-EV co-isolated structures, such as lipoproteins (Apolipoproteins A1/2 and
B (APOA1/2, APOB); APOB100; albumin (ALB)) [324]. In addition to Western blotting,
several other technologies are available for the identification and quantification of protein
markers in mEVs. Flow cytometry, for instance, allows to quantify the subpopulations of EVs
expressing protein markers upon immunofluorescent staining [329, 330]. ELISA, available in
both direct and sandwich assay formats, is a well-established technique with high specificity
for quantification of EVs protein, and several kits have been commercially available [331, 332].
Similarly, sandwich immunoassay employing fluorescence scanning to quantify EVs binding
to an antibody-coated surface, offers additional options [333]. Mass spectrometry has been
utilized for the simultaneous measurement of numerous membrane-bound and intra-vesicular
proteins within mEVs [334]. Furthermore, innovative techniques for mEV protein
quantification, which offer high specificity and sensitivity, are under development, including
various microfluidic methods [334, 335], and immune-electron microscopy with gold-labeled
antibodies, allowing to confirm and quantify specific protein expression on individual EVs

[336, 337].
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Table 3-1. Physicochemical parameters of bovine milk extracellular vesicles isolated by

commercial kit.

Parameter & Measurement

Value
method
Size (nm) (DLS)? 173.8 +3.50
PdI® (DLS) 0.221 = 0.006
Size (nm) (NTA)® 144.3 +7.00
Yield (particles/mL) (NTA) 9 2.74 x 101 £9.02 x 10°
Zeta-potential (mV) -8.68 = 0.69
Protein concentration (mg/mL)? 1.07

3 DLS: Dynamic Light Scattering; ® Pdl: polydispersity index. ® NTA: Nanoparticle Tracking
Analysis. 9 Yield and protein concentration were determined for mEVs isolated from 1 mL of
bovine milk and subsequently resuspended in 50 uL of PBS. Data presented as mean = SD

(n=3).
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Positive GM130 FLOT1 ICAM ALIX CD81

CD63 EpCAM  ANXAS5 TSG101 Blank  Positive

Figure 3-1. Expression of standard protein markers in bovine milk extracellular vesicles isolated
from commercial kit, as determined by the Exo-Check™ Array. Protein marker tested: FLOT1
(Flotillin 1), ICAM (Intercellular Adhesion Molecule-1), CD81, CD63, ANXAS5 (Annexin A5) and
TSG101 (Tumour Susceptibility Gene 101). ‘Positive’ denotes labelled positive control for horseradish
peroxidase detection which indicates that the detection reagents were working properly, and the blank

spot serves as a background control.

3.4.1.2. mEV isolation by differential ultracentrifugation and purification by size

exclusion chromatography (SEC)

Considering the high cost and low purity of using commercial kit for mEVs isolation, it was
decided that differential ultracentrifugation would be attempted as a long-term technique for
mEVs isolation. This approach is one of the most widely used ones for EVs isolation. Figure
3-2 shows the steps of mEV isolation by differential ultracentrifugation and purification with
gEV original 35 nm SEC. The protein content of mEV eluted fractions is shown in Figure 3-
3. The major protein peak was observed at fractions 7, 8, 9, where the mEV particles existed,
and the fractions of mEVs existing were consistent with the manufacturer’s guidelines of SEC
column. The protein existed in fraction 10-20 was considered as the protein contaminations
from bovine milk, which should be discarded. Therefore, purified mEVs in fractions 7, 8, 9
(characterization was shown in Table 3-2) were used for downstream applications. Notably,
we did not present particle numbers included for each fraction, but a positive correlation

between the particle numbers and protein levels of fractions 7, 8, 9 was observed in Table 3-2,
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thus confirming the existence of mEVs. However, to exclude the existence of protein
aggregations in mEVs fractions, particle numbers for each fraction should be measured in
future research. The size of purified mEVs falls within the range of those reported previously
[239]. The low PdI value indicated good dispersibility of mEVs, and the Zeta-potential value
showed a negative surface charge. Importantly, the particle-to-protein ratio of mEVs from
fraction 7, 8, 9 were all above 3x10'° particles/ug, which indicated high mEVs purity [323]. It
is worth noting that the size of mEVs isolated by commercial kit was larger than mEVs isolated
by ultracentrifugation. This could be attributed to the mechanism of commercial kit, which
relies on a water-excluding polymer to “tie-up” water molecules and the reagent forces less-
soluble components out of the solution. As a result, not only mEVs were precipitated from the
solution by the reagent, but also larger nanoparticles, contributing to an increased average size
[210]. mEVs that were isolated using ultracentrifugation and subsequently purified through
SEC demonstrated higher purity in comparison to mEVs isolated using commercial kit, which
was attributed to the effective exclusion of protein contaminants achieved through SEC.
Moreover, ultracentrifugation offers the advantage of large-scale mEVs isolation, utilizing
sizable volume spin tubes and appropriate facilities. Therefore, the mEVs isolated by
ultracentrifugation and purified by SEC were applied for downstream application. However, it
is worth noting that lipoproteins were assessed as contaminations in our isolated mEVs due to
the overlap of size and density between them, as discussed in Section 1.3.3.4, and the
characterizations in our study including particle-to-protein ratio and Western blotting cannot
exclude the existence of lipoproteins. Therefore, future research should explore additional

isolation procedures to improve the overall purity of mEVs, as highlighted in Section 1.3.3.4.
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Figure 3-2. The schematic isolation process of bovine milk extracellular vesicles (mEVs) from
skimmed bovine milk. Casein, fat, debris, and large particles in milk were removed via differential
ultracentrifugation and 0.22 um filter. mEV pellets were resuspended in sterile PBS and purified by

size-exclusion chromatography to remove protein contaminations.
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Figure 3-3. Purification of bovine milk extracellular vesicles (mEVs) by size exclusion

chromatography. Protein content of eluted fractions was measured at 280 nm absorbance.
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Table 3-2. Physicochemical parameters of bovine milk extracellular vesicles (mEVs) isolated

by differential ultracentrifugation and purified by size exclusion chromatography (SEC).

Parameter &

Fraction 79 Fraction 8 Fraction 9
Measurement method
Size (nm) (DLS)® 163.1 £ 6.60 161.5+5.45 156.4+1.72
PdI® (DLS) 0.064 + 0.054 0.124 £ 0.063 0.086 +£0.107
Size (nm) (NTA)? 158.9 +2.40 132.5+6.00 142.0+12.2
Yield (particles/mL)
358 x 10 +£1.04x 102 1.14x10°+£2.84x 102 9.45x 10" +5.92 x 10'?
(NTA)®
Zeta-potential (mV) -8.61 +£1.40 -9.90 +1.32 -8.95+0.85

Protein concentration

(mg/mL)®

1.17 2.74 2.26

3 Fraction 7, 8, 9: mEVs eluted fractions by SEC; ® DLS: Dynamic Light Scattering; @ Pdl:
polydispersity index. 9 NTA: Nanoparticle Tracking Analysis; ® Yield and protein
concentration were determined for mEVs isolated from 70 mL of bovine milk and subsequently
resuspended in 1.0 mL of PBS (with 0.5 mL of mEVs used for each SEC purification). Data

presented as mean = SD (n=3).

Transmission electron microscopy (TEM) was used to image the morphology of mEV's isolated
by ultracentrifugation. Figure 3-4A depicts the typical cup-shaped structure of mEVs under
negative staining [338]. EV marker protein characterization by Exo-Check Array for mEVs
isolated by ultracentrifugation is shown in Figure 3-4B. Mirroring the data obtained with
mEVs isolated by the commercial kit, the general proteins including CD63, CD81, ICAM and
TSG101 were expressed, while ALIX and EpCAM were not found in mEVs (detailed in
Section 3.4.1.1). Notably, given that mEVs were derived from dairy product-commercial milk,

the heterogeneity of mEVs preparation should be considered, which may affect the
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standardization of experiments and the reproducibility of results. As discussed in Section
3.4.1.1, the standardized compositions of commercial skim milk have enhanced the reliability
and reproducibility of mEVs isolation. However, variations between different batches of milk
and their levels of freshness may still introduce variability in the mEVs obtained. Therefore,
we have quantified and characterized the isolated mEV's across multiple preparations and found
that their size distribution, concentrations (particles and protein), and protein markers fall
within a comparable range, although assessing bioactivity variation remains an unaddressed
challenge. We applied the quantification after each isolation of mEVs as a quality control to

manage the inherent heterogeneity of mEVs.

A_: : o *‘" SRR,

Positive GM130 FLOT1 ICAM ALIX CDs81

CD63 EpCAM  ANXA5 TSG101 Blank  Positive

Figure 3-4. Characterisation of bovine milk extracellular vesicles (mEVs) isolated by
ultracentrifugation and purified by size exclusion chromatography (SEC). (A) Morphological
characterisation of mEVs by transmission electronic microscopy (TEM). (B) Expression of standard
protein markers in mEVs, as determined by the Exo-Check™ Array. Protein marker tested: FLOT1
(Flotillin 1), ICAM (Intercellular Adhesion Molecule-1), CD81, CD63, ANXAS (Annexin AS) and

TSG101 (Tumour Susceptibility Gene 101). ‘Positive’ denotes labelled positive control for horseradish

87



peroxidase detection which indicates that the detection reagents were working properly, and the blank

spot serves as a background control.

3.4.2. Loading of siRNA into mEVs by different methods

3.4.2.1. Loading siRNA into mEVs by transfection reagent

X-tremeGENE™ 360 Transfection Reagent was used as an exemplary commercial reagent to
load siRNA into mEVs. To determine the efficiency of this transfection reagent, fluorescent
siRNA loading was evaluated with and without the transfection reagent (replaced by ethanol
which was the solvent of transfection reagent). The range of siRNA to mEVs ratios for loading
by transfection reagents has been reported widely in previous studies. For instance, one study
applied 5x107* nmol of siRNA per mEVs particle for loading using Lipofectamine 2000 [254],
while another study used 2.5x10°'* nmol/particle for loading by the same transfection reagent
[248]. In a different research, a range of 0.33 nmol/mg — 1 nmol/mg of mEVs (based on protein
concentration) was applied to load by Exo-Fect transfection reagent [339]. Theoretically,
studies have found from one miRNA per EV to one miRNA per 100 EVs [340], and knowing
that miRNA represent 0.9% of RNA reads in EVs RNA deep sequencing, it can be anticipated
that approximately 1 to 100 RNAs are present in each EV [341], which suggests the potential
loading amounts of siRNA into EVs. In our study, the amount of siRNA added was 0.25 nmol,
and volume of transfection reagent and ethanol were 8 pL. The siRNA-transfection reagent
mixture was then added into mEVs solution (0.06 mg mEVs resuspended in 200 pL. Opti-MEM
medium). According to the calculation of mEVs particle concentrations and protein
concentrations (Table 3-2), the concentration of siRNA applied was determined to be 1x10-14
nmol/particle, and 4.17 nmol/mg (protein concentration), which closely aligns with previous
reports and optimizations were following conducted to achieve higher loading efficiency.

Notably, we kept a consistent concentration of mEVs to ensure comparable loading efficiency
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under the condition of siRNA overdose. Following the removal of unloaded siRNA, the loading
efficiency of siRNA using the transfection reagent was calculated to be 7.0%, which was
significantly higher than the absence of transfection reagent (2.1%).

In order to achieve a higher siRNA loading efficiency into mEVs by the transfection reagent,
various loading conditions were optimized in this study. Firstly, the amount of transfection
reagent used was optimized. As shown in Table 3-3 (Group 1 and 2), doubling the amount of
transfection reagent increased the loading efficiency by 4.7%. However, higher transfection
reagent amounts led to aggregation of mEVs and increased the particle size. Therefore, 8 uL.
transfection reagent was used in downstream application. Thereafter, considering the
possibility of mEVs loss while using ultrafiltration to remove unloaded siRNA (where the
mEVs could attach to the ultrafiltration column membrane) [342, 343], the ExoQuick™ reagent
was used. The ExoQuick™ reagent can “tie-up” the water molecules and precipitate mEVs;
this approach led to an enhancement in loading efficiency due to the collection of more mEV's
(Table 3-3 Group 3). Considering the potential presence of lipoprotein contaminants, albeit in
small quantities, in our isolated mEV samples (as discussed in Section 1.3.3.4), the interactions
between lipoproteins and siRNA should not be ignored. While lipoproteins possess a net
negative charge, resulting in minimal interaction with negatively charged siRNA [344], the
possibility of interaction between lipoproteins and siRNA-transfection reagent complexes,
which typically carry a positive charge, cannot be disregarded. Therefore, it is essential to
remove lipoproteins during the isolation stage. Furthermore, although the ExoQuick™ reagent
facilitates increased mEVs yield, scalability limitations arise due to its high cost for large-scale
EVs precipitation (mEVs used here have been purified by SEC during isolation, thus the
limitation of specificity of this commercial precipitation reagent is not a primary concern).
Therefore, ultrafiltration remained employed in certain downstream applications to remove

free siRNA, with additional washing steps (flashing to the membrane by pipette) implemented
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to minimize mEV loss. The loading efficiency was also influenced by the time and temperature

of siIRNA-mEVs incubation. As shown in Table 3-3 (Group 4 and 5), shorter incubation time

(30 min) was associated with a significantly increased loading efficiency compared with 3 h

incubation, and the efficiency of room temperature incubation was slightly higher than that of

37°C.

Table 3-3. Optimization for loading siRNA into bovine milk extracellular vesicles (mEVs) by

X-tremeGENE™ 360 Transfection Reagent (TR).

siRNA TR mEVs Remove Loading
Group Incubation Size
(nmol)  (pL) (mg) siRNA® efficiency
1 0.25 8 0.06 3 h,37°C ultrafiltration 186.6+£1.06 7.0%
2 0.25 16 0.06 3 h,37°C ultrafiltration ~ 405.6+31.11 11.7%
3 0.25 8 0.06 3 h,37°C ExoQuick™ 284.6+6.20 11.9%
30 min,
4 0.25 8 0.06 ExoQuick™ 192.6+5.45 24.5%
37°C
30 min,
5 0.25 8 0.06 ExoQuick™ 215.9+0.07 27.5%
RT®

3 The method to remove unloaded siRNA; ® RT: room temperature.

Exo-Fect™ siRNA/miRNA Transfection Kit is another transfection reagent applied in this

study which specifies for siRNA loading to EVs. This transfection reagent was based on the

proprietary Cell-Penetrating Peptide (CPP) technology which enables siRNA to be transferred

into EVs. As shown in Table 3-4, two types of siRNA (positive siRNA provided by this Kit

and fluorescent Cy5 siRNA) were applied to evaluate the efficiency of transfection regent. As

directed by the manufacturer's instructions, the recommended amount of siRNA was 0.02 nmol,
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which corresponded to the quantity of 0.17 mg mEVs. The loading efficiency of positive siRNA
and Cy5 siRNA into mEVs was calculated to be 12.9% and 5.9%, respectively. In order to
increase the loading efficiency, a higher siRNA amount (0.05 nmol) was added, however, there
was no observed increase in the loading efficiency. Compared with X-tremeGENE™ 360
Transfection Reagent, the loading efficiency of Exo-Fect™ siRNA/miRNA Transfection Kit
was lower by approximately 15%, furthermore, reduced siRNA amount added in Exo-Fect™

mediated loading resulted in a notably lower loading of siRNA into mEVs.

Table 3-4. Optimization for loading siRNA into bovine milk extracellular vesicles (mEVs) by

Exo-Fect™ siRNA/miRNA Transfection Kit (TK).

siRNA Loading
Group TK(uL) mEVs(mg) Size (nm)

(nmol) efficiency
1 0.00 10 0.17 2164 +£0.71 -
2 0.02 (P ) 10 0.17 312.5+16.9 12.9%
3 0.05 (P) 10 0.17 223.4+5.60 9.3%
4 0.02 (Cy5™) 10 0.17 315.8+4.20 5.9%
5 0.05 (Cy5) 10 0.17 3534+14.2 3.5%

3 P: positive siRNA in Transfection Kit; ® Cy35: fluorescent Cy5 siRNA.

3.4.2.2. Loading siRNA into mEVs by saponin

Saponin, a versatile surfactant soluble in both water and oil phases, has been applied for
efficient loading of various drugs, including porphyrins and catalase, into mEVs [221, 284].
The amphipathic property of saponin enables it to form complexes with cholesterol on the
membrane of mEVs, potentially generating pores and increasing membrane permeability of
mEVs [345]. Upon saponin-assisted loading, the loading efficiency of siRNA into mEVs was

calculated to be 2.3%. The low loading efficiency was attributed to the high hydrophilicity of
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siRNA. Notably, previous studies achieving high loading efficiency predominantly involved
the encapsulation of hydrophobic compounds such as porphyrins, characterized by their

substantial hydrophobic properties [284].

3.4.2.3. Loading siRNA into mEVs by electroporation

Electroporation was applied to load siRNA into mEVs. To achieve higher loading efficiency,
various conditions were optimized, encompassing factors such as voltage, capacitance of pulse,
and times of pulse during electroporation. As shown in Table 3-5, voltage of 150 V and
capacitance of 100 uF were used, however, both employing a single pulse and applying two

consecutive pulses resulted in low loading efficiency ( < 2.5%). Increasing the voltage value

was reported as an efficient way to promote loading efficiency via electroporation [346, 347].
With a voltage of 400 V and a single pulse, the loading efficiency increased to 3.38%. However,
when two consecutive pulses were attempted to further improve the loading efficiency, it was
observed that the size of siRNA loaded-mEVs increased to nearly 300 nm, which is attributed
to aggregation during the intensive electroporation process. We considered a size below 200
nm as the ideal size for oral delivery systems because NPs below this threshold have been
observed to be more readily absorbed by the GI tract [348, 349]. Specifically, concerning
various intestinal barriers, it has been found that particles larger than 200 nm can accumulate
within the intestinal mucus [99], and the effective mucus diffusion decreases by 2.9-fold with
an increase in particle size from 100 to 500 nm [103]. Moreover, smaller-sized particles are
more easily absorbed by intestinal epithelial cells (e.g., particles smaller than 300 nm can be
taken up by enterocytes [350], and the uptake of 50 nm particles by Caco-2 cells was higher
than 200 nm particles [351]). Therefore, 300 nm exceeds our target and is deemed unacceptable.
Furthermore, continuing to increase the Voltage (Group 5 with 800 V in Table 3-5) did not

significantly increase the loading efficiency (2.55%). Thereafter, various capacitance values
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were tested to improve loading efficiency (Group 6, 7, 8 in Table 3-5). It was observed that the
loading efficiency improved with the increase in capacitance value, however, the size (over
300 nm) exceeded our intended target when a capacitance of 250 uF was used. Pulse times
were not optimized here to avoid the potential increase in the size of mEVs, but this factor
should be considered in future research. Therefore, the voltage of 400 V, and capacitance of
200 pF with single pulse was chosen to load siRNA into mEVs for downstream application
(with loading efficiency of 5.05%). Even though transfection reagents can achieve a loading
efficiency of up to 27.5%, surpassing that of electroporation, their high cost and potential
toxicity remain significant obstacles in the large-scale production of siRNA-loaded mEVs.
Consequently, electroporation has found favour in downstream applications due to its cost-

effectiveness and reduced adverse effects.

Table 3-5. Optimization for loading siRNA into bovine milk extracellular vesicles (mEVs) by

electroporation.
Group  Voltage (V)  Capacitance Times?  Size (nm) PdI® Loading
(uF) efficiency
1 150 100 1 178.5+5.6 0.338 1.65%
2 150 100 2 158.2+3.5 0.280 2.45%
3 400 100 1 174.6 £ 1.1 0.387 3.38%
4 400 100 2 296.5£25.5 0.576 8.50%
5 800 100 1 240.2 £12.5 0.403 2.55%
6 400 150 1 197.5+10.3 0.305 3.71%
7 400 200 1 208.6 4.2 0.376 5.05%
8 400 250 1 307.4 +30.2 0.497 9.85%

3 Times: times of pulse in electroporation; ® Pdl: polydispersity index.
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3.5. Conclusion

In summary, this chapter details the isolation of mEVs from bovine milk using two typical
methods: a commercial precipitation kit, and ultracentrifugation followed by subsequent
purification through SEC. mEVs obtained through ultracentrifugation and SEC purification
exhibited a size falling within the standard mEVs range and their low PdI value attested to their
good dispersibility. Characteristic protein markers for these mEVs were observed and the high
particle-to-protein ratio indicated their high purity. Therefore, mEVs isolated by
ultracentrifugation and purified by SEC were used for downstream work. However, the
possibility of the existence of lipoprotein contaminations, though in small quantities, cannot be
entirely excluded based on our current characterization, which requires further investigation
and clarification in future research. Various strategies were assessed for loading siRNA into
mEVs. The employment of a commercial kit yielded a loading efficiency of over 20%, whereas
the use of saponin resulted in a 2.3% efficiency. Furthermore, electroporation resulted in a
encapsulation of 5.05% siRNA into mEVs. Even though the commercial kit yielded the highest
loading efficiency of siRNA into mEVs compared to other methods, this efficiency remains
notably lower than what can be achieved in synthetic delivery systems. Moreover, the cost and
potential toxicity of the loading reagent must be taken into consideration and subjected to
further evaluation. Therefore, there remains a demand for EV drug loading methods that are

cost-effective and can deliver a high loading efficiency.
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4. Bovine Milk Extracellular Vesicles (mEVs) as Systems for Oral Delivery of siRNA

[incorporated publication 2]

(Statement: This Chapter is based in part on the previously published article:

Yunyue Zhang, Mona Belaid, Xiang Luo, Armond Daci, Riné Limani, Julia Mantaj, Matthias
Zilbauer, Komal Nayak, Driton Vllasaliu (2023). Probing milk extracellular vesicles for
intestinal delivery of RNA therapies. Journal of Nanobiotechnology, Accepted.

Authors contributions: Yunyue Zhang (the candidate) designed the subject, performed the
experiments and data analysis, wrote and revised the manuscript. Mona Belaid, Xiang Luo and
Julia Mantaj performed part of the experiments and data analysis. Armond Daci, Rin€ Limani
designed and performed the in vivo studies. Matthias Zilbauer and Komal Nayak analysed and
discussed the results. Driton Vllasaliu designed and supervised the work, wrote and revised the

manuscript.)

4.1. Introduction

Oral administration of siRNA is the most preferred route of treatment mode. In addition to
offering significant benefits in terms of access to medicines and patient convenience, oral
administration is also amenable to effective local drug delivery in the GIT as part of the
therapeutic management of GIT diseases, such as IBD. However, the oral bioavailability of
siRNA is limited due to inefficient penetration across biochemical and physical barriers of the
GIT [352]. Nanomedicine-based approaches have been investigated for oral delivery of siRNA
in intestinal inflammation [353-355], but most synthetic nanoparticles tend to suffer from poor
stability in, and inefficient penetration across, the challenging biochemical and physical
barriers of the GIT [352].

As discussed in Section 1.3.3.3, mEVs are potentially ideal carriers for siRNA oral delivery for

IBD therapy, based on their stability in intestine and permeability across intestinal mucosa
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[247-249]. However, previous assessments of intestinal permeability of mEVs were
predominantly conducted on simple in vitro intestinal epithelial models, which are not able to
replicate the intricate characteristics of natural intestinal epithelia. The intestinal epithelium is
a complex tissue composed of different cell types working together to control the absorption
of nutrients while protecting the body from potentially harmful material, including
microorganisms, present in the intestinal lumen [356]. One of the most important barriers in
oral drug delivery is the intestinal epithelium. Over the years, numerous in vitro intestinal
epithelium models have been developed to study intestinal physiology and assess oral drug
delivery systems. Intestinal epithelium models can be divided into different types, including
cell line-based systems (derived from tumors), organoids constructed from primary intestinal
cells, and co-culture models that involve different cell types. In vitro intestinal epithelium
models are not just more efficient and cost-effective in comparison fo in vivo animal models,
but they also offer accessibility for exploring drug transport mechanisms, such as identifying
cellular receptors involved in transcytosis [357].

Caco-2 monolayer model

Intestinal epithelial models based on epithelial tumor cells are traditional and most widely used
in oral drug delivery assessment. A large number of cell lines have been developed to build
these models such as Caco-2, HT-29, T84 or SW 480, etc., which are highly proliferative and
relatively easy and cheap to culture. Among them, Caco-2 cells represent the most commonly
applied model for drug permeability and absorption experiments. Caco-2 cells cultured on
Transwell inserts can be differentiated/polarized, forming tight junctions and microvilli,
resembling the intestinal enterocytes (Figure 4-1A) [358]. However, this model has several
disadvantages due to their limited resemblance to the in vivo epithelium. The Caco-2 monolayer
model fails to represent the interaction between different cell types (including enterocytes,

Paneth cells, enteroendocrine cells, and goblet cells, etc.) and the recapitulation of realistic
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tissue architecture is not achievable. Moreover, the Caco-2 monolayer as an intestinal epithelial
model has their limitations in use such as underestimated paracellular absorption, abnormally
high TEER, or abnormal expression of metabolizing enzymes [359]. To overcome the limit of
Caco-2 monolayers, co-culture models of Caco-2 cells with mucus-producing HT29-MTX
cells were developed, which mimic both enterocytes and goblet cells [360-362]. However, this

model is also not realistic due to the lack of other cell types.
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Figure 4-1. Schematic representation of Caco-2 monolayer (A) and 3D intestinal organoid (B).

Intestinal organoids models

With the development of cell culture technology, 3D organoids are emerging as a novel in vitro
model to investigate disease, drug absorption and toxicity, and human organ development [363].
Intestinal epithelial organoids (IEOs) are derived from intestinal isolated Lgr5" stem cells or
dissociated crypts, which organize into 3D structures when embedded in Matrigel (an
extracellular matrix rich in laminin and collagen) covered with essential biochemical factors
mimicking the in vivo niche. The key niche signals include R-Spondin (a Wnt agonist that
maintains stem cell population), Noggin (a BMP inhibitor which limits differentiation), and
epidermal growth factor (EGF, to promote cell proliferation). Crypt cells as stem cells have
permitted the self-renewal and differentiation capacities of IEOs, and IEOs capability of

maintaining highly similar protein expression to freshly isolated crypts for several months
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enables this model to be stable in a long-term culture, which contributes to the repeatability
and reliability in application of biological assessment [364, 365].

IEOs recapitulate the physiology, genetic signature, and multicellular nature of the native
intestinal epithelium [366]. The representation of all types of terminally differentiated intestinal
epithelial cells and the crypt-villus structures with stratified epithelium, which serve important
functions in barrier regulation, material absorption, mucus secretion, interaction with
microbiota, gut-brain communication and host defense [367], are key advantages of IEOs over
cell line alternatives for modelling the intestinal epithelium (Figure 2-1 B). IEOs are spherical
structures with budding formations. Each of buds recapitulates the crypt structure located in
stem cells including Lgr5" stem cells and Paneth cells. Between the budding locations, cells
mimic the villus structures, composed with enterocytes and other types of cells [364, 365].
These crypt/villi-like domains form a central lumen structure, and dead cells from constantly
renewed epithelial layer are extruded into the lumen area [368].

However, the conventional culture of IEOs currently limits their application in the field of drug
delivery since the apical/luminal side is not accessible by the user (the center of the IEOs
corresponds to the intestinal lumen where directly contacts dietary factors). Currently, the
highly challenging and disruptive micro-injection technology is used to access the lumen of
IEOs [369], which is required in the fields of drug development and nutrition. To overcome
this obstacle, recent studies have reported the culture of IEOs with exposed apical surfaces. To
this end, a few studies have reported the culture of organoids monolayers or 3D apical-out
human enteroids [370, 371].

The main obstacle to developing organoids monolayers is the selection of substrates that ensure
cell adhesion and stem cell maintenance, while preventing 3D organoid structure formation.
Several culture systems have been reported to support organoid monolayers, including a thin

layer of gelatin [372], thin layer of Matrigel or basement membrane extract (BME) on solid
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surface or porous Transwell membranes [373, 374], and a thick layer of collagen [375]. The
monolayers could form to a polarized morphology and self-organize into stem cell areas and
differentiated cell areas, akin to 3D organoids [373, 374]. Moreover, when the organoid
monolayers are cultured on porous Transwell membranes, these systems enable access to both
apical (luminal) and basolateral sides, which enable the assessment of drug or nutrients
absorption/transport, as well as the influence of host-pathogen interaction on epithelium. In
addition, 3D apical-out human enteroids, which reverse the conventional basal-out enteroid
polarity, were explored as another model to overcome the obstacles of accessing to apical
epithelium in biological applications. Co et al. [370, 371] have developed a series of apical-out
enteroid models which can maintain the 3D spheroid structure and at the same time enable
apical surface to be accessible to experimental applications. To produce this model, briefly,
conventional spheroids were first released from matrix (BME) and resuspended in EDTA where
the chelates cations can depolymerize matrix proteins. The organoids were subsequently
washed and resuspended culturing in culture media. Culturing without BME, the basolateral 3-
1 integrin receptors on organoids cannot interact with extracellular matrix, thereafter, triggering
morphogenetic rearrangement of epithelium, leading to eversion of organoid polarity. This
model enables nutritional compounds or microbes to interact with organoids apical surface by
simply adding these materials to culture media. Therefore, intestinal organoid monolayers and
apical-out organoid models represent novel and potentially highly human-relevant models for
evaluation of permeability of drugs and performance of drug delivery systems. However, IEOs
have not previously been used to study the intestinal translocation of EVs, or indeed any other
NPs, probably due to the basolateral-out nature of IEOs.

In this Chapter, we examine the interaction between mEVs with the intestinal biofluid and
epithelium, followed by probing their potential for oral delivery of siRNA. mEVs were

characterized after exposure to simulated intestinal fluids. Intestinal cell uptake and transport
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of mEVs were then confirmed in Caco-2 cells as an established in vitro intestinal model,
together with assessing the effect of simulated intestinal fluid on their epithelial transport.
Importantly, using novel IEOs models of the human intestinal epithelium, we demonstrate
epithelial translocation of mEVs in this highly biorelevant intestinal epithelial model. We show
that mEVs efficiently transport across Caco-2 cells, which was not affected by their treatment
with simulated intestinal fluids. We further demonstrate apical-to-basolateral translocation of
mEVs in two separate human tissue-derived IEO models, which were, unconventionally,
cultured with an exposed apical surface. When loaded with a model siRNA molecule (anti
glyceraldehyde-3-phosphate dehydrogenase, GAPDH) by electroporation, mEVs induced gene
silencing in a macrophage cell line, which was employed here given the central role of these
immune system cells in mediating inflammation in IBD. The work in this Chapter therefore
clearly highlights that mEVs could serve as highly effective carriers or inform the design of

bio-inspired synthetic systems for oral delivery of siRNA.

4.2. Study Objectives

The aim of this Chapter is to explore the potential of mEVs for oral delivery of siRNA.

The objectives of this Chapter are:

1. To investigate the effect of simulated intestinal fluids (SIFs) on mEVs stability and intestinal
permeability.

2. To establish in vitro intestinal epithelial models based on IEO monolayers and 3D ‘apical-
out’ IEOs, followed by the assessment of apical-to-basolateral translocation of mEVs in these
models.

3. To evaluate the gene silencing of siRNA-loaded mEVs in a macrophage cell line.

100



4.3. Methods

4.3.1. Effect of Simulated Intestinal Fluids (SIFs) on mEV physicochemical

characteristics

Fasted state simulated intestinal fluid (FaSSIF, pH 6.5) and fed state simulated intestinal fluid
(FeSSIF, pH 5.0) were used as simple, commercially available models of small intestinal fluids.
SIFs were prepared according to the manufacturer’s instructions. The composition of FaSSIF
includes 3 mM taurocholate, 0.75 mM phospholipids, 148 mM sodium, 106 mM chloride, and
29 mM phosphate. FeSSIF comprises 15 mM taurocholate, 3.75 mM phospholipids, 319 mM
sodium, 203 mM chloride, and 144 mM acetic acid. 100 pL of mEV suspension at 1 mg/mL
protein concentration was incubated in 400 pL of SIFs at 37°C with gentle shaking for 1.5
hours. After digestion, mEVs were recovered via centrifugal ultrafiltration with 100 kDa
Amicon Ultra-0.5 Centrifugal Filter Unit (Merck, Dorset, UK) by four sequential
centrifugations for 10 minutes each at 10,000 x rpm. 500 uL of PBS was added between each
spin to wash off the remaining debris from the digestion solutions. Post-treatment with SSIFs,

mEVs were resuspended in 200 uL PBS and characterized for size and Zeta-potential.

4.3.2. Effect of SIF's on RNA release from mEVs

Following the exposure of mEVs to SIFs, RNA was quantified to establish whether SIFs
induced a damage to mEV membranes and hence release of mEV RNA content. RNA was
quantified following an ultrafiltration recovery step of mEVs post digestion, and RNA was
isolated with TRIzol® reagent according to the manufacturer’s instructions. RNA pellets were
resuspended in Nuclease-free water, and the final RNA concentration was quantified using
QuantiFluor® RNA System. 15 pL of resuspended RNA was mixed with the buffer and RNA
dye according to the manufacturer’s instructions on a black 96-well plate and fluorescence

intensity was measured by a plate reader (excitation 492 nm; emission 540 nm).
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4.3.3. Cell uptake and transport of nanoparticles in intestinal Caco-2 monolayers

4.3.3.1. mEV uptake and transport in intestinal Caco-2 monolayers

Caco-2 monolayer culture and transport experiments were conducted in a manner mentioned
in General Methods Section 2.2.5.2, with the labelled mEVs dissolved in HBSS as tested
samples. During the incubation, mEVs in the sampled basolateral solution were quantified by
fluorescence using a plate reader with excitation wavelength of 565 nm and emission
wavelength of 615 nm. After 3 hours, mEV samples were removed, cells washed with HBSS,
detached from inserts and permeabilised with trypsin and 1% v/v Triton X-100 (1:4 v/v).
Thereafter, cells were pelleted by centrifugation with 5,000 x g for 5 min and mEVs in
supernatant were quantified by fluorescence to determine the cell uptake efficiency.

The cell uptake of mEV's in Caco-2 monolayers was also imaged by confocal microscopy. For
this purpose, following the transport study (i.e. 3 hours after mEV application), Caco-2 cells
cultured on Transwell membranes were washed with PBS three times and fixed with 4%
paraformaldehyde for 20 min at room temperature, followed with Fluoroshield™ DAPI to stain
nuclei. For imaging, Transwell membranes were cut and placed on a 24-well plate with a
polymer coverslip bottom (pu-Plate 24 Well Black ID 14 mm, Ibidi, Gréfelfing, Germany).
Thereafter, 0.5% (w/v) low-temperature gelling agarose at 30 °C was added drop-wise to cover
and immobilize the membrane. Images were collected by the 20 X water objective on Opera

Phenix™ High Content Screening System (PerkinElmer, Waltham, MA, US).

4.3.3.2. Comparison of transport of mEVs and liposomes in intestinal Caco-2

monolayers

The purpose of these studies was to compare the intestinal epithelial transport of mEVs versus
a synthetic lipid nanoparticle system, namely liposomes of similar size (~100 nm). A

comparison was also made with the free fluorescent dye which was used to label mEVs.
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Liposomes were prepared using the following lipids: 1,2-dipalmitoyl-sn-glycero-3-
phosphocholine (DPPC) which is widely employed in liposome formulation for enhancing
membrane rigidity and increasing structural integrity [376]; 1,2-dioleoyl-sn-glycero-3-
phosphoethanolamine (DOPE) for enhancing the membrane fluidity and promoting
fusogenicity  [377];  1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-(7-nitro-2-1,3-
benzoxadiazol-4-yl) (ammonium salt) (NBD-DSPE); and 1,2-dioleoyl-sn-glycero-3-
phosphoethanolamine-N-(lissamine thodamine B sulfonyl) (ammonium salt) (Rho-PE), with
the molar ratio of 67%:30%:1.5%:1.5%. All lipids were dissolved in chloroform and the
preparation procedure of liposomes was conducted in the same way as that mentioned in
General Methods Section 2.2.3.

Epithelial transport was determined in differentiated intestinal Caco-2 monolayers. Caco-2
monolayer culture and transport experiments were conducted in the same way as that
mentioned in General Methods Section 2.2.5.2, except for the tested samples, which were as
follows: 500 pL of labelled mEVs at 0.05 mg/mL protein concentration, liposomes at 0.05
mg/mL lipid concentration, and fluorescent dye, the concentration of which was adjusted to
produce same fluorescent signal as that of mEVs. Samples were added to the apical side of
monolayers for 120 minutes. mEVs and labelling dye in the sampled basolateral solution were
quantified by fluorescence using plate reader (excitation 565 nm; emission 615 nm), and
liposomes were quantified through Rhodamine fluorescence using excitation wavelength of

530 nm and emission wavelength of 588 nm.

4.3.3.3. Effect of SIFs on mEVs transport across Caco-2 monolayers

mEVs were exposed to SIFs and harvested by centrifugal ultrafiltration. mEVs were then
labelled to enable quantitation of cell uptake and transport using plate reader (excitation 565

nm; emission 615 nm). To determine the effect of SIFs on mEVs transport across intestinal
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epithelial cells, differentiated Caco-2 monolayers were used as an intestinal model. Caco-2
monolayer culture and testing of transport followed methods mentioned in General Methods
Section 2.2.5.2, except for the tested samples, which consisted of 500 pL of labelled mEVs at
0.05 mg/mL protein concentration that were previously treated with SIFs or PBS (control),

added to the apical side of monolayers for 90 minutes.

4.3.4. mEV transport across IBD-intestinal epithelial organoids (IEOs) monolayer

model

4.3.4.1. Culture of typical IBD-IEOs

IEOs were generated from mucosal biopsies (i.e. duodenum, terminal ileum, sigmoid colon)
obtained from a patient with mild chronic gastritis. Ethical approval for the study was obtained
(Research Ethics Committee reference 17/EE/0265). IEOs (‘IBD-IEOs’) were cultured as
previously reported [378], with minor modifications. Briefly, IEOs were defrosted from liquid
nitrogen stock at 37°C, then immediately added to warm AF+++ medium (Advanced
DMEM/F-12 with 10 mM HEPES, 1X GlutaMAX™, and 1% Penicillin-Streptomycin (v/v)).
After centrifugation at 800 % g for 5 min, IEO pellets were resuspended in Matrigel and seeded
on pre-warmed 48 wells plate (3548, Corning) with 20 pL droplet per well and supplemented
with 0.25 mL IntestiCult™ Organoid Growth Medium (Human) (growth medium). The growth
medium was changed every 2 to 3 days. IEOs were passaged every 7-10 days, and 10 pM Y-
27632 was added to the growth medium for the first 2 to 3 days after passage. Following culture
for 4-5 days in the growth medium, IEOs were differentiated by differentiation medium for
another 3-4 days. Differentiation media was prepared by AF+++ medium supplemented with
50 ng/mL. Human EGF Recombinant Protein, 100 ng/mL Recombinant Human Noggin, 10 nM
Gastrin [ human, 500 nM A83-01, 10 uM Y27632, 5 uM DAPT, 1 mM N-Acetyl-L-cysteine

and 1X B27 [371]. The differentiation medium was changed every 2 days.
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4.3.4.2. Culture of IBD-IEO monolayer model

IEO monolayers were generated as previously reported, with some modifications [379]. Firstly,
6.5 mm transwell inserts (PET for imaging and polycarbonate for transport study) were coated
with 40X diluted BME2. Specifically, BME2 was diluted with cold AF+++ medium by 40X
and 150 pL of diluted BME2 was added to each well followed by incubation at 37°C for 1-2 h.
Diluted BME2 medium mixture was removed from wells before adding the cells. IEOs which
were not excessively large were used to generate monolayer model. Briefly, IEOs in Matrigel
were broken up and resuspended in cold AF+++ medium. After centrifugation (800 x g, 5 min),
organoid pellets were resuspended in TrypLE™ with 250 pL/well and incubated in 37°C for
10 min to disassociate them into single cells. The suspension was pipetted during the incubation
to help with the disassociation of organoids. Thereafter, cold AF+++ medium was added to the
TrypLE™ mixture and centrifuged at 800 x g for 5 min. IEO cell pellets were resuspended in
cold AF+++ medium and filtered with 70 um cells strainer. After centrifugation, cells were
resuspended in growth medium. To develop IEO monolayers, 0.8 — 1.5 x 10° cells/mL were
added to the apical side of transwell inserts (150 uL/well) and 600 - 800 pL growth medium
(depending on plate types) was added basolaterally. The growth medium was changed every 2
to 3 days, and 10 uM Y-27632 was added for the first 2 to 3 days after seeding. Differentiation
of IEO monolayers was induced as mentioned above. Cell monolayer growth and integrity were

monitored by measuring TEER.

4.3.4.3. Confocal immunofluorescence imaging of IEO monolayer model

IEOs cultured in Matrigel and IEO monolayers were washed with 0.01 M PBS (3 times) and
fixed with 4% paraformaldehyde for 20 min at room temperature, followed by permeabilization
with 0.1% Triton-X 100 for 5 min. Thereafter, IEOs were blocked with blocking buffer (5%

(w/v) skimmed dry milk powder with 0.5% Triton-X 100 in 0.01M PBS) for 1 hour. IEOs were
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then incubated with primary antibodies (1:150 ZO-1 polyclonal antibody and 1:150 MUC2
monoclonal antibody diluted in 1% (w/v) skimmed dry milk powder with 0.5% Triton-X 100)
at 4°C overnight and then incubated with secondary antibodies (1:500 goat anti-rabbit Alexa
Fluor™ 488 IgG and 1:500 goat anti-mouse Alexa Fluor™ 594 IgG diluted in 1% (w/v)
skimmed dry milk powder with 0.05% Triton-X 100) for 1 hour at room temperature. Finally,
IEOs were treated with Fluoreshield™ DAPI to stain nuclei. To enable imaging, transwell
membrane-supported IEOs were cut off and placed on a 24-well plate with a polymer coverslip
bottom (pu-Plate 24 Well Black ID 14 mm, Ibidi, Gréfelfing, Germany). Then, 0.5% (w/v) low-
temperature gelling agarose at 30 °C was added drop-wise to cover and immobilize the
membrane. IEOs cultured in Matrigel were imaged directly after immunostaining. Images were
collected by the 20 X or 40 X water objective on Opera Phenix™ High Content Screening

System (PerkinElmer, Waltham, MA, US).

4.3.4.4. mEV transport across IEOs monolayer model

Prior to the study of mEV transport across IEOs monolayers, the integrity of monolayers was
evaluated by determining FD10 permeability. To do this, the culture medium was replaced by
HBSS and monolayers were incubated for 45 min at 37°C and 5% CO2 atmosphere for
equilibration. Thereafter, 150 pL of 1 mg/mL FD10 in HBSS was added to the apical side of
monolayers for 160 min. During the incubation, 100 puL basolateral solution was sampled
regularly (at 40 min intervals), with the sampled solution replaced with HBSS. FD10 was
quantified by fluorescence at 490 nm/520 nm of excitation/emission wavelengths. The
transport of labelled mEVs through IEO monolayers was determined in a similar manner, with
labelled mEVs quantitation using fluorescence at excitation wavelength of 565 nm and

emission wavelength of 615 nm. For confocal imaging of the IEO monolayers after mEV
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transport, cells on Transwell inserts were processed for immunostaining and confocal imaging

as mentioned at Section 4.3.4.3.

4.3.5. mEV transport in 3D ‘apical-out’intestinal epithelial organoids (IEOs)

4.3.5.1. Culture of typical colon IEOs

Colon IEOs were a kind gift from Dr Vivian Li (Francis Crick Institute, London, UK). They
were generated by Dr Li from tissues collected from a 2-year-old female patient with ethical
approval (Research Ethics Committee reference 04/Q0508/79). IEOs were defrosted from
liquid nitrogen stock at 37°C and then centrifuged at 800 x g for 5 min immediately. IEOs
pellets were resuspended in Matrigel and seeded on pre-warmed 24 wells plate with 50 pL
droplet per well and supplemented with 0.5 mL IEOs growth medium: Advanced DMEM/F-12
with 10 mM HEPES, 1X GlutaMAX™, 50% WNT3A conditioned medium (in house
production), 20% R-Spondin-1 conditioned medium (in house production), 1.25 mM N-
Acetyl-L-cysteine, 10 mM Nicotinamide, 1X B-27™ Supplement, 150 ng/mL Recombinant
Human Noggin, 50 ng/mL Human EGF Recombinant Protein, 10 nM Gastrin [ human, 0.5 uM
A83-01 and 10 pM SB202190. The growth medium was changed every 2 to 3 days. I[EO
cultures were passaged every 7 to 10 days, and 10 uM Y-27632 was added to the growth

medium for the first 2 to 3 days after passage.

4.3.5.2. Culture of 3D ‘apical-out’ colon IEOs model

Apical-out 3D IEOs were generated by non-Matrigel culturing. PET inserts with 0.4 pm pore
size were used for this purpose. Briefly, IEOs in Matrigel were broken up by pipette tip gently
and centrifuged at 800 x g for 5 min to remove the medium and most of Matrigel. IEOs pellets
were resuspended in TrypLE™ with 500 pL/well and incubated in 37°C for 10 min to

disassociate IEOs into single cells. Thereafter, IEOs were centrifuged again to remove
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TrypLE™ and the pellets were resuspended in IEOs growth medium. A 70 um cell strainer was
used to filter the suspension and single IEOs cells were collected. To develop apical-out IEOs,
dissociated cells were seeded on 24-well PET inserts with 1.0 x 103 — 5.0 x 103 cells/well (100
puL/well) and cultured for 10 days. The growth medium was changed every 2 to 3 days and 10
uM Y-27632 was added for the first 2 to 3 days after seeding. To create conventional,
basolateral-out IEOs on the same inserts, 25 uL/well Matrigel was used to coat the surface of
inserts. After incubating the coated inserts at 37 °C for 15 min, IEOs single cells were seeded

and cultured on inserts with same procedures as apical-out [EOs.

4.3.5.3. mEV transport in 3D ‘apical-out’ IEOs model

To evaluate the transport of mEV's through 3D apical-out IEOs, labelled mEVs were diluted in
IEOs growth medium to 0.05 mg/mL and applied to 3D apical-out IEOs for 4 hours incubation
at 37°C and 5% CO2 atmosphere. Thereafter, the growth medium containing mEVs was

removed. The process of immobilizing membranes and confocal imaging was described in

Section 4.3.4.3.

4.3.6. Transfection efficiency of GAPDH siRNA loaded-mEVs in macrophages

J774A.1 macrophage cells were seeded on 96-wells plates with 5000 cells/well and cultured
for 24 hours to ~50% confluence. GAPDH siRNA loaded-mEVs were diluted to 0.08, 0.05 and
0.02 mg/mL (corresponding to the siRNA concentration of 0.016, 0.010 and 0.004 nmol/mL
calculated by the loading efficiency) with Opti-MEM™ | Reduced Serum Medium and
incubated with cells for 48 hours at 37°C and 5% CO. atmosphere. Thereafter, GAPDH activity
was measured by KDalert™ GAPDH Assay Kit according to the manufacturer’s instructions.
Negative siRNA loaded-mEVs were applied as the negative control group, and GAPDH siRNA

transfected with commercial transfection reagent (X-tremeGENE™ 360 Transfection Reagent,
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2.5 ul/mL) was applied as the positive control group. The % remaining GAPDH gene
expression was calculated with Equation (4-1):

Afluorescence of GAPDH
A fluorescence of Negative

% remaining expression = 100 X 4-1)

Where Afluorescence of GAPDH and Afluorescence of Negative are fluorescence increases

within 4 min for samples and negative control group, respectively.

4.4. Results and Discussion

4.4.1. Effect of intestinal fluids on mEVs stability

The stability of mEVs in intestinal fluids was determined via size, surface charge and RNA
cargo measurements. We intentionally focused on intestinal rather than gastric fluids given that
the most appropriate way in which mEVs or mEV-like synthetic delivery systems would be
administered orally is via enteric-coated capsules so to ensure that membrane-associated
proteins of mEVs are protected in the harsh environment of stomach biofluid.

There is evidence that cargo in mEVs (e.g. miRNAs) remains protected against degradation by
low pH, RNases and treatment that mimics digestion in the GIT [380, 381]. However, studies
reporting on the stability of mEVs and their content in the gut (which mainly come from the
field of nutrition) tend to expose milk, rather than isolated EVs, to digestive conditions [380].
Figure 4-2A shows that while mEVs treated with fasted state simulated intestinal fluid (FaSSIF)
displayed a similar size to those in PBS, fed state simulated intestinal fluid (FeSSIF) treatment
resulted in a decreased diameter of mEVs. The surface charge (Zeta-potential) of mEVs was
not compromised by simulated intestinal fluids (SIFs) digestion (Figure 4-2B). This
observation is similar to the findings reported by Kokkona et al [382]. on the effect of sodium
cholate on the mean diameter of liposomes containing phosphatidylcholine and cholesterol,

which decreased by approximately 20% in the presence of sodium cholate. The effect of SIFs
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on natural RNA cargo of mEVs was also evaluated, hence signifying vesicle damage and
leakage of encapsulated mEVs content (Figure 4-2C). mEVs were treated with SIFs, followed
by recovery with ultrafiltration and lysis with Trizol. The RNA fluorescence-based kit was
applied to quantify the concentration of RNA in mEVs. The results demonstrated that the mEVs
subjected to FaSSIF and PBS controls had similar RNA concentrations, indicating no loss of
RNA cargo after exposure to FaSSIF. A significant decrease of mEVs RNA concentration was
observed in the FeSSIF-exposed group compared to the PBS control, which indicated vesicle
damage and RNA release upon exposure to FeSSIF. The effect of SIFs on quantity and
functionality of mEVs surface proteins remains unexplored in this study. The quantity and
species alteration of surface proteins could be investigated by BCA assay and Western blot,
while their function could be reflected by our mEVs intestinal epithelium uptake and transport

studies (Figure 4-6), which rely on the functions of their surface proteins [154].
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Figure 4-2. Effect of simulated intestinal fluids on bovine milk extracellular vesicles (mEVs). (A)
size, (B) Zeta-potential, and (C) RNA cargo. mEVs were treated with simulated intestinal fluids for 90
minutes. RNA concentration was measured by QuantiFluor® RNA System. FaSSIF: Fasted State
Simulated Intestinal Fluid; FeSSIF: Fed State Simulated Intestinal Fluid. Data shown as the mean + SD,

n=3. * and ** indicate p < 0.05 and p < 0.01 compared with PBS group, respectively.
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It is noted that the SIFs employed in this work are simple models of the intestinal biofluid.
They do not fully represent the complexity of the natural composition, although they contain
the surfactants (bile salt and phospholipid), and they are adjusted to reflect the average pH and
osmolarity of the intestinal environment. As such, they are derived of vital intraluminal
components; for example, whilst native human intestinal fluid harbours a variety of bile salts,
the SIFs used here comprise pure sodium taurocholate only [383]. These fluids additionally fail
to replicate the intricate ultrastructure of postprandial human intestinal fluid (which includes
mixed micelles and vesicles), likely due to the absence of lipids and lipolysis products.
Furthermore, the intestinal movement and enzymatic degradation of food (which impact
colloid formation) within the gastrointestinal tract are unaccounted for [384, 385]. Furthermore,
the variation of intestinal environment between individuals, particularly the alterations of
biochemical components associated with IBD conditions, is a critical consideration in future
studies[77]. Although this study supports previous evidence on the stability of mEVs in the GIT,
the ultimate evidence of the ability of mEVs to survive digestion should come from in vivo

studies in the future.

4.4.2. mEV uptake and transport in intestinal Caco-2 monolayers

Caco-2 cells were seeded on Transwell inserts and cultured for 21 days to develop the
monolayers. TEER, which reflects the ionic conductance of the paracellular pathway (tight
junction dynamics), refers to the assessment of electrical resistance across a cellular monolayer
in real-time, serving as a very sensitive and dependable technique to monitor the monolayer
integrity and permeability [386]. As shown in Figure 4-3A, the TEER value increased in the
first 17 days and became stable after 17 days until 22 days (reached ~1500 Q and ~1339 Q
cm? calculated to account the surface area, 1.12 cm?, of 12-well polycarbonate Transwell

inserts). The TEER value obtained after 21 days of culture was consistent with previous studies
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which used the same type of Transwell inserts, suggesting the formation and integrity of
monolayers [386, 387]. Caco-2 monolayers with well-established tight junctions typically
exhibit high TEER values (>500 Q cm?) [388], but the values within this range may fluctuate
due to variations in medium composition, temperature, or detection equipment [389]. In order
to assess the potential impact of mEVs incubation on the integrity of Caco-2 monolayers, the
TEER value of monolayers was detected both before and after the incubation period (0 h and
3 h). As shown in Figure 4-3B, the TEER value of the monolayers remained unchanged before
and after the incubation with mEVs at two different concentrations, which indicated that the

mEVs had no impact on the integrity of the monolayers due to the low toxicity [386].
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Figure 4-3. The transepithelial electrical resistance (TEER) values of Caco-2 cell monolayers for
21 days culture (A), and the TEER values before and after treatment with milk extracellular

vesicles (mEVs) solutions (B). Data shown as the mean = SD (n=3).

Figure 4-4 shows the cell uptake of mEVs by differentiated intestinal epithelial Caco-2 cells
(Caco-2 monolayers). Cell uptake was around 6% when mEVs were applied at 0.02 mg/mL
and approximately 4% at 0.06 mg/mL, but without significant difference (Figure 4-4A). Note
that because cell uptake is expressed as percentage of applied mEVs, the overall uptake of

mEVs in amount terms is higher with 0.06 mg/mL application. This result is consistent with
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our previous study [249], and correlates with another research which demonstrated the cell
uptake of mEVs by Caco-2 cells was lower than 10% when quantified by EVs fluorescence
intensity during the first 3-hour incubation. However, this uptake increased to approximately
40% after 8 hours [390]. Therefore, the modest cell uptake of mEVs by Caco-2 cells in this
study may be due to the limited incubation time. Additionally, the method of measuring mEVs
fluorescence intensity following cell lysis could result in suboptimal signal detection of
supernatant, potentially because mEVs are entrapped in cellular debris. To overcome this,
alternative quantification techniques, such as confocal imaging with quantification analysis or
flow cytometry, should be considered for more accurate assessment [153, 391]. Figure 4-4B
shows a confocal image of the cell uptake of mEVs, whereby a fluorescence signal associated
with mEVs is clearly apparent. We recognize the omission of dye-only controls in our confocal
imaging studies, which are essential for establishing baseline fluorescence and should be
incorporated into future experimental designs. Despite this, we have quantitatively measured
cell uptake as presented in Figure 4-4A, which was achieved through fluorescence
quantification using a plate reader after cell lysis. This alternative methodological approach
corroborates the uptake of mEVs by Caco-2 cells. Furthermore, the observed heterogeneous
distribution of mEVs, illustrated in Figure 4-4B, could potentially be attributed to mEVs
aggregation during incubation with the cells. The fluorescent dye we used for mEVs labelling
is ExoGlow™-protein EV labelling kit (Red), which specifically and covalently labels EVs
proteins, leading to low levels of background. While DiO is commonly employed for EVs
membrane lipids labelling, the excess dye might bind to cell components such as phospholipids
bilayers [392]. Additionally, both DiO and another labelling dye, SYTO® (specific to EVs
RNA), might suffer the risk of non-specific dye transfer from labelled EVs to cell components
after prolonged incubation (24h) [153]. In terms of transepithelial transport of mEVs, there was

an overall trend of gradual accumulation of mEVs in the basolateral side through 3 hours, and
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overall transport reached approximately 10% (Figure 4-4C). In addition, comparisons of the
mEVs transport across Caco-2 monolayers were made with liposomes of similar size (~100
nm), as well as the fluorescent dye alone which was used to label mEVs. Figure 4-5 shows
that the extent of transport was notably higher for mEVs compared to liposomes (over an order
of magnitude) or the dye alone. Notably, in this transport study, the concentrations of mEVs
and liposomes applied were 0.05 mg/mL (protein) and 0.05 mg/mL (lipids), respectively. To
ensure comparability, we determined the particles/mg concentration for each, resulting in 4.16
x 104 particles/mg (protein-mEVs) and 5.35 x 10" particles/mg (lipids-liposomes). Therefore,
the similar particles/mg concentration of mEVs and liposomes validates the use of mg/mL

concentration to represent the comparable number of particles applied.
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Figure 4-4. Uptake and transport of milk extracellular vesicles (mEVs) in intestinal Caco-2
monolayers. (A) mEVs uptake in differentiated (polarised) Caco-2 cells (3-hour incubation). (B) High
content confocal image of mEVs cell uptake by differentiated Caco-2 cells. Nuclei in blue and mEVs
in yellow (arrows). (C) mEVs transport across differentiated Caco-2 monolayers (cultured for 21 days

on Transwell inserts). Data shown as the mean + SD (n=3).
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Figure 4-5. Transport of bovine milk extracellular vesicles (mEVs), liposomes and labelling dye
alone (for mEVs) across differentiated intestinal epithelial Caco-2 monolayers. Data shown as the

mean £ SD, n=3.

We next sought to understand whether the ability of mEVs to translocate across the intestinal
epithelium is compromised upon treatment with SIFs. Figure 4-6A shows the uptake of
digested mEVs into differentiated Caco-2 cells after 3 hours incubation. Around 4.5% of
FeSSIF-digested mEVs and FaSSIF-treated mEVs were taken up by cells. Control (PBS
incubated) mEVs demonstrated a lower uptake (2.5%). Figure 4-6B shows the transport of
mEVs, post-treatment with SIFs, across polarised/differentiated Caco-2 monolayers. In all
three groups, mEVs showed a remarkable ability to permeate across the Caco-2 monolayers.
Interestingly, FeSSIF-treated mEVs possessed a slightly higher transport through the
monolayers compared to FaSSIF-treated and untreated control. Specifically, approximately, 18%
of FeSSIF-treated mEVs translocated across cell monolayers in 90 minutes, while FaSSIF-
treated and untreated control showed a lower level of translocation, amounting to 10% of
applied mEVs after 90 minutes. The calculated rate of mEV transport across intestinal epithelial

monolayers was 12.0, 6.7 and 7.9% per hour for FeSSIF-treated, FaSSIF-treated and untreated
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mEVs, respectively, with the difference between FeSSIF-treated and untreated mEVs being

statistically significant (p=0.026).
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Figure 4-6. Effect of simulated intestinal fluids on bovine milk extracellular vesicles (mEVs) cell
uptake (A) and transport (B) across differentiated intestinal epithelial Caco-2 monolayers. mEVs
were treated with simulated intestinal fluids for 90 minutes. FaSSIF: Fasted State Simulated Intestinal
Fluid; FeSSIF: Fed State Simulated Intestinal Fluid. Data shown as the mean &= SD, n=4. * indicates p

< 0.05 compared with PBS group.

Interestingly, it was observed that mEVs treated with FeSSIF displayed a higher uptake and
transport across Caco-2 monolayers in comparison to FaSSIF-treated group and control
(untreated with SIFs) (Figure 4-6). It is reasonable to assume that epithelial uptake and
transport of mEVs is dependent upon their stability and integrity of membrane, particularly
since there is evidence of the potential existence of a receptor-mediated epithelial transport
process for mEVs, such as IgG - FcRn dependent transcytosis [153, 154]. Besides,
glycoproteins, especially Galectin-3 and its galactose ligands on mEVs, have been identified
as critical for the efficient absorption and transport of mEVs across epithelial cells [393].
Therefore, the receptor-mediated transport process would obviously rely on an interaction of

mEVs having intact membranes and ligands on their surfaces with cell receptors and any

116



disruption of mEVs membranes could influence such interaction and overall cell uptake and
transport. It is therefore presently unclear how an apparent compromised membrane integrity
of mEVs upon treatment in FeSSIF does not result in a loss of mEVs capacity to transport
across intestinal epithelial monolayers. However, one has to be careful in drawing any
conclusions from this study on the possible effect of FeSSIF on intestinal uptake and
translocation of mEVs given the fluorescence-based quantitation method employed here,
meaning that a scenario whereby the component of mEVs is uptaking or transporting across
the cell monolayers, cannot be excluded. While this phenomenon requires further study (e.g.
via characterisation of basolateral mEVs, or the use of multiple labels), our findings bare
significant importance in highlighting that mEVs may undergo structural damage in the fed-
state intestinal fluid, releasing its cargo, which would preclude their usefulness for oral delivery
of siRNA.

Overall, the stability experiments convincingly point to a conclusion that mEVs are stable in
FaSSIF but not in FeSSIF. The mEVs membrane-disrupting effect of FeSSIF can probably be
attributed to one of its key components, namely the bile salt sodium taurocholate (present at 15
mM concentration). Although to our knowledge there are no previous published studies
investigating the effect of simulated (or native) gastrointestinal fluids on mEVs stability,
research on liposomes highlighted that these structures are susceptible to detrimental effects of
components of GIT fluids, including bile salts [394-396]. A study by Richards et al. showed
that sodium taurocholate (and sodium glycocholate) at concentrations in the range encountered
in the human intestine have a significant effect on the structural integrity of liposomes of
different lipid compositions [397]. Specifically, in the presence of 10 mM bile salts at pH 7.4,
liposomes were totally disrupted, with their entire contents released. Similar observations were
reported by Kokkona et al. [398] confirming instability of small unilamellar vesicles (SUV)

liposomes in the presence of cholates. Furthermore, the osmotic balance within EVs can be
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influenced by variations in environmental ionic strength, potentially leading to their swelling
or shrinkage based on osmotic potential which is contingent upon the structural integrity of the
EVs [399]. Consequently, it is conceivable that bile salts may compromise the structural
integrity of EVs, leading to increased membrane permeability and resulting in the efflux of
internal ions and small molecules. Such alterations would attenuate the osmotic gradient
between the interior of the EVs and the external environment, ultimately reducing their osmotic

potential.

4.4.3. mEV transport across IBD-IEOs monolayer model

4.4.3.1. Culture and differentiation of typical IBD-IEOs

To evaluate the transport of mEVs across IEOs, we first cultured IEOs using a typical culture
condition, and using DAPT, we induced differentiation of IEOs so to promote the production
of mucus [371]. IEOs were generated from intestinal crypts isolated from mucosal biopsies of
a patient with mild chronic gastritis and were cultured in Matrigel covered with IEOs growth
medium. Matrigel, an ECM mixture secreted by mouse tumor, provides abundant factors
including laminin, nidogen, collagen IV, heparan sulfate, entactin, various growth factors etc.,
which mimics the basement membrane structure in vivo and enables attachment and
differentiation of epithelial stem cells [400]. The components of the complex IEOs growth
medium perform different roles in maintaining the development of IEOs. For instance, the Wnt
and R-Spondin in medium are key factors to keep stem cells in an undifferentiated state and
drive proliferation, and EGF possesses the effect of mitogenic [401]. Noggin could provide a
suitable environment for crypt formation by inhibiting the BMP pathway, since BMP signaling
is a negative regulator of crypts [402]. Furthermore, the inclusion of nicotinamide, A83-01 (a
selective TGF type I receptor kinase (ALK) inhibitor), and SB202190 (a p38 inhibitor) were

essential for the sustained growth and expansion of both human small and colon organoids
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[402]. When inducing IEOs differentiation, the medium components responsible for
maintaining the undifferentiated state of stem cells were excluded and 5 UM DAPT was
introduced to inhibit the Notch pathway and enhance neuronal differentiation [403].

IEOs from different intestinal segments demonstrated different morphologies. Figure 4-7A and
4-7D show representative brightfield images of duodenum (‘Duo’) and terminal ileum (‘TI)
IEOs, respectively. Duodenal IEOs showed a cystic morphology with a bright lumen, while
terminal ileum IEOs produced more buds with an irregular shape. Immunofluorescence images
(confocal microscopy) of undifferentiated Duo IEOs are shown in Figure 4-7B, whereas
Figure 4-7C shows Duo IEOs following differentiation. The fluorescence signal associated
with immunostaining of apical zonula occludens (ZO-1) tight junction proteins appears to be
similar in both differentiated and undifferentiated Duo IEOs, while that of MUC2 mucin, which
is secreted by goblet cells, was increased following differentiation. Figure 4-7D and 4-7E
show undifferentiated TI IEOs, with the latter depicting immunofluorescence of ZO-1 and
MUC?2. The immunofluorescence-based determination of expression of these proteins is also
shown in Figure 4-7F for differentiated TI IEOs. Similarly to Duo IEOs, the figure clearly
indicates that differentiation of TI IEOs promotes MUC?2 expression, as confirmed by a visibly

increased fluorescence signal.
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A Duodenum

D Terminal ileum

Figure 4-7. Human (biopsy-derived) intestinal epithelial organoids (IEOs) cultured in Matrigel
extracellular matrix. (A) Brightfield image of duodenum IEOs. (B) Confocal immunofluorescent
staining images of undifferentiated duodenum IEOs for apical zonula occludens (ZO-1) tight junction
protein (green), MUC2 mucin (orange) and cell nucleus (DAPI, blue). (C) Confocal immunofluorescent
staining images of differentiated duodenum IEOs. (D) Brightfield image of terminal ileum IEOs. (E)
Confocal immunofluorescent staining images of undifferentiated terminal ileum IEOs. (F) Confocal

immunofluorescent staining images of differentiated terminal ileum IEOs. Scale bars: 100 pm.
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4.4.3.2. mEV transport across IBD-IEOs monolayer model

Apical-to-basolateral transport of mEVs in IEOs monolayers originating from different gut
segments (i.e. duodenum (Duo), terminal ileum (TI) and sigmoid colon (SC)) was determined.
2D monolayers enable easy access to the apical and basolateral sides and therefore the
determination of transintestinal transport of material. To achieve this system, IEOs cultured in
Matrigel were harvested for monolayer preparation at an optimized culture period, dissociated
and single cells seeded on Transwell inserts. Figure 4-8 depicts the growth of [EO monolayers
over a period of seven days, whereby the differentiation medium was added on day 5 and
differentiated confluent IEOs monolayers developed by day 7. Figure 4-9A shows
immunofluorescence staining images of Duo, TI and SC IEOs monolayers. ZO-1 fluorescence
signal displays a characteristic ‘chicken-wire’ distribution of tight junctions. MUC?2 signal is
absent in Duo and TI monolayers, while it is weak in SC monolayers. The secretion of the
mucin protein MUC2 is higher in the colon than in the small intestine (Duo and TI), which is
attributed to the colon's dual-layer mucus system, as opposed to the single, less dense mucus
layer found in the small intestine [404]. However, the relatively low level of MUC2 expression
in organoid monolayers may stem from less effective goblet cell differentiation, and the
absence of a 3D architecture could also affect the expression of MUC2 [405]. Optimizing the
differentiated conditions specifically for organoid monolayers could potentially enhance the
goblet cell quantity and MUC?2 expression in future studies. The formation of electrically tight
monolayers was also confirmed via TEER measurement. Figure 4-9B shows that the TEER
values of Duo, TI and SC monolayers increased gradually with time during the first five days
with culture in normal growth medium, while after the addition of differentiation medium on
day 5, the TEER of monolayers from all three intestinal regions increased significantly,
reaching beyond 200 Q * ¢cm?. The TEER values observed for Duo and TI monolayers after

differentiation were consistent with previous studies where monolayers derived from small
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intestinal organoids exhibited TEER values ranging from 200 to 400 Q-cm? [406, 407]. The
TEER value for the SC was significantly higher, reaching 2000 Q * cm?, consistent with
another investigation that reported similar values for monolayers developed from mouse
proximal and distal colon organoids [408]. A previous study also reported that the TEER value
(~ 1300 Q * cm?) for colon monolayers was significantly higher than that of small intestinal
monolayers (~ 480 Q * cm?) [409], which due to the differences in permeability of respective
intestinal segments in vivo, with the colonic epithelium forming a robust paracellular barrier
compared to that of the small intestine [410]. To probe the barrier of IEOs monolayers, we
determined FD10 permeability in this system. Figure 4-9C shows a significantly lower
permeability of FD10 across IEOs monolayers compared with blank (no cell) inserts (coated
with diluted BME2, similarly to cell-containing counterparts), and the apparent permeability
coefficient (Papp) of FD10 through IEOs monolayers were lower than 10”7 cm/s, which confirms
the barrier integrity of monolayers. Overall, the distribution of ZO-1 tight junction protein,
high TEER and low permeability of FD10 together demonstrate the successful development of
polarised Duo, TI and SC IEOs monolayers which are electrically tight and pose a barrier to
transepithelial diffusion of a model macromolecule.

The data in Figure 4-9D show mEVs accumulation on the basolateral side over time, reaching
approximately 3% and 5% after 160 min across Duo and TI IEO monolayers, respectively
(upside). The cellular localization of mEV's following their incubation with IEO monolayers is
shown on confocal images (Figure 4-9D, bottom). The fluorescence signal associated with
mEVs can be observed in the cell interior and across the vertical cross-sections of the
monolayers, with a more prominent distribution of fluorescence on the apical side. The
accumulation of red mEVs fluorescence in TI monolayers was higher than Duo monolayers,

which was consistent with the transport quantitation. As shown in Figure 4-9D, SC, both the
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quantitative transport measurement and 3D confocal images show that mEV's transport across

SC monolayers is the least efficient (compared to Duo and TI monolayers).

Figure 4-8. Brightfield images of human terminal ileum epithelial organoids (IEOs) as 2D
monolayers on Transwell inserts of 1 day, 3 days, 5 days, and 7 days culturing after seeding

(differentiated at day 5). Scale bars: 100 pm.
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Figure 4-9. Culture of human intestinal epithelial organoids (IEOs) as 2D monolayers on
Transwell inserts and epithelial transport of milk extracellular vesicle (mEVs). (A) Confocal
immunofluorescent staining images of IEOs monolayers cultured on Transwell inserts for 8 days

(differentiated at day 5), immunostained for the apical zonula occludens (ZO-1) tight junction protein
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(green), MUC2 mucin (red) and cell nucleus (DAPIL, blue). (B) Transepithelial electrical resistance
(TEER) of IEOs cultured as monolayers. (C) Transport percentage of fluorescein isothiocyanate—
dextran with molecular weight of 10k (FD10) through IEOs monolayers and blank inserts with diluted
basement membrane extract (BME2) coating, and insert table shows apparent permeability coefficient
(Papp) of FD10 through monolayers. (D) mEVs transport across IEOs monolayers including transport
percentage shown on the upside and 3D confocal images on the bottom, where the apical side of the
cells is marked by ‘A’ and the basolateral side ‘B’. Nuclei appear in blue and mEVs in red. IEOs were
derived from biopsied tissue from different regions of human gastrointestinal system (‘Duo’: duodenum,;

“TI’: terminal ileum; and ‘SC’: sigmoid colon). Data shown as the mean + SD, n=4. ** indicates p <

0.01.

4.4.4. mEV transport across 3D ‘apical-out’ IEOs model

Based on a modified method reported by Co et al., we initially cultured 3D IEOs derived colon
tissue with reversed polarity [370, 371]. The process of achieving successful in vitro culture of
apical-out IEOs is shown in Figure 4-10A. The single cells dissociated from typical basal-out
IEOs cultured in Matrigel could self-assemble to apical-out IEOs on naked Transwell inserts
without Matrigel or BME2. Confocal imaging revealed that when compared to typical basal-
out IEOs, which have apical tight junction ZO-1 protein expression in the interior of the cell
clusters, in apical-out IEOs, apical ZO-1 is distributed on the surface of IEOs clusters, facing
outward (Figure 4-10B and C), which confirmed the successful development of 3D apical-out
IEOs model. We then applied fluorescently labelled mEVs to the apical-out IEOs model for
four hours, followed by confocal imaging of uptake (Figure 4-10D). In these systems, the
fluorescence signal (red) of mEVs was clearly apparent within the interior of apical-out IEOs,
which indicates transepithelial transport of mEVs from the exterior facing of 3D IEOs into their
basolateral lumen. We attempted to quantify the transport of mEVs through 3D IEOs by

dissociating the IEOs and measuring the fluorescence intensity of released mEVs using a plate
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reader. However, the sensitivity of the equipment was insufficient for detecting the low-level
fluorescence signals from the samples. In future studies, increasing the sample size, such as

pooling multiple wells containing IEOs, may be a viable approach to enhance detectability.

Basal-Out sopm IEOs in Matrigel  Dissociate IEOs Re-seed single Apical-Out oy

into single cells  cells in inserts

Figure 4-10. Apical-out culture of human (biopsy-derived) colon intestinal epithelial organoids
(IEOs) and transport of milk extracellular vesicles (mEVs). (A) Brightfield image of IEOs cultured
in Matrigel (basal-out) and PET transwells inserts (apical-out), and the schematic for development of

apical-out IEOs from basal-out polarity. (B) Depicted schematic of basal-out and apical-out IEOs. (C)
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Confocal immunofluorescent staining images of IEOs with apical-out and basal-out polarity. (D)
Confocal immunofluorescent staining images of mEVs transporting across apical-out IEOs after
incubation for 4 hours. Nucleus in blue (DAPI), apical zonula occludens (ZO-1) tight junction protein

in green, and mEVs in red. Schematics were drawn by Figdraw.

Data in Figure 4-9 confirms the intestinal epithelium crossing characteristic of mEVs, also
demonstrated in Caco-2 monolayers (Figure 4-4) and ‘apical-out’ 3D IEOs (Figure 4-10).
Additionally and importantly, the data highlights that mEV transport across Duo- and TI-
derived IEO monolayers is significantly higher than that in SC-derived monolayers. Although
it is relatively well established that the intestinal barrier is more ‘leaky’ in the small intestine
compared to the colon [411], attributed to differential expression of tight junctions [412], a
markedly different transport profile of mEVs in SC compared to Duo and TI IEOs cannot be
compared with the permeability of small molecular weight drugs, or indeed macromolecules.
However, it has been reported that the permeability of actively transported compounds, D-
glucose and L-leucine, is dramatically lower in the colon compared to the small intestine in a
study utilizing human tissue in Ussing chambers [413]. This provides an interesting comparison,
as although the mechanisms of intestinal epithelial transport of particulate mEV's are expected
to be facilitated by different mechanisms to actively-transported molecules, it may be the case
that the lower transport of mEVs in SC is linked to lower expression levels of the cellular
machinery involved in their trafficking, although presently this is only a speculation and needs
confirming in future studies. Notably, constrained by resource limitations and the high cost of
organoids culturing, the use of N=1 patient number (IEOs obtained from one patient) was
acknowledged as a limitation in the IEOs-related research. Therefore, further investigation into
inter-person variation is warranted in future studies.

[EOs monolayers and 3D ‘apical-out’ IEOs were established in this Chapter, providing

comprehensive in vitro intestinal models for investigation of drug delivery systems. IEOs
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monolayers present a 2D structure which facilitates the quantification of transport of delivery
systems across epithelium, while 3D apical-out IEOs mimic the nature tissue morphology but
compromise direct quantification of transport. Combining the strengths of both these models
in future research has the potential to yield a more relevant in vitro epithelial model. Technical
approaches to produce 3D architectures for the monolayers (including photolithography, soft-
lithography, 3D printing and microfluidics) have been developing in recent years [414]. It has
been revealed that 3D architectures strongly affect cell proliferation, differentiation, and
metabolism [414]. Scaffolds reproducing intestinal villi based on a combination of molding
techniques were used for Caco-2 cells culturing to develop a 3D intestinal epithelial model
[415]. This model showed more similarity to human native small intestine compared with 2D
Caco-2 monolayers in drug transport studies, and the TEER was closer to that physiologically
observed in tissue [416]. Moreover, the Caco-2 cells grown on 3D collagen scaffolds have been
found to produce more differentiation markers and mucins (MUC17) compared with 2D Caco-
2 monolayers [417]. Scaffolds in synthetic materials like PLGA has been developed to support
the co-culture of Caco-2 cells and HT29-MTX cells, and this system promote differentiation
and spatial organization of intestinal cells [417]. The aim of these technologies was to transition
2D Caco-2 monolayers into 3D structures, and this same concept and technology can be
extended to IEO monolayers which consist of multiple cell types. 3D architecture provides a
more natural and realistic structure as nature tissues. In this context, 3D printing was also
applied to develop a 3D model of intestinal tissue with two printed layers: a supporting layer
of intestinal fibroblasts and an epithelial layer with epithelial cells (which can be IEOs
monolayers). This model could recapitulate some key features of native tissue like
differentiation markers secretion and tight junction establishment [418]. Recently, studies
focused on scaffolds reproducing not only villus, but also crypt architectures were reported

[419]. The system was integrated into two inserts with opposite growth factors: proliferative
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factors in the basal reservoir to maintain the growth of crypts; and the differentiation factors in
the upper compartment to promote villi differentiation [419]. In addition to 3D architectures,
the ‘gut-on-chip’ was also introduced to build a more accurate in vitro model of intestine. ‘gut-
on-chip’ was one of the concepts of ‘organ-on-chip’ which is defined as “microfluidics devices
for culturing cells in continuously perfused, micrometer sized chambers in order to model
physiological function of tissues and organs” [420]. This ‘gut-on-chip’ system could reproduce
the dynamic mechanical stimulation created by shear stress from lumen, and the flow of
intestinal fluids, which simulates the real digestion process. A co-culture system of Caco-2 cells
with normal microbes on a chip was used to simulate complicated microbiome-immune
interaction in IBD. The blood mononuclear cells were included in the lower channel to simulate
the immune compartment, and the introduction of endotoxin to lumen could induce pro-
inflammatory cytokines secretion and lead to dysfunction of epithelial barrier, which mimics
the inflammation-induced damage [421]. Therefore, by integrating IEOs monolayers onto these
bioengineered 3D structures which incorporate dynamic forces, homeostasis, and more key
features of tissues, these in vitro intestinal epithelial models are able to mimic closer to the

physiological and representative aspects of human native tissue.

4.4.5. In vitro transfection efficiency of siRNA-loaded mEVs

To establish whether mEV's could serve as potential systems for siRNA delivery, siRNA was
loaded into the vesicles via electroporation. The optimized loading efficiency of siRNA into
mEVs was calculated as 5.10 = 0.55% (details in Section 3.3.2.3.). The gene silencing
efficiency of siRNA loaded-mEVs was then evaluated on macrophages (J774A.1), given that
macrophages in the lamina propria (i.e. under the epithelium) play a key role in inflammatory
response in IBD [422] and therefore are a potential target of interest in IBD, achieved by a

delivery system that permeates the intestinal barrier, such as mEVs. A model ‘housekeeping’
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protein, GAPDH, was selected as a target for knock-down as it represents a commonly chosen
target for these studies, and the GAPDH activity was measured by KDalert™ GAPDH Assay
Kit to determine gene silencing [208, 423]. This GAPDH Assay Kit relies on fluorescence-
based method (the conversion of NAD" to NADH by GAPDH) for measuring the enzymatic
activity of GAPDH produced by cells, therefore it enables the assessment of GAPDH
expression and the efficacy of its knockdown at the protein level. Though quantifying mRNA
via qPCR is a more direct method (siRNA targets mRNA), the low stability of mRNA and the
lack of appropriate equipment in lab necessitated our choice to measure the protein level, which
offers greater stability and functional relevance [424]. The gene silencing efficiency of GAPDH
siRNA-loaded mEVs in macrophages is shown in Figure 4-11. 0.05 mg/mL GAPDH siRNA
loaded-mEVs (corresponding to 0.010 nmol/mL loaded siRNA) possessed around 50%
silencing efficiency (48 h post-transfection), which was significantly higher than siRNA
transfected with a commercial transfection reagent (~5% silencing efficiency) and negative
control (siRNA alone). The lack of dose dependency with siRNA-loaded mEVs (by
electroporation) may be attributed to a complex cell response to EVs at various doses and up-
regulated lysosomal activity associated with high doses [425]. The low transfection efficiency
of the commercial reagent observed here may be attributed to its varying efficacy across
different cell types. Despite adherence to the manufacturer’s protocol regarding reagent
concentration and experimental conditions, further optimization may be required for specific
cell types and target nanoparticles. Previous research has demonstrated that some synthesis
nanoparticles such as those modified with PEG, can outperform transfection reagents in the
delivery of siRNA, leading to more effective gene silencing [426]. In addition, the decoration
of transfection reagents, such as adding diINF-7 fusogenic peptide to Lipofectamine™, could
significantly promote the escape of siRNA from endosomes, resulting in greater gene silencing

[427]. EVs are known to facilitate efficient endosomal escape via fusing with the membrane of
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endosomes/lysosomes in an acidification-dependent manner, leading to the release of EVs
cargo to the cell cytosol [428, 429], and the cargo release efficiency is reported to be
significantly higher, by an order of magnitude, compared to that from lipid nanoparticles [430].
Investigating the correlation between gene silencing efficiency and endosomal escape is
valuable to be investigated in future studies. This can be assessed using a variety of techniques
such as fluorescent labelling assays (with super-resolution microscopy), leakage assays or
membrane lysis assays, providing insights into the mechanisms by which nanoparticles

facilitate endosomal escape, directly impacting the efficacy of gene silencing [431, 432].
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Figure 4-11. Expression levels of GAPDH in macrophages transfected with siRNA-loaded milk
extracellular vesicles (mEVs) or siRNA with a commercial transfection reagent (TR), compared
with siRNA alone. mEVs concentrations were 0.08, 0.05 and 0.02 mg/mL corresponding to the siRNA
concentration of 0.016, 0.010 and 0.004 nmol/mL. Data are presented as mean + SD (n=3). ** indicates

p <0.01 compared with siRNA+TR and siRNA alone group.

4.5. Conclusion

The work in this Chapter confirms that mEVs are highly competent at transporting across the
human intestinal epithelium and this property is not compromised by their treatment in

intestinal fluids (hence indicating stability). Significantly, the work introduced a novel
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approach by utilizing human-derived IEOs as an intestinal epithelium model for the first time
to investigate the intestinal permeability of mEVs. To overcome the obstacles associated with
typical Matrigel-cultured IEOs (basal-out) application, two advanced models were developed:
apical-out IEOs and IEO monolayers, which facilitate easy investigation and quantification of
mEVs transport. The permeability observed across these intestinal epithelial models
demonstrates the potential of mEVs as nanocarriers for delivering biotherapeutic cargo, such
as siRNA, which would otherwise have poor permeability. Furthermore, these two user-
friendly IEOs models can find valuable applications in assessing the intestinal permeability of
various drug delivery systems. The efficient induction of gene silencing in macrophages by
siRNA loaded-mEVs, as well as a clearly efficient ability to permeate the intestinal epithelium
indicates the therapeutic potential of mEVs as carriers. In our recent publication, the in vivo
study showed that administration of anti-TNFa siRNA-loaded mEVs reduced inflammation in
a rat model of IBD [433]. Therefore, mEVs could act as safe systems of natural origin that
could enable oral delivery of nucleic acid therapies, such as siRNA, or inform the design of

synthetic delivery systems for such applications.
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5.1. Introduction

mEVs exhibit some desirable properties to serve as potential carriers for oral delivery of siRNA
based on their safety, stability and ability to permeate the intestinal epithelium (Chapter 4).
However, one of the key impediments to the clinical development of mEVs for siRNA delivery
is the current lack of non-destructive methods for efficient loading of siRNA. In Chapter 3,
several approaches for siRNA loading into mEVs were investigated, including the widely used
electroporation method, with which we achieved a modest (~5%) loading efficiency; the use
of transfection reagents, which showed up to ~25% efficiency; and saponin-mediated loading
which demonstrated only ~2% efficiency. Therefore, these are all inefficient for siRNA loading
and, in addition, are associated with further issues such as a potentially compromised biological
activity (including their function as transport shuttles) of mEVs. Importantly, a successful

siRNA response was observed despite the low loading efficiency in mEV's via electroporation
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in Chapter 4. Therefore, there is an opportunity to improve the therapeutic response of siRNA -
loaded mEVs through increasing loading efficiency.

To address these challenges, innovative strategies have been developed to improve the cargo
(siRNA)-loading efficiency of mEVs. A promising approach is to achieve cargo loading
through the fusion of mEVs with drug-loaded or drug-associated liposomes. Such hybrid
systems (also termed ‘hybridosomes’) potentially merge the advantages of both mEVs and
liposomes and overcome the poor siRNA loading of mEVs through the inclusion of cationic
lipid(s) to facilitate complexation with or ‘loading’ of nucleus acids. Importantly, EVs may
possess the potential for targeting macrophages, also contributing to the advantages of
hybridosomes for siRNA delivery in IBD. EVs derived from serum have been observed to be
specifically taken up by macrophages, rather than other phagocytes such as neutrophiles,
through interactions with lectin receptors, scavenger receptors, Fc receptors, and adhesion
molecules on the macrophage surface, potentially facilitating EVs endocytosis [434, 435]. In
vivo studies also demonstrate that the predominant accumulation of mEVs in liver and spleen
depends on the presence of resident macrophages in these tissues [291], and this targeted
accumulation is disrupted when proteins on the mEV's surface are removed with trypsin before
oral administration [436]. While the specific targeting of mEVs to macrophages and the
underlying mechanisms warrant further investigation, insights from previous studies suggest a
potential for mEVs to be preferentially taken up by macrophages, which is beneficial for the
delivery of anti-TNFo siRNA in IBD, potentially enabling the downregulation of pro-
inflammatory cytokines.

In this chapter, we report the fabrication of a new EV-liposome hybrid system for oral delivery
of siRNA. The systems are engineered from the fusion by different methods and optimised
ratios of mEVs and cationic liposomes. mEVs were selected for this application based on their

highly desirable properties for oral drug delivery. The hybrid nanovesicles were found to
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demonstrate superior stability in small intestinal simulated fluids compared to liposomes from
which they originate (and similar to native mEVs), efficient association with/loading of siRNA
and reduced cytotoxicity compared to cationic liposomes. Crucially, these formulations retain
the intestinal epithelial barrier-crossing ability of native mEVs and induce efficient gene
silencing in macrophages. Additionally, it was found that anti-TNFa siRNA loaded-hybrids
delivery systems were able to downregulate TNFa and relieve inflammation in an in vitro co-

culture model of intestinal inflammation.

5.2. Study Objectives

This Chapter aims to fabricate mEV-liposome hybrid nanovesicles for oral delivery of siRNA

and investigate their potential as a therapeutic approach for IBD.

The objectives of this Chapter are:

1. To fabricate mEV-liposome hybrid nanovesicles (hybridosomes) via various fusion
techniques to achieve high siRNA loading efficiency.

2. To investigate the stability in simulated intestinal fluids, permeability across intestinal
epithelium and cytotoxicity of hybridosomes.

3. To evaluate the gene silencing of siRNA-loaded hybridosomes in a macrophage cell line.

4. To establish an in vitro co-culture model of intestinal inflammation and evaluate the effect

of anti-TNFa siRNA-loaded hybridosomes on inflammatory response.
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5.3. Methods

5.3.1. Development of siRNA-loaded hybridosomes by PEG-mediated fusion

5.3.1.1. Preparation of liposomes

Liposomes were prepared from the following lipids: 1,2-dipalmitoyl-sn-glycero-3-
phosphocholine (DPPC); 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE); 1,2-
distearoyl-sn-glycero-3-phosphoethanolamine-N-(7-nitro-2-1,3-benzoxadiazol-4-yl)

(ammonium salt) (NBD-DSPE); and 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-
(lissamine rhodamine B sulfonyl) (ammonium salt) (Rho-PE), with the molar ratio of
67%:30%:1.5%:1.5% [306]. All lipids were dissolved in chloroform and the preparation
procedure of liposomes was conducted in the same way as that mentioned in General Methods

Section 2.2.3.

5.3.1.2. Preparation of hybridosomes by PEG-mediated fusion

Liposomes and mEVs were mixed in a 1.5 mL Eppendorf tube, with the total volume of
reaction mixtures of 500 pL (PBS buffer). The final concentration of added PEG-8000 ranged
from 2.5% to 30% (w/v). Various ratios of liposomes to mEVs (w/w), as well as incubation
temperatures and times, were employed to optimise (increase) the fusion efficiency. Fusion was
determined by a FRET based-assay (described at the Results and Discussion Section) and the

fusion efficiency was normalized using the following Equation 5-1 [306]:

NBD fluorescence increase (%) = [NBD — Min(NBD)]/[Max(NBD) — Min(NBD)] (5-1)
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Where the Min(NBD) is the lowest NBD fluorescence signal value form all time points, and
the Max(NBD) is the NBD fluorescence signal when the fusion reaction was stopped by the
addition of 10 pL n-Dodecyl-f-D-maltoside (DDM) to solubilize all liposomes (therefore NBD

is free without FRET).

5.3.1.3. Transport and uptake of PEG-fused hybridosomes in Caco-2 monolayers

The comparison of transport and cell uptake of mEVs, liposomes and PEG-mediated
hybridosomes in Caco-2 monolayers was tested following the same steps as General Methods
Section 2.2.5.2, where the concentration of mEVs and liposomes samples was 0.05 mg/mL
(concentration of protein and lipids, respectively), and hybridosomes (with the ratio of
liposomes:mEVs 1:9) was 0.045 mg/mL (concentration of protein). mEV's sampled basolateral
solution were quantified by fluorescence using a plate reader (excitation 565 nm; emission 615
nm). Liposomes and hybridosomes were quantified by Rhodamine fluorescence with excitation

wavelength of 530 nm and emission wavelength of 588 nm.

5.3.2. Preparation of hybridosomes by freeze-thaw mediated fusion

5.3.2.1. Preparation of cationic liposomes

Cationic liposomes were prepared using the following lipids: N',N'-dioctadecyl-N-4,8-diaza-
10-aminodecanoylglycine amide (DODAG), 1,2-Dioleoyl-sn-glycero-3-
phosphocholine (DOPC), cholesterol, 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-
[methoxy(polyethylene glycol)-2000] (ammonium salt) (18:0 PEG2000 PE), 1,2-distearoyl-
sn-glycero-3-phosphoethanolamine-N-(7-nitro-2-1,3-benzoxadiazol-4-yl) (ammonium
salt) (NBD-DSPE) and 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-(lissamine
rhodamine B sulfonyl) (ammonium salt) (Rho-PE). All lipids were dissolved in chloroform

except, DODAG, which was dissolved in a mixture of chloroform/methanol (1:1; v/v).
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DODAG was prepared as before [437]. All the lipids were added to a round bottom flask with
the molar ratio of 20:57:20:1:1:1 or 50:27:20:1:1:1 for DODAG:DOPC:cholesterol:PEG2000
PE:NBD-DSPE:Rho-PE. The following preparation procedure of liposomes was conducted in

the same way as that mentioned in General Methods Section 2.2.3.

5.3.2.2. Preparation of siRNA-loaded liquid nitrogen (LN2) freeze-thaw

hybridosomes

mEVs were mixed with liposomes at different ratios (w/w) and the mixtures were frozen in
liquid nitrogen (LN2) and thawed by sonication at 37 °C for ~5 minutes; the cycle was repeated
10 times. After preparation of positively charged LN2 freeze-thaw hybridosomes, negatively
charged siRNA (0.1 nmol/150 pg hybridosomes) was added and incubated at 37 °C for 20 min
to form siRNA-loaded LN2 hybridosomes. After encapsulation of siRNA into hybridosomes,
the unencapsulated siRNA was removed by centrifugal ultrafiltration with 100 kDa Amicon
Ultra-0.5 Centrifugal Filter Unit (Merck, Dorset, UK) by four sequential centrifugations for 10
min each at 10,000 x rpm. 500 uL of HEPES buffer was added between each spin to wash the
remaining unencapsulated siRNA. After the recovery of siRNA encapsulated-hybridosomes,
the unencapsulated Cyanine 5 fluorescent siRNA in HEPES buffer was quantified by plate
reader with Ex/Em: 640 nm/676 nm. The encapsulation efficiency of Cyanine 5 fluorescent

siRNA into hybridosomes was calculated by Equation (5-2):

amount of added siRNA — amount of unencapsulated siRNA
amount of added siRNA

% encapsulation ef ficiency = 100 X

6-2)

5.3.2.3. Preparation of siRNA-loaded -80°C freeze-thaw hybridosomes

37.5 ng cationic liposomes in 250 uL. HEPES buffer were mixed with 0.15 nmol siRNA and

incubated at 37 °C for 20 minutes. Thereafter, different amounts (protein content) of mEVs:
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9.4 ng (liposomes:mEVs 4:1 (w/w)), 18.8 pug (liposomes:mEVs 2:1), 75 ug (liposomes:mEVs
1:2), 112.5 pg (liposomes:mEVs 1:3), 150 pg (liposomes:mEVs 1:4) and 187.5 ng
(liposomes:mEVs 1:5) in 250 uL. HEPES buffer were added into the siRNA-loaded liposomes
and incubated at room temperature for 30 min. Then, the mixtures were frozen at -80 °C and
thawed at 37 °C (incubator) for ~10 minutes. The cycle was repeated 5 times and fusion was
established by the FRET assay. After preparation of siRNA-loaded -80 °C freeze-thaw
hybridosomes, unencapsulated siRNA was removed, and encapsulation efficiency was
calculated as mentioned at Section 5.3.2.2. The size, PdI and surface charge (Zeta-potential) of

liposomes and hybridosomes were measured by Malvern Zetasizer (Malvern, UK).
5.3.3. Toxicity assay of mEVs, liposomes and hybridosomes

The 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-
tetrazolium (MTS) assay (CellTiter 96® AQueous One Solution Assay, Promega, Madison, WI,
USA) was used to evaluate the toxicity of mEVs, liposomes and hybridosomes in
undifferentiated Caco-2 cells. Briefly, Caco-2 cells were seeded on 96-well plates at 10°
cells/mL (100 pL/well) and cultured at 37°C/5% CO: atmosphere for 24 h. Thereafter, mEVs,
liposomes and hybridosomes were suspended at different concentrations in Opti-MEM
medium, and the culture medium of Caco-2 cells was replaced with these samples. Opti-MEM
medium was used as a negative control group and Triton X-100 (1% v/v in Opti-MEM medium)
as a positive control. After incubation with samples and controls for 4h or 48 h, Caco-2 cells
were washed with PBS and 100 pL/well of opti-MEM medium was added, followed by 20
puL/well of MTS reagent and incubated for 4 h at 37°C/5% CO2 atmosphere. After incubation,
the absorbance at 492 nm was measured by a plate reader. The relative metabolic activity (%)

was calculated using Equation (5-3):

S-T
% Relative metabolic activity = 100 X B

lank — T G=3)
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where S is the absorbance of samples, T is the absorbance of Triton X-100, and Blank is the

absorbance of the blank (culture medium) group.

5.3.4. Stability of hybridosomes in simulated intestinal fluids

FaSSIF and FeSSIF were prepared according to the manufacturer’s instructions. The intestinal
digestion process was simulated as follows: 100 uL of mEVs, liposomes and hybridosome
suspensions at 1 mg/mL protein or lipid concentration were incubated in 400 pL of SIFs at
37°C with light shaking for 1.5 hours. After digestion, nanoparticles were recovered via
centrifugal ultrafiltration with 100 kDa Amicon Filter Unit by four sequential centrifugations
for 10 minutes each at 10,000 x rpm. 500 pL of HEPES buffer was added between each spin
to wash off the remaining debris from the digestion solutions. Finally, digested nanoparticles
were resuspended in 200 uL HEPES and used for downstream characterization.

To determine the membrane stability of mEVs, liposomes and hybridosomes following in vitro
digestion, we used DPH as a fluorescent probe that is highly fluorescent in a lipid environment
(such as that of mEVs, liposomes or hybridosome membranes), but is associated with a
significant loss of fluorescence signal when present in an aqueous environment [438]. DPH
was dissolved in dimethylformamide (DMF) to form a stock solution. Nanoparticles were
diluted to a concentration of 0.50 mg/mL (protein and/or lipid concentration) and stained with
2.3 uM of DPH by incubating for 40 minutes at room temperature under gentle shaking in the
dark. SSIFs were prepared as described above, and 100 pL of stained sample suspensions were
exposed to SSIFs for 1.5 h in the dark at 37°C under gentle shaking. Thereafter, stained
nanoparticles were recovered by ultrafiltration and resuspended in HEPES buffer as mentioned
above. The fluorescence signal of the recovered nanoparticles was measured by a plate reader

at excitation and emission wavelengths of 360 nm and 430 nm, respectively. Control
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experiments were carried out under the same conditions, with replacement of SSIFs by PBS

buffer (negative control) and SDS (1% w/v) as a known membrane-disrupting agent.

5.3.5. Transport of siRNA-loaded mEVs and hybridosomes across Caco-2 monolayers

To determine the transport of siRNA loaded-mEVs and siRNA-associated hybridosomes, 500
uL of fluorescent (Cy5) siRNA (ALLSTARS NEG. SIRNA AF 647, Qiagen, MD, USA) alone,
and siRNA loaded-mEVs (using electroporation), siRNA-associated LN2 freeze-thaw
hybridosomes, and siRNA-associated -80°C freeze-thaw hybridosomes at 0.05 mg/mL
concentration were added to the apical side of Caco-2 monolayers for 3 h. The culture of Caco-

2 monolayers and transport process were the same as that detailed in Section 2.2.5.2.

5.3.6. Transfection efficiency of GAPDH siRNA-loaded mEVs and hybridosomes in

Caco-2 cells and macrophages

Caco-2 cells were seeded at 3000 cells/well (96-well plate) and cultured for 48h prior to
transfection. GAPDH siRNA-loaded mEVs, hybridosomes, and liposomes were diluted to 0.08
mg/mL and 0.05 mg/mL with Opti-MEM Medium and incubated with cells for 48 hours at
37 °C and 5% CO2 atmosphere. After incubation, GAPDH activity was measured by the
KDalert™ GAPDH Assay Kit according to the manufacturer’s instructions. Negative siRNA
loaded-nanoparticles were applied as a negative control group, and GAPDH siRNA transfected
with a commercial transfection reagent (X-tremeGENE™ 360 Transfection Reagent, 2.5 pl/mL)
was applied as a positive control group. The % remaining GAPDH gene expression was
calculated using Equation (5-4):

Afluorescence of GAPDH
A fluorescence of Negative

% remaining expression = 100 X (5-4)

Where Afluorescence of GAPDH and Afluorescence of Negative are fluorescence increases

within 4 min for samples and negative control group, respectively.
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To evaluate the transfection efficiency of delivery systems in macrophages, J774A.1
macrophage cells were seeded on 96-well plates at 5000 cells/well and cultured for 24 hours to
~50% confluence. GAPDH siRNA loaded-hybridosomes (LN2 freeze-thaw formulation) and
siRNA loaded-liposomes (150 pg of cationic liposomes mixed with 0.1 nmol siRNA at 37 °C
for 20 min), were diluted to 0.05 mg/mL and 0.02 mg/mL with Opti-MEM medium and
incubated with cells for 5 hours at 37 °C and 5% CO: atmosphere. Thereafter, the samples were
replaced with the cell culture medium and incubated for another 43 hours. GAPDH siRNA
loaded-hybridosomes (-80 °C freeze-thaw formulation) were diluted to 0.08 mg/mL and 0.05
mg/mL with Opti-MEM medium and incubated with cells for 48 hours. After incubation,

GAPDH activity was measured by the same process as in Caco-2 cells.

5.3.7. Effect of anti-TNFa siRNA-loaded mEVs and hybridosomes on inflammation in

an in vitro co-culture model of intestinal inflammation

To develop an in vitro co-culture model of intestinal inflammation, Caco-2 cells were cultured
on 12-well Transwell inserts (3 pm pore size; polycarbonate) for 21 days to differentiate into
monolayers. Macrophages (J774A.1) were seeded on a 12-well plate at a seeding density of 0.5
x 103 cells/mL (1.5 mL/well) and cultured for 24 h. Thereafter, the inserts supporting Caco-2
monolayers were combined with plates seeded with macrophages, and 100 ng/mL LPS was
added to the basolateral sides (i.e. to macrophages) to induce inflammation. After 24 h of
inflammation stimulation, anti-TNFa siRNA-loaded formulations (including 0.05 mg/mL
mEVs, 0.08 mg/mL -80°C freeze-thaw hybridosomes, and 0.05 mg/mL LN2 freeze-thaw
hybridosomes) were added to the apical side (i.e. Caco-2 monolayers). The same
concentrations of formulations loaded with negative siRNA were applied as negative controls.

At the same time, 0.05 mg/mL untreated isolated mEV's without siRNA were also added to the
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apical side to evaluate the efficiency of inflammation relief. Cells exposed to the same cell
conditions but without the addition of formulations were used as control groups to monitor the
inflammation induction from macrophages by LPS (‘blank with LPS group’) and without LPS
(‘blank without LPS group’). The samples (100 puL per well) were collected from basolateral
sides at 0 h, 24 h, and 48 h after adding the formulations and replaced with 100 uL of fresh
culture medium. TNFa in the collected samples was quantified using a RayBio® Mouse TNF-
alpha ELISA Kit (RayBiotech Life, Inc. Peachtree Corners, GA, USA) according to the

manufacturer’s instructions.

5.4. Results and Discussion

5.4.1. Development of siRNA loaded-hybridosomes via PEG-mediated fusion

PEG has previously been applied to facilitate cell-cell membrane fusion based on the
mechanism of dehydration and promoting close contact of lipid bilayer structures [439, 440].
Briefly, PEG is a swollen and highly hydrated polymer which is excluded from a region near
the lipid bilayer based-vesicle surfaces [441]. This results in a creation of a region involving
high-activity water, which is an unfavorable thermodynamic state. Consequently, the vesicles
will tend to aggregate to reduce the area containing high-activity water [441]. Therefore, this
osmotic pressure drives bilayers into close contact and fusion happens under suitable
conditions of temperature and incubation time.

We initially synthesized the liposomes using the formulation of DPPC:DOPE:NBD-
DSPE:Rho-PE in a molar ratio of 67%:30%:1.5%:1.5%. This formulation was derived from a
previous report where it had been successfully applied for fusion with EVs [306]. The
liposomes exhibited a size of 142.3 £ 2.4 nm, along with a desirable PdI of 0.125 + 0.042,

which indicated a favourable diameter and a good level of particle polydispersity.
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In order to monitor the fusion of liposomes with mEVs, fluorescence resonance energy transfer
(FRET) assay was applied here (Figure 5-1). Briefly, two types of fluorescent lipids: NBD-
DSPE (Excitation wavelength/Emission wavelength (Ex/Em): 460nm/530nm) and Rho-PE
(Ex/Em: 530nm/588nm) were introduced into the liposomes. Upon excitation at 460 nm of
NBD-DSPE, part of their emission light (530 nm) would be absorbed by Rho-PE as excitation
light to emit at 588 nm. Therefore, when the distance between NBD-DSPE and Rho-PE is
increased, which would happen upon membrane fusion with mEVs, the emission fluorescence
intensity at 530 nm of NBD-DSPE would be increased and the fluorescence intensity at 588

nm of Rho-PE would be decreased.

i mEVs .
Liposomes Hybridosomes
FRET NO FRET
Ex: 460 nm Ex: 460 nm Em: 530 nm
—9 e J
NBD-DSPE NBD-DSPE
Rho-PE Rho-PE

Figure 5-1. Schematic of fluorescence resonance energy transfer (FRET)-based lipid mixing assay

to monitor the fusion of liposomes with bovine milk extracellular vesicles (mEVs).

To increase the fusion efficiency of liposomes with mEVs, various factors which could
potentially affect the fusion process were subjected to optimisation. The effects of PEG-8000
presence and the ratio of liposomes to mEVs on fusion were investigated first. As shown in
Figure 5-2A, without PEG-8000, the fusion of liposomes with mEVs at different ratios was

largely absent (no NBD fluorescence increase). In contrast, in the presence of 15% (w/v) PEG-
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8000, a significant increase of the NBD fluorescence signal was observed when the ratio of
liposomes to mEVs amounted to 1:9. This indicates an efficient fusion between liposomes and
mEVs at this ratio (Figure 5-2B). In the optimization process, the liposome control group,
which serves as the source of fluorescence, was excluded due to the negligible impact of the
experimental conditions on the inherent fluorescence of the liposomes themselves [306]. The
size of hybridosomes obtained under this fusion condition was larger than 1000 nm and the PdI
was exceeded 0.5 (measured by DLS), indicating aggregation of particles. As reported by
previous research, aggregation can be attributed to PEG, since when the final hybridosome
suspension was diluted by 10,000-fold (resulting in a final PEG concentration of 0.001%), the
size of the vesicles was observed to increase only slightly and the aggregation was considered
potentially reversed [306]. Therefore, to investigate the reversibility of our hybridosomes
aggregation, the final solution after fusion was diluted with 1000-fold (with the final PEG
concentration of 0.015%) and 10,000-fold (final PEG concentration of 0.0015%), and their size
distribution was measured by NTA. As shown in Figure 5-3, some particles with sizes
exceeding 300 nm were found in the sample diluted to 0.015% PEG (Figure 5-3A), and these
larger-sized particles were less apparent in the sample diluted to 0.0015% PEG (Figure 5-3B),
which was consistent with the previous report [306]. This result confirmed the reversibility of
the hybridosome aggregation post-fusion, and the key point to address the issue of aggregation

is to reduce/exclude PEG in the final solution.
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Figure 5-2. NBD fluorescence in liposomes (Lipo) after fusion with bovine milk extracellular
vesicles (mEVs) using different ratios of Lipo:mEVs (w/w) in the absence (A) and presence (B) of

15% (w/v) PEG-8000 in solution. Data shown as the mean + SD (n = 3).
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Figure 5-3. Nanoparticle Tracking Analysis (NTA) analyze of hybridosomes fused by liposomes
with bovine milk extracellular vesicles (mEVs) using the ratio of Liposomes:mEVs with 1:9 (w/w)
in presence of 15% (w/v) PEG-8000 in solution. Final hybridosomes samples were diluted by 1000-
folds (with the final PEG concentration of 0.015%) (A) and 10,000-folds (with the final PEG

concentration of 0.0015%) (B).

To address the aggregation in the final hybridosome suspension we applied sonication.

However, despite prolonged sonication (exceeding 30 minutes), the size of the hybridosomes
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remained above 800 nm. Therefore, while PEG is a clear mediator of fusion between mEVs
and liposomes, it is also the underlying cause of aggregation. Employing a 0.2 um filter is also
inapplicable here, as it would result in the loss of most target aggregated hybridosomes which
should be collected, and this approach does not effectively remove PEG. Therefore, either
excluding PEG from the final formulation or reducing its concentration is considered as the
key point to address aggregation.

Several methods were attempted to exchange the solution buffer and therefore remove PEG.
Ultrafiltration with 100 kDa Amicon Ultra-0.5 Centrifugal Filter Unit was one of the methods.
This was conducted by four sequential centrifugations for 10 minutes each at 10,000 x rpm,
and 500 pL of PBS was added between each spin to wash off extra PEG. Following the washing
step, the size of the resulting hybridosomes was measured as 272.0 + 0.8 nm with the PdI of
0.282 £ 0.010. The results indicated the effective removal of PEG and a significantly reduction
in hybridosomes size. However, the size of hybridosomes after washing step was still higher
than our target (< 200 nm).

qEV column based on SEC is another technique used in this work to purify hybridosomes and
remove PEG. After the collection of sample fractions, the average size of hybridosomes was

measured as 281.1 + 19.5 nm with PdI of 0.309 + 0.045. This result indicated the lack of

efficiency in removing most/all the PEG through qEV column (SEC). Therefore, the
combination of these two methods (ultrafiltration and SEC) was considered to potentially
remove PEG more efficiently, and the results showed that combining four sequential
centrifugation of ultrafiltration following SEC could reduce the size of hybridosomes to 241.8

+ 3.28 nm with the PdI of 0.267 + 0.003 (significantly smaller than the size of hybridosomes

with SEC purification only). It was considered that this is an acceptable hybridosome size at
this stage, despite being slightly larger than our target size of under 200 nm for oral delivery

system as detailed in Section 3.4.2.3. Particles smaller than 300 nm are still capable of uptake

147



by enterocytes [350], although their transport efficiency may be modestly hindered within the
intestinal mucus [103].

To achieve higher fusion efficiency, various PEG-8000 concentrations, different fusion
incubation time and temperature, and various liposomes to mEVs ratios were optimised
(Figure 5-4). As shown in Figure 5-4A, fusion was scarcely observed, as indicated by the NBD
fluorescence, when PEG 8000 concentrations were 2.5% and 7.5% (with liposomes to mEVs
ratio of 1:9 w/w and incubated at 37°C), while the fusion efficiency was significantly increased
with higher PEG-8000 concentration (15% and 30%). However, with 30% PEG concentration,
the high concentration of PEG residue in the final formulation presented challenges in removal
through the combined purification method (ultrafiltration plus SEC as mentioned above), and
the final size of hybridosomes was measured as 358.9 + 11.3 nm with PdI of 0.416 + 0.006,
indicating existence of aggregations in final formulation.

Different incubation temperature is expected to impact the collision speed of nanoparticles and
may affect the fusion efficiency. In this study, the higher incubation temperature significantly
increased the fusion efficiency during the first 3 hours of incubation (Figure 5-4B). However,
after 12 hours incubation, the fusion efficiency at 37°C incubation was the same as that at 40°C
incubation, which indicated that the longer incubation time may offset the effect of temperature.
Increasing mEV portion in the mixture solution improved the fusion to a certain degree, but
there is no significant difference between the liposome to mEV ratio of 1:9 and 1:15 (Figure
5-4C).

Therefore, the fusion conditions of 15% PEG-8000 at 1:9 (w/w) liposome to mEV ratio under

incubation of 37°C and 12 hours, were chosen for downstream application.
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Figure 5-4. Optimization of fusion conditions of liposomes with bovine milk extracellular vesicles
(mEVs). (A) Different PEG-8000 concentrations (w/v) in the mixture solution with liposomes to mEVs
ratio of 1:9 (w/w) incubated under 37°C. (B) Different fusion incubation temperatures with liposomes
to mEVs ratio of 1:9 (w/w) and 15% PEG 8000 in mixture solution. (C) Different liposomes (Lipo) to
mEVs ratios with incubation temperature of 37°C and 15% PEG 8000 in solution. RT: room temperature.

Data shown as the mean = SD (n = 3).

It is important to note here that the fusion was monitored by the percentage change of NBD
fluorescence, which relies on the distance of lipids in liposomes. Consequently, a higher mEV
proportion for fusion would lead to a greater distance of these lipids, resulting in a seemingly
“higher” fusion efficiency. However, it became evident that these changes in percentage of
NBD fluorescence did not accurately represent the true fusion efficiency. Therefore, the aim of
hybridosome fabrication is to harness the benefits of both mEVs and liposomes effectively
instead of pursuing “higher” fusion efficiency, and a balance should be kept with adjusting the
hybridosomes’ composition such as higher liposomes proportion to attain a positive surface
charge and maintaining a specific percentage of mEVs to ensure the permeability through
intestinal epithelium. In subsequent investigations, the fluorescent changes of NBD and
Rhodamine were chosen instead of the NBD fluorescence signal increasing percentage to
monitor the fusion process (confirm the fusion happened). The optimisation of hybridosome

formulation should also be based on the physiochemical properties of the resulting systems
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such as size, surface charge, the encapsulation efficiency for siRNA, and their bioactivities
including the stability in intestine and permeability through intestinal epithelium, etc.

The transport of PEG-mediated hybridosomes across Caco-2 monolayers was investigated to
evaluate if the hybridosomes could retain the permeability from mEVs. As shown in Figure 5-
5A, the transport of mEVs was significantly higher than that of liposomes and hybridosomes,
where approximately 5% of mEVs could transport through the monolayers after 3-hour
incubation. The intestinal permeation of hybridosomes is higher than that of liposomes (~ 1%
versus 0% after 3-hour incubation), which indicated the remaining bioactivity from mEVs in
the systems. However, the lower transport percentage compared with mEVs alone indicated
that the bioactivity of mEVs in hybridosomes was somewhat compromised upon fusion with
liposomes. Figure 5-5B showed the Caco-2 cell uptake of mEVs, liposomes and hybridosomes,
where there was no significant difference among them. The considerable variability in mEVs
uptake may be attributed to the heterogeneity of mEVs isolated from different batches, as

discussed in Section 3.4.1.2.
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Figure 5-5. Transport and uptake of milk extracellular vesicles (mEVs), liposomes and
hybridosomes mediated by PEG-8000 in intestinal Caco-2 monolayers. (A) Transport across
differentiated Caco-2 monolayers. (B) Uptake in differentiated Caco-2 cells (3-hour incubation). Data
shown as the mean + SD (n=4). * in blue indicates p < 0.05 between mEVs and the other two groups, *

in red indicates p < 0.05 between hybridosomes and liposomes group.

Following the generation of hybridosomes via PEG-mediated fusion, an effort was made to
encapsulate siRNA. However, the high proportion of mEVs in the hybridosomes
(liposomes:mEVs 1:9) resulted in a negative surface charge for the hybridosomes, even with
the introduction of cationic liposomes, such as liposomes formulated with DODAG lipids
(formulation detailed in Section 5.4.2.1). This negative charge of hybridosomes prevented the
association of negatively charged siRNA with the systems via electrostatic interaction.
Therefore, to address this challenge, as well as the PEG-mediated aggregations mentioned
above, alternative fusion methods and formulations to combine mEVs and liposomes should

be explored to develop hybridosomes as siRNA carriers.
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5.4.2. Development of siRNA loaded-hybridosomes by liquid nitrogen (LN2) and -80°C

freeze-thaw cycles

5.4.2.1. Synthesis of cationic liposomes

To prepare cationic liposomes, the cationic lipid N’,N'-dioctadecyl-N-4,8-diaza-10-
aminodecanoylglycine amide, known as DODAG, was introduced. DODAG has a cationic
head group which is same as a commercially available cationic lipid named CDAN, and a
different lipophilic tail which is composed of disteroyl lipidic chains instead of a cholesterol
group (Figure 5-6) [437]. The cationic liposomes mediated by DODAG were found to have
lower in vitro cellular toxicity and higher transfection efficiency of siRNA in different cell lines
[437]. The formulation optimisation of cationic liposomes was carried out using DODAG, and
helper lipids (1,2-Dioleoyl-sn-glycero-3-phosphocholine (DOPC) and cholesterol. The
geometry structure of DOPC lipids is more cylindrical allowing smaller liposomes size [442].
Cholesterol was included due to its property of stabilising lipid layers and protecting the
liposomes from disruption of surface-adsorption of plasma [442]. The aim of including PEG

(18:0 PEG2000 PE) is to increase the polydispersity.

cue
NN
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Figure 5-6. Chemical structure of N' N'-dioctadecyl-N-4,8-diaza-10-aminodecanoylglycine amide

(DODAG) lipid.

Two formulations of cationic liposomes were synthesized in this study. The lipid components
and ratios are shown in Table 5-1. 20% of cationic lipid (DODAG) was applied to form

liposomes initially, but subsequently a higher concentration of 50% DODAG was also included
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to introduce a more positive charge in hybridosomes. NBD-DSPE and Rho-PE were also
applied here to confirm the successful fusion of mEVs with liposomes into hybridosomes. The
characterization of these two formulations is summarized in Table 5-2. With the lipid film
hydration method of preparation of liposomes, both of the low DODAG and high DODAG
liposome formulations showed small sizes (<160 nm) and good polydispersity. The formulation
with a high DODAG concentration (50%) demonstrated a higher surface charge (Zeta-potential
of 43.3 mV) compared with low DODAG formulation, which indicated that increasing the
proportion of cationic lipids resulted in an increased liposome surface charge. Therefore, in
order to introduce more positive charge in hybridosomes to facilitate the association with
negatively charged siRNA, the high DODAG concentration (50%) formulation was used for

downstream application.

Table 5-1. Two formulations of cationic liposomes.

Lipid composition Low DODAG (20%) High DODAG (50%)
(Molar ratio) content liposomes content liposomes
DODAG ¥ 20% 50%

DOPC Y 57% 27%

Cholesterol 20% 20%

PEG2000-PE © 1% 1%

NBD-DSPE 9 1% 1%

Rho-PE © 1% 1%

3 DODAG: N’ N'-dioctadecyl-N-4,8-diaza-10-aminodecanoylglycine amide; » DOPC: 1,2-
Dioleoyl-sn-glycero-3-phosphocholine; ©  PEG2000-PE:  1,2-distearoyl-sn-glycero-3-
phosphoethanolamine-N-[methoxy(polyethylene glycol)-2000] (ammonium salt) (18:0); 9
NBD-DSPE: 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-(7-nitro-2-1,3-
benzoxadiazol-4-yl) ~ (ammonium  salt); ©  Rho-PE: 1,2-dioleoyl-sn-glycero-3-

phosphoethanolamine-N-(lissamine rhodamine B sulfonyl) (ammonium salt).
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Table 5-2. Characterization of cationic liposomes prepared by two formulations.

Parameters Low DODAG (20%) High DODAG (50%)
content liposomes content liposomes

Size (nm) 1589+3.3 145.1 £ 0.89

Pdl ¥ 0.148 + 0.006 0.202 +0.027

Zeta-potential (mV) 31.2+1.00 43.3+0.21

3 Pdl: polydispersity index. Data shown as the mean + SD (n=3).

5.4.2.2. Development of siRNA-loaded liquid nitrogen (LN2) freeze-thaw

hybridosomes

The preparation of novel siRNA-loaded hybridosomes by two separate approaches is shown in
Figure 5-7. Figure 5-7A shows the preparation process of liquid nitrogen (LN2) freeze-thaw
hybridosomes. We initially used a liposome to mEV ratio of 1:4 (w/w) (250 puL 0.075 mg/mL
of liposomes and 250 pL 0.3 mg/mL mEVs). After mixing the liposome and mEV suspensions
and subjecting the mixture to repeated freeze-thaw cycles, the fluorescent signal of NBD-DSPE
increased and the signal of Rho-PE decreased (Figure 5-8), which indicated that the fluorescent
lipids within liposome bilayers were diluted by the fusion with mEVs and the distance of NBD-
DSPE to Rho-PE increased. However, the surface charge (Zeta-potential) of this hybridosome
formulation was measured as negative (-24.8 + 1.81 mV), which could not be used for
electrostatic association with negatively charged siRNA. Therefore, different ratios of
liposomes to mEV's (w/w) were attempted for the preparation of hybridosomes with a positive
charge and a diameter below 200 nm. Table 5-3 shows that when the liposome:mEV ratio
decreased to 1.5:1 and 1:1 the size of hybrid vesicles became larger and when ratio was 1:1,
the Zeta-potential of hybridosomes decreased to negative. Therefore, to obtain a higher mEV

portion in positively charged hybridosomes with an acceptable diameter, we selected the 2:1
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liposome:mEYV ratio as the final ratio to prepare LN2 freeze-thaw hybridosomes. In addition to
size, Zeta-potential and PDI, which were assessed in this study, other nanoparticle
characteristics-specifically the fluidity of hybridosomes-warrant consideration for oral drug
delivery systems in the future study. The fluidity, influenced by the lipid composition resulting
from varying liposome to mEV ratios, could affect their stability and interactions with multiple
biological systems such as barrier penetration [443-445]. Importantly, fluidity affects their
ability to undergo structural transformations that facilitate membrane fusion and disruption,
thereby enabling the release of therapeutic cargo into the cell cytoplasm [446]. Furthermore,
while the hybridosomes retained a spherical shape, the morphology of nanoparticles can also
influence their biological interactions [349].

After preparation of positively charged LN2 freeze-thaw hybridosomes with a liposome:mEV
ratio of 2:1, siRNA was added to the hybridosome suspension and ultrafiltration was applied
to remove unloaded siRNA. The final loading efficiency was calculated as 86.9%. After loading
of siRNA, the diameter of the hybridosome-siRNA complexes increased to 179.8 + 0.85 nm,
and the Zeta-potential was 17.2 + 0.27 mV, which was lower than that of the hybrid vesicles
without siRNA.

A Liquid nitrogen (LN2) freeze-thaw hybridosomes

siRNA loaded-
Liposomes mEVs Hybridosomes siRNA hybridosomes

O +0Q — O

B -80°C freeze-thaw hybridosomes

EV siRNA loaded-
Liposomes SiRNA Lipoplexes eve hybridosomes
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Figure 5-7. Schematic of siRNA loaded-hybridosomes preparation by fusion of bovine milk
extracellular vesicles (mEVs) with cationic liposomes. (A) Preparation of siRNA loaded-liquid

nitrogen (LN2) freeze-thaw hybridosomes. (B) Preparation of siRNA loaded (-80°C freeze-thaw)

hybridosomes.
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Figure 5-8. Relationship between the number of freeze-thaw cycles with fluorescent signal of
liposomes. (A) Fluorescent signal of NBD-DSPE with excitation of 460 nm and emission of 530 nm.
(B) Fluorescent signal of Rho-PE with excitation of 460 nm and emission of 588 nm. The Red line
represents the fluorescent signal of liposomes when they were fused with bovine milk extracellular
vesicles (mEVs) by liquid nitrogen (LN2) freeze-thaw cycles with liposomes:mEVs ratio of 1:4 (w/w),
and the black line represents the fluorescent signal of liposomes alone with the same freeze-thaw

condition. Data shown as the mean = SD (n = 3).

Table 5-3. Characterization of hybridosomes prepared by liquid nitrogen (LN2) freeze-thaw

cycles with different liposome to bovine milk extracellular vesicles (mEVs) ratio (w/w).

6:1 3:1 2:1 1.5:1 1:1 1:4
Size (nm) 193.9+2.8 130.1+1.48 166.4+3.04 2979+537 1488+214 147.6 £ 0.83
PdI? 0.214+0.003 0.203+0.007 0.125+0.089 0.195+0.013 0.639+0.145 0.211+0.016
Zeta-potential (mV) 22.0 + 1.04 20.6 £0.79 21.4+0.40 24.0+0.59 -3.20+£0.61  -24.8+1.81

3 PdI: polydispersity index. Data shown as the mean + SD (n=3).
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5.4.2.3. Development of siRNA-loaded -80°C freeze-thaw hybridosomes

The second approach used the for formulation of siRNA-loaded hybridosomes involved freeze-
thaw cycles at -80 °C (Figure 5-7B). Briefly, negatively charged siRNA was complexed with
cationic liposomes first, then the positively charged lipoplexes were fused with negatively
charged mEVs by freeze-thawing cycles at -80 °C and 37 °C. Unlike LN2 hybrids, with these
formulations the siRNA was introduced prior to hybrid nanovesicle formation, and gentler
freeze-thaw operations (-80 °C freeze and thaw without sonication) were applied to protect the
integrity and bioactivity of siRNA. Upon prior research, it was ascertained that the structural
integrity of siRNA was not compromised after 10 freeze/thaw cycles, which entailed freezing
at -20 °C for 12 hours, followed by a subsequent thaw at 21 °C for 30 minutes, through
measuring by nondenaturing polyacrylamide gel electrophoresis and functional activity assays
[447]. Additionally, the activity of siRNA was preserved following 10 freeze/thaw cycles
(liquid nitrogen to 37 °C water bath) [448]. Therefore, siRNA has demonstrated substantial
resilience to freeze/thaw processes. Although further investigation is recommended to elucidate
the effects of freeze-thaw cycles on siRNA stability, the extant gene silencing activities of
siRNA, as explicated in downstream research shown in Section 5.4.6, corroborate the
maintained stability and integrity of these molecules. Different ratios of liposomes to mEVs
(w/w) were used to optimize this formulation. As shown in Table 5-4, the hydrodynamic
diameter of the hybrids decreased with the decreasing ratio of liposomes to mEVs, and when
the ratio was 1:5, the size was 227.0 nm and the surface charge was -25.2 mV, which we
considered as the most desired system for our application. It is important to recognize that the
adoption of a negative charge on the hybridosomes is deemed suitable in this instance, as the
siRNA has already been encapsulated before hybrids formed within these systems. This
encapsulation negates the necessity for a positive surface charge, such as that characteristic of

LN2 hybridosomes, which would typically be required to associate with the negatively charged
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siRNA. Therefore, the ratio of liposomes to mEVs with 1:5 was used subsequently. The
increase in NBD fluorescence and decrease of Rho fluorescence also confirmed the fusion of
liposomes with mEVs (Figure 5-9). Liposomes control was not measured in Figure 5-9; this is
predicated on stable fluorescence during freeze-thaw cycles as demonstrated at Figure 5-8.
Ultrafiltration was applied to remove unloaded siRNA and the loading efficiency of siRNA
with these systems was calculated as 78.2%. The consistent values of size, Zeta-potential, and
loading efficiency of the hybridosomes produced in each batch suggest a high level of
reproducibility in their formulation. However, even though the fusions via these two methods
have been verified by FRET assay, future studies should aim for a more detailed
characterization of the composition of hybridosomes, such as using nanoflow cytometry to
accurately determine the efficacy of fusion and particle numbers of each vesicle species (mEV's
and liposomes) [449].

Table 5-4. Characterisation of hybridosomes prepared by -80°C freeze-thaw cycles with

different liposomes to bovine milk extracellular vesicles (mEVs) ratio (w/w).

4:1 2:1 1:2 1:3 1:4 1:5
Size (nm) 7218 £61.5 4866730 1499 + 466 552.2+9.7 269.4 + 3.7 227.0+5.3
PdI® 1.000 +£0.00 1.000+0.00 0.900+0.142 0.597+0.001 0.456 +0.013 0.249 + 0.006
Zeta-potential (mV) - - -21.5+0.42 -24.6 £0.21 - -25.2+0.64

3 PdI: polydispersity index. Data shown as the mean + SD (n=3).
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Figure 5-9. Relationship between the number of -80°C freeze-thaw cycles with fluorescent signal
of liposomes when they were fused with bovine milk extracellular vesicles (mEVs) with
liposome:mEVs ratio of 1:5. (A) Fluorescent signal of NBD-DSPE with excitation of 460 nm and
emission of 530 nm. (B) Fluorescent signal of Rho-PE with excitation of 460 nm and emission of 588

nm. Data shown as the mean = SD (n = 3).

5.4.3. Toxicity of mEVs, liposomes and hybridosomes

The toxicity of mEVs, cationic liposomes and hybridosomes in Caco-2 cells was compared, as
determined by the MTS assay. A 4-hour incubation period was evaluated initially. As shown in
Figure 5-10A, no cellular toxicity was observed for all samples within the concentration range
of 0.025 mg/mL — 0.20 mg/mL. Additionally, as the transfection procedure normally requires
a longer incubation period with the samples of 24 — 48 hours [450, 451], cytotoxicity was also
evaluated following 48 h incubation (Figure 5-10B). mEVs with surface charge of -9.1 mV
demonstrated no toxicity in Caco-2 cells at the concentration range of 0.025 — 0.20 mg/mL for
48h incubation. The two types of formulations of hybridosomes also showed no toxicity at
concentration range of 0.025 — 0.10 mg/mL, but demonstrated approximately 40% decrease in
Caco-2 cell metabolic activity at 0.20 mg/mL. Cationic liposomes with surface charge of +43.3

mV showed significantly higher toxicity than mEVs and hybridosomes at 0.10 mg/mL,
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resulting in around 80% decrease in Caco-2 cell metabolic activity. The results demonstrated
that mEVs and hybridosomes are significantly less cytotoxic than cationic liposomes. The
toxicity of cationic liposomes is related to the positive surface charge, as it may interfere with
the membrane function or integrity (known to be membrane active) of cells [452], and could
activate several cellular pathways such as pro-apoptotic and pro-inflammatory cascades [453].
Following the fusion with negatively charged mEVs, the positive charge of cationic liposomes
is neutralized to a certain degree and the cytotoxicity is therefore expected to be reduced as a
result of this phenomenon. It is worth noting the at relative metabolic activity of cells treated
with mEVs and hybridosomes was higher than 100% within the concentration range between
0.025 mg/mL — 0.10 mg/mL (48 h incubation). This could have resulted from a pro cell
proliferation property of mEVs, which has been confirmed in previous reports for intestinal

cells and macrophages [454, 455].
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Figure 5-10. Cellular toxicity of different concentrations of bovine milk extracellular vesicles
(mEVs5s), cationic liposomes, -80°C freeze-thaw hybridosomes and liquid nitrogen (LN2) freeze-

thaw hybridosomes in Caco-2 cells following 4h (A) and 48h (B) incubation. Data shown as the

mean = SD (n = 3).
5.4.4. Stability of hybridosomes in simulated intestinal fluids

Prior to studying the intestinal epithelial cell uptake and transport of novel hybridosome

formulations, we determined their stability in SIFs. We intentionally focused on intestinal
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rather than gastric fluids given that the most appropriate way in which such systems would be
administered orally is via enteric-coated capsules so to ensure that hybridosomes membrane-
associated proteins are protected in the harsh environment of stomach biofluid. Therefore, we
were interested to ascertain if mEV-based hybridosomes maintain a similar stability to mEVs
in SIFs. We used a fluorescence-based assay based on DPH to determine the membrane stability
of hybridosomes in SIFs. This assay has not been previously used in EVs research, but has
been employed to determine the stability of other lipid membrane-enclosed vesicles such as
liposomes [438]. DPH emits fluorescence when positioned in a hydrophobic environment (such
as lipid mEVs membranes) and it was postulated that when the membrane of mEVs is disturbed,
DPH is released into the hydrophilic phase, whereby its fluorescence signal is significantly
reduced. Any decrease in fluorescence of DPH-incorporated mEV's would therefore point to a
probable compromise in mEVs membrane integrity. Figure 5-11 shows the validation of the
DPH assay, demonstrating that its application to all vesicle systems (mEVs, liposomes or
hybridosomes) resulted in an obvious fluorescence, while fluorescence signal was almost

completely absent when DPH was added to a buffer.
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Figure 5-11. Validation of Diphenyl-1,3,5-hexatriene (DPH) with different nanoparticles (NPs),
including bovine milk extracellular vesicles (mEVs), cationic liposomes, -80°C freeze-thaw
hybridosomes and liquid nitrogen (LN2) freeze-thaw hybridosomes. Blank groups only contained
DPH in buffer. NPs were stained with DPH by incubating for 40 minutes at room temperature
under gentle shaking in dark. Data are presented as DPH fluorescence intensity remaining of Black

group compared with NPs group, mean = SD (n=3). ** denotes p < 0.01.

Data in Figure 5-12 reveals that, compared with control (PBS), FaSSIF treatment of mEVs did
not result in a decrease in DPH fluorescence, while FeSSIF-digested mEVs showed a small but
statistically significant loss of fluorescence. Liposome incubation in FaSSIF did not have an
impact on DPH fluorescence, while exposure to FeSSIF led to a dramatic loss of fluorescence
which was notably higher than that of mEVs (and to similar levels as SDS treatment) (Figure
5-12A and 5-12B). The data hence indicates that mEV's are notably more resistant to FeSSIF-
induced solubilization than liposomes (DPH fluorescence decrease by 15% in fluorescence
versus 84%, respectively). Although it is currently not clear why mEVs demonstrate a

significantly higher stability than model liposomes in FeSSIF, one could speculate that it may
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relate to the high cholesterol content of EVs (over 40% mol % in total lipid extracts) compared
to the liposomes employed in this work [456]. From the field of liposome research, cholesterol
is known to modulate liposome stability, via effects on membrane thickness, fluidity and
membrane permeability [457]. Importantly, for hybrid nanovesicles, FeSSIF treatment resulted
in a modest (although significant) reduction of DPH fluorescence with LN2 freeze-thaw
hybridosomes, while there was no decrease in fluorescence with -80°C freeze-thaw
hybridosomes (Figure 5-12C and 5-12D, respectively). The stability difference between the
two formulations is based on their composition of liposomes to mEVs ratio. The ratio of
liposomes:mEVs in -80°C freeze-thaw hybridosomes is 1:5 (w/w) which leads their property
closer to mEVs and shows higher stability, while LN2 freeze-thaw hybridosomes demonstrated

lower stability due to the high portion of liposomes (liposomes:mEVs is 2:1 (w/w)).
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Figure 5-12. Effect of Fasted State Simulated Intestinal Fluid (FaSSIF) and Fed State Simulated
Intestinal Fluid (FeSSIF) on membrane stability of bovine milk extracellular vesicles (mEVs) (A),
cationic liposomes (B), liquid nitrogen (LN2) freeze-thaw hybridosomes (C), and -80°C freeze-
thaw hybridosomes (D). DPH: 1,6-Diphenyl-1,3,5-hexatriene. Sodium dodecyl sulfate (SDS) was
used as a control to solubilize the nanoparticles. Data are presented as DPH fluorescence intensity
remaining compared with PBS control group, mean = SD (n=3). * and ** indicate p < 0.05 and p <

0.01, respectively.
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We have further compared the effect of FaSSIF, FeSSIF, or SDS treatment of the four vesicle
types on their size. We investigated the effect of SIFs on the size of vesicles since the
solubilization of liposomes by the bile salt sodium taurocholate has been shown to involve,
depending on the concentration of bile salts, the insertion and partition of detergent (i.e.,
taurocholate) molecules into the lipid bilayer (at low concentrations), which induces a
measurable increase in the size of the liposomes [458], while at higher detergent concentrations
vesicles start to break up and fragment into mixed bile salt/lipid micelles [458]. The data in
Table 5-5 highlighting that treatment of hybridosomes with FaSSIF did not result in an increase
in particle size, contrary to the outcome with liposomes which demonstrated a statistically
significant increase. FeSSIF induced an increase in the size of hybrid vesicles, with the

magnitude of this increase being in the range between the size increase of mEVs and liposomes.

Table 5-5. Effect of simulated intestinal fluids on particle size of bovine milk extracellular
vesicles (mEVs), -80°C freeze-thaw hybridosomes. liquid nitrogen (‘LN2’) freeze-thaw
hybridosomes and cationic liposomes which were used to fabricate hybridosomes. Vesicles
were treated in simulated intestinal fluids at 37°C for 1.5 hours. Size was determined by

dynamic light scattering (DLS). Data shown as the mean + SD (n=3).

Vesicle type Particle size in different exposure medium (% of control, PBS)
FaSSIF? FeSSIF?) SDS®
mEVs 83.97 (+6.88) 126.55 (£15.49)* 92.52 (+13.05)
-80°C hybridosomes 95.25 (5.64) 169.67 (£18.46)** 91.09 (+4.95)
LN2 hybridosomes 69.91 (x4.4)** 146.59 (£8.9)** 46.4 (+4.93)**
Liposomes 179.09 (+6.39)** 185.42 (£3.39)** 673.56 (+74.8)**

) FaSSIF: Fasted-State Simulated Intestinal Fluids; ® FeSSIF: Fed-State Simulated Intestinal
Fluids; © SDS: 1% (w/v) sodium dodecyl sulfate in PBS. * and ** indicate p < 0.05 and p <

0.01, respectively, with comparisons made between vesicle size in PBS and other media.
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The moderate increase in DPH fluorescence intensity upon the exposure of LN2 hybridosomes
in FaSSIF and —80 °C hybridosomes in FeSSIF may relate to the effect of SIF components on
the membrane orientation of DPH [459], instead of particle aggregation. Our data show that
there is no relationship between changes in DPH fluorescence and changes in particle size
following digestion in these fluids (Table 5-5), with FaSSIF inducing a decrease in the size of
LN2 hybridosomes and —80 °C hybridosomes increasing in size following FeSSIF treatment,
whilst an increase in DPH fluorescence was seen in both scenarios. Future evaluation of the
effect of SIFs on these particles should employ additional biophysical techniques (e.g.,
turbidity measurements and small angle neutron scattering) or imaging (electron microscopy).
Although the biological activity of mEVs and mEV-liposome hybrids needs to be confirmed
following digestion, our work overall indicates that these systems are more resistant than
liposomes to intestinal fluids rich in bile salts such as FeSSIF. This is important as other
synthetic lipid nanoparticle drug delivery systems have been shown to possess poor stability in

FeSSIF [208].

5.4.5. Transport of siRNA-loaded mEVs and hybridosomes across Caco-2 monolayers

To evaluate the intestinal epithelial delivery potential of hybridosomes, fluorescent Cy5 siRNA
was loaded via LN2 freeze-thaw and -80°C freeze-thaw process as mentioned above, and the
systems were compared with siRNA electroporated-mEVs (Figure 5-13), as well as siRNA
alone. There was a gradual accumulation of siRNA in the basolateral side in all conditions,
however, transport of both hybridosome formulations generally exceeded that of siRNA alone,
with LN2 freeze-thaw hybridosomes demonstrating higher transepithelial transport compared

to other conditions, including siRNA electroporated-mEVs.
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Figure 5-13. Transport of fluorescent Cy5 siRNA electroporated-bovine milk extracellular vesicles
(mEVs), siRNA loaded- -80°C freeze-thaw hybridosomes, siRNA loaded-LN2 freeze-thaw
hybridosomes, and siRNA alone in differentiated (polarised) Caco-2 monolayers (intestinal
epithelium). Transport percentage was calculated by the fluorescent signal of siRNA. Data shown as
the mean + SD (n=3). ** in blue indicates p < 0.01 between siRNA loaded (-80°C freeze-thaw
hybridosomes) and siRNA alone group, * in green indicates p < 0.05 between siRNA loaded-LN2

freeze-thaw hybridosomes and siRNA alone group.

5.4.6. Transfection efficiency of GAPDH siRNA-loaded mEVs and hybridosomes in

Caco-2 cells and macrophages

The gene silencing efficiency of siRNA-loaded mEVs, hybridosomes and liposomes was
evaluated in Caco-2 cells. A model ‘housekeeping’ protein, GAPDH, was selected as a target
for knock-down as it represents a commonly target for these studies [208, 460]. Two
concentrations of mEVs, hybridosomes, and liposomes (0.08 mg/mL and 0.05 mg/mL
corresponding to protein or lipids concentration) were applied, loaded with 0.05 nmol/mL and

0.03 nmol/mL siRNA, respectively. As shown in Figure 5-14, while siRNA transfected using
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a commercial transfection reagent displayed a significant gene silencing efficiency (~30-50%)
compared with naked siRNA, siRNA delivered by mEVs, hybridosomes and liposomes did not
show obvious gene silencing. In a previous report, sSiRNA mediated gene silencing at mRNA
level was over 80% with lipid-like “lipioid” nanoparticles in Caco-2 cells, and the silencing at
protein level was at the highest level 4 days post transfection [450]. The difference in our results
from this report can be attributed to the surrogate for silencing efficiency, which is the GAPDH
protein, rather than mRNA. However, following a 48-hour transfection period and an additional
48-hour culture period prior to transfection, one would expect that there is cell death due to
prolonged culture, which would lead to inaccurate GAPDH measurement, if the cells are
cultured for another 24-48 hours post transfection. Additionally, the tertiary amine groups in
lipioid nanoparticles from the previous report played a key role in endosomal escape and the
siRNA could be released into the cytoplasm for gene silencing induction [450, 461]. However,
the mechanism of mEV transport across the intestinal epithelium is thought to be endocytosis
based [247] or IgG - FcRn dependent transcytosis (detailed in Section 1.2.3.3) [153, 154],
which would not necessarily guide the mEV based-delivery system to the cytoplasm for siRNA
release in intestinal epithelial cells. In summary, while the low transfection efficiency of mEV-
based delivery systems in intestinal epithelial cells may preclude the use of these delivery
systems to deliver nucleic acid payloads to intestinal epithelial cells, it does not rule out their
usefulness in achieving drug (including siRNA) delivery to the subepithelial tissue, including

immune cells, which are in fact a primary target in IBD.
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Figure 5-14. GAPDH remaining expression in Caco-2 cells transfected by siRNA electroporated-
bovine milk extracellular vesicles (mEVs), siRNA loaded-LN2 freeze-thaw hybridosomes, siRNA
loaded- -80°C freeze-thaw hybridosomes, siRNA loaded-liposomes, siRNA transfected by
commercial transfection reagent (TR), and siRNA alone for 48 h. The concentration of nanoparticles
was 0.08 mg/mL and 0.05 mg/mL corresponding to the siRNA concentration of 0.05 nmol/mL and 0.03

nmol/mL. Data are presented as mean + SD (n=3). ** indicates p < 0.01.

To evaluate the potential of mEVs and hybridosomes for functional biotherapeutic delivery, the
gene silencing efficiency of siRNA loaded-hybridosomes was evaluated in J774A.1
macrophages. We selected this cell line since macrophages in the lamina propria (i.e. under the
epithelium) are known to play a key role in inflammatory response, and therefore are a potential
target of interest in IBD, achieved by a delivery system that permeates the intestinal barrier
[462]. The results showed that the higher concentration of GAPDH siRNA loaded
hybridosomes (0.08 mg/mL hybridosomes corresponding to 0.05 nmol/mL siRNA loading)

prepared via the -80°C freeze-thaw method produced approximately 40% gene silencing,
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which was significantly higher than that of corresponding siRNA alone and comparable to that
achieved by a commercial transfection reagent (TR). Similarly, 0.05 mg/mL GAPDH siRNA
electroporated-mEVs (corresponding to 0.03 nmol/mL siRNA loading) showed a higher gene
silencing efficiency (~50%) than siRNA alone and also siRNA delivered with a commercial
TR (~5% silencing efficiency) (Figure 5-15A). As shown in Figure 5-15B, 0.05 mg/mL of
GAPDH siRNA loaded-LN2 freeze-thaw hybridosomes (with 0.03 nmol/mL siRNA loading)
resulted in around 35% gene silencing efficiency, which was significantly higher than that of
siRNA alone and comparable to that achieved by siRNA transfected by the commercial TR.
There was no significant difference in gene silencing efficiency between siRNA loaded-
liposomes and siRNA with TR or siRNA alone. The significant gene silencing of siRNA loaded
-mEVs or -hybridosomes compared with naked siRNA in macrophages can be attributed to the
systems facilitating cell uptake by endocytosis or direct fusion with the plasma membrane [428].
After endocytosis, the cargo such as siRNA was experimental proved in the previous report to
exposure via fusion of EVs with endosomes/lysosomes (based on lipid composition changes
during the endosomal membrane maturing process), which lead cargo to play their role in
cytoplasm, where siRNA can form into the RISC enroute to cleaving the target mRNA and

prevent the protein expression [428].
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Figure 5-15. Expression levels of GAPDH in macrophages (J774A.1). (A) GAPDH remaining
expression in macrophages transfected by siRNA electroporated-bovine milk extracellular vesicles
(mEVs), siRNA loaded- -80°C freeze-thaw hybridosomes, siRNA transfected by commercial
transfection reagent (TR), and siRNA alone for 48 hours. The concentration of mEVs and hybridosomes
was 0.08 mg/mL and 0.05 mg/mL corresponding to the siRNA concentration of 0.05 nmol/mL and 0.03
nmol/mL. (B) GAPDH remaining expression in macrophages transfected by siRNA loaded-LN2 freeze-
thaw hybridosomes, siRNA loaded-liposomes, siRNA transfected by TR, and siRNA alone for 5 hours
(and replaced by culture medium for another 43 hours incubation). The concentration of hybridosomes
and liposomes was 0.05 mg/mL and 0.02 mg/mL corresponding to the siRNA concentration of 0.03
nmol/mL and 0.01 nmol/mL. The lower concentrations of LN2 freeze-thaw hybridosomes and
liposomes, as well as shorter incubation time, were selected due to the cytotoxic effects observed at
higher concentrations during long incubation with macrophages. Data are presented as mean &= SD (n=3).

** indicates p < 0.01 and * indicates p < 0.05.

5.4.7. Effect of anti-TNFa siRNA-loaded mEVs and hybridosomes on inflammation in

an in vitro co-culture model of intestinal inflammation

The abnormal immune response plays a major part in the pathophysiology of IBD.

Macrophages, which are the effector immune cells (innate immunity) existing in the lamina
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propria under intestinal epithelium, are known to play a key role to maintain the stability of
intestinal environment via inflammatory response (pro-inflammatory cytokine secretion) [462].
Therefore, an in vitro co-culture model of Caco-2 monolayers and macrophages may mimic
the homeostatic or inflamed micro-environment of intestine with representation of the immune
system [463-466]. We therefore established such a model to enable the testing of the mEV-
based formulations. To induce inflammation we used LPS, a molecule found in the outer
membrane of Gram-negative bacteria, which is a potent inducer of inflammation and has been
used previously in inflammatory co-culture models [464]. LPS can be recognized by various
recognition receptors (e.g. Toll-Like Receptor4 (TLR4)) on immune cells, such as macrophages
and dendritic cells, leading to the activation of NF-«kB signaling pathways and expression of
proinflammatory cytokines like TNFa [467].

Figure 5-16A illustrates the set-up process of the in vitro co-culture inflamed intestinal model.
Briefly, macrophages (J774A.1) were seeded on 12-well plates and cultured for 24 h. Then the
inserts supporting intact Caco-2 monolayers (after 21 days culture) were combined with the
plates and 100 ng/mL LPS was added to the basolateral side to induce the inflammation from
macrophages for additional 24 hours. Subsequently, anti-TNFa siRNA loaded-delivery systems,
including electroporated mEVs, -80°C freeze-thaw hybridosomes and LN2 freeze-thaw
hybridosomes as well as untreated isolated mEVs, were added to the apical side of Transwells.
The samples were collected from the basolateral sides at 0 h, 24 h and 48 h after adding the
formulations and TNFa (marker of inflammation) was quantified using an ELISA assay. TNFa
released from macrophages at different timepoints is shown in Figure 5-16B. At 0 h (after 24
h of adding LPS). The data shows that TNFa concentrations from all groups were relatively
low and there was no significant difference between blank with LPS group and blank without
LPS group, indicating that the LPS stimulation on macrophages for 24 h was not sufficient to

induce detectable inflammation. At 24 h, the significantly higher TNFa concentration of blank
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with LPS group compared to the blank without LPS group demonstrated the efficiency of LPS
in stimulating inflammation on macrophages after 48 h. However, the treatment by anti-TNFa
siRNA loaded-formulations did not show significant inflammation-reducing effects. After 48
h of applying the formulations to cells, the TNFa concentrations of siRNA loaded-mEVs and -
80°C freeze-thaw hybridosomes groups were significantly lower than blank with LPS group
and showed no difference with blank without LPS group. However, the similar TNFa
concentrations between anti-TNFa siRNA loaded-vesicles and negative siRNA loaded-vesicles
groups suggested that the inflammation relief may in fact be induced from vesicles rather than
the cargo (anti-TNFa siRNA). The inflammation-reducing effect of unmodified mEVs (without
siRNA) also supports this hypothesis. On the other hand, the higher inflammation relief
efficiency of siRNA loaded, -80°C freeze-thaw hybridosomes than siRNA loaded-LN2 freeze-
thaw hybridosomes could be a result of the higher portion of mEVs in -80°C hybridosomes
(liposomes:mEVs 1:5 (w/w)) compared to LN2 hybridosomes (liposomes:mEVs 2:1 (w/w)).
These findings are consistent with a previous report that demonstrated the capability of mEVs
to modulate inflammation in an in vitro intestinal model [468]. The mechanism of mEVs to
alleviate inflammation is multifaceted, but the main effect can be attributed to the miRNAs
found in mEVs, such as miR-141 or miR-155, which have been demonstrated to downregulate
the proinflammatory cytokines via suppressing NF-kB activation pathway [469, 470].
Moreover, mEVs may also carry antioxidants or factors that protect cells from oxidative stress,
which is often associated with inflammation [471]. It was observed that mEVs can carry
antioxidant substances or oxides to recipient cells and relieve oxidative stress directly, or
deliver regulatory factors in oxidative stress-associated signalling pathways to alleviate

oxidative stress indirectly [471].
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Figure 5-16. Effect of anti-TNFa siRNA-loaded delivery systems on inflammation in an in vitro
inflamed intestinal model. (A) Schematic description of in vitro inflamed intestinal co-culture model
set-up by macrophages (J774A.1) and Caco-2 monolayer, and samples collection for inflammatory
cytokine (TNFa) ELISA assay. (B) Release of TNFa from basolateral side of Transwells after
therapeutic delivery systems treatment for 0 h, 24 h, and 48 h. Therapeutic delivery systems include
anti-TNFa siRNA electroporated-bovine milk extracellular vesicles (mEVs), anti-TNFo siRNA loaded-
-80°C freeze-thaw hybridosomes, anti-TNFo siRNA loaded-LN2 freeze-thaw hybridosomes, and
isolated mEVs without siRNA. Negative siRNA loaded-delivery systems were applied as negative
controls. Blank with lipopolysaccharides (LPS) control group was inflamed co-culture model without
therapeutic delivery systems, and blank without LPS control group was uninflamed co-culture model
without therapeutic delivery systems. Data are presented as mean = SD (n=3). * indicates p < 0.05

compared with Blank with LPS control group.

It should be noted that the co-culture model established in this study has the potential to be
optimized to better replicate relevant IBD conditions. This is due to the observation that the

Caco-2 monolayers maintained intact (as evidenced by stable TEER value), which failed to
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mimic the dysfunction of intestinal barrier seen in IBD. This was indeed attempted in a previous
study [463] in which Caco-2 cells were cultured on Transwell inserts for 18-21 days to form
intact monolayers and THP-1 macrophages were differentiated with phorbol 12-myristate 12-
acetate (PMA) and seeded on the basolateral sides. With the stimulation of IFN-y on Caco-2
monolayers, and LPS with IFN-y on THP-1 cells, a significant but temporary reduction of
barrier integrity was observed [463]. Various types of pro-inflammatory cytokines and
cytotoxicity markers were identified in this study, providing evidence of the inflamed status of
intestine [463]. To simulate IBD conditions more accurately in future studies, the addition of
dendritic cells in an in vitro co-culture model should also be considered. A co-culture model
consisting of immunocompetent macrophages, dendritic cells and Caco-2 monolayer was
established in a previous study, where the macrophages and dendritic cells were embedded in
a collagen layer on the Transwell membrane, and a Caco-2 monolayer was seeded atop, to
mimic inflamed intestinal mucosa [472]. Several combinations of pro-inflammatory stimuli
including LPS, interleukin-1p and interferon-y were evaluated. Interleukin-1p was found to
produce the strongest stimulation, with Caco-2 cells responding to this stimulation with
significantly decreased (20%) TEER and a moderate increase of proinflammatory markers
[472]. Similarly, a co-culture model with Caco-2 cells, macrophages and dendritic cells was
developed to test the toxicity of engineered nanoparticles [473]. Therefore, the establishment
of an in vitro co-culture inflammatory intestinal model involving epithelial cells and immune
cells needs careful consideration of several factors. Firstly, the choice of immune cells, their
activation status and their interaction with Caco-2 monolayers should be well-defined, since
even the subtypes of macrophages like J774A.1 and THP-1 may demonstrate different
inflammatory responses. Furthermore, the signaling molecules such as proinflammatory
cytokines (or their combinations), are important to induce and sustain the desired inflammatory

state. In addition, the model should be adaptable to the research objectives, allowing for the
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investigation of desired intestinal inflammation conditions and therapeutic interventions, such

as the dysfunction of intestinal barrier under IBD.

5.5. Conclusion

In this chapter, novel mEV-liposome hybrid systems were fabricated for oral sSiRNA delivery,
providing a potential therapeutic approach for IBD. Chemical and mechanical methods to
facilitate the formation of hybrids, i.e. PEG and freeze-thaw cycles, respectively, were tested
and two hybridosome formulations fabricated by freeze-thaw cycles demonstrated potential as
effective carriers for siRNA delivery. These hybridosomes exhibited a major reduction in
cytotoxicity when compared to cationic liposomes, which is crucial in ensuring the safety of
any therapeutic delivery system. Furthermore, hybridosomes displayed higher stability in a fed-
state simulated intestinal fluid compared to liposomes. The hybrid nanovesicles also
demonstrated high siRNA loading efficiency and exhibited a notable ability to enhance the
permeation of siRNA across the intestinal epithelium. Finally, the systems successfully
induced gene silencing (GAPDH) in macrophages. Although anti-TNFa siRNA loaded-
hybridosomes were able to downregulate TNFa in an in vitro co-culture model of intestinal
inflammation, the effect cannot be attributed to their function as carriers of the therapeutic
payload but instead it is likely to stem from the inherent effect of mEVs. Overall, mEV-
liposome hybridosomes have significant potential to enable oral delivery of siRNA for IBD

therapy.
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6. Summary and Future Perspective

6.1. Summary

The studies throughout this thesis focus on the development of mEVs-based systems for oral
siRNA delivery and the investigation of their potential for IBD therapy.

Initially, in Chapter 3, several methods were optimized to achieve efficient isolation and
purification of mEVs from bovine milk. It was found that mEVs obtained by ultracentrifugation
and SEC purification exhibited an expected size, good dispersibility, remarkable yield, and
high purity. Moreover, the characteristic protein markers and typical cup-shaped morphology
for these mEV's were observed, which confirmed their structural integrity. Thereafter, various
strategies were assessed for loading siRNA into mEVs. The loading efficiency of siRNA into
mEVs via commercial transfection kit yielded over 20%, whereas electroporation as the most
widely used technology for loading nucleic acids into EVs resulted in 5.05% efficiency.
Chapter 4 investigated the potential of mEVs as oral delivery systems for siRNA. It was found
that mEVs demonstrate high permeability in a widely used human intestinal epithelial model
(Caco-2 monolayers) and this capability was not compromised after exposure to simulated
intestinal fluids, thus confirming their stability in the digestive environment of the intestine. To
confirm the intestinal epithelial permeability of mEVs we for the first time utilized a novel
human-derived IEO model to determine the intestinal permeation of EVs. To enable this
investigation, two relevant in vitro IEOs models were initially created: a 3D apical-out IEO
model and an IEO monolayer model. Unlike conventional culture of IEOs whereby the apical
surface is shielded in the interior of organoids, these models enabled the investigation of apical-
to-basolateral permeability of EVs. mEVs demonstrated similar permeability through these
highly human-relevant models, demonstrating their potential for oral delivery. In addition,

efficient induction of gene silencing in macrophages was observed upon treatment with siRNA
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electroporated-mEVs, which demonstrated the therapeutic potential of mEV's as siRNA carriers.
Therefore, these results served as an important conformation that mEVs can potentially serve
as a safe, stable, and efficient delivery system for oral delivery of siRNA.

Considering that the low siRNA loading efficiency could present the main obstacle to the
application of mEVs as nanocarriers, in Chapter 5 new mEV-liposome hybrid systems
(hybridosomes) were fabricated. These systems were also investigated for oral delivery of
siRNA as IBD therapy. These hybrid systems were developed in two ways, through freeze-
thaw fusion of mEVs and cationic liposomes. The hybridosomes demonstrated superior
stability in intestinal fluids and reduced cytotoxicity compared with cationic liposomes (and
similar to native mEVs). Importantly, the hybridosomes exhibited high siRNA loading
efficiency (above 70%) and retained the intestinal epithelial barrier-crossing ability of native
mEVs, which significantly increased the permeability of siRNA compared to naked siRNA.
Moreover, it was found that GAPDH siRNA loaded-hybridosomes induced efficient gene
silencing in macrophages and anti-TNFa siRNA loaded-hybridosomes and mEVs were both
able to downregulate TNFa levels and relieve inflammation in an in vitro co-culture model of
intestinal inflammation. Therefore, mEV-liposome hybrids may be able to overcome some of
the issues of mEVs and show promise as oral siRNA delivery systems that could be utilized in

IBD therapy.

6.2. Future Perspective

This thesis has shown the potential of mEVs and mEVs-liposome hybrid systems as delivery
systems for oral administration of siRNA therapy in IBD. However, to further confirm their

potential as therapies, future studies should focus on the following aspects:
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1) In our study, the use of hybridosomes demonstrated significantly enhanced loading efficiency
for siRNA compared to other loading methods, including transfection reagent, saponin and
electroporation. However, the optimization of loading conditions in each method, along with
considerations such as the size of delivery systems, and the stability of siRNA and mEVs under
different experimental conditions, made it challenging to keep consistency of the
concentrations of siRNA and mEVs across different loading methods, which may compromise
the comparability of loading efficiencies. Therefore, in future research, efforts should be put
into keeping consistency of siRNA and mEVs concentration across various loading methods to
ensure that results are directly comparable, despite the inherent difficulties. At least, keeping
either the siRNA or mEV concentration constant as a control across different loading methods,

while adjusting other conditions, could provide a more reliable basis for comparison.

i1) Our results demonstrated successful incorporation of siRNA into mEVs or hybridosomes.
Theoretically, siRNA should be introduced into mEVs by electroporation which induces
temporary pores on the vesicle membrane, or by transfection reagent that helps siRNA transport
through mEVs membrane. For LN2 freeze-thaw hybridosomes, siRNA is added to the
positively charged hybridosomes, and the electrostatic interaction between them leads to
siRNA association on mEVs surface. In contrast, sSiRNA could be encapsulated within the -80
freeze-thaw hybridosomes, given that the siRNA-lipoplexes were formed before fusing with
mEVs, and the fusion process (disruption and reassembly) likely provides an opportunity to
siRNA to be encapsulated into hybridosomes. However, the exact location of siRNA within or
on the surface of mEVs or hybridosomes has not been investigated in this study. Future studies
could clarify this by incubating siRNA-vesicle systems with RNase to remove any siRNA
attached to the surface of vesicles, followed by assessing the loading efficiency to verify siRNA

encapsulation within vesicles [474, 475]. In addition to loading efficiency, fluorescence
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microscopy could be used to determine the co-localization percentage of siRNA and vesicles,

providing insight into the relationship between them [474].

iii)) While mEVs and mEVs-liposomes hybrids were shown to be stable in fasted-state
simulated intestinal fluid and possess high permeability across the intestinal epithelium, a
notable gap in this study is the absence of a comprehensive stability evaluation in the entire
digestion process and permeability assessment across multiple intestinal barriers (as mentioned
in 1.2.3) during oral administration. It is necessary to conduct comprehensive in vitro digestion
tests, including exposure to oral saliva, gastric conditions, and intestinal environments. Even
though in vitro models in our study, such as IEOs monolayers, contain key intestinal barrier
components including various epithelial cells, basement membrane (diluted BME2 on
transwell inserts), and mucus from goblet cells, their composition and concentrations do not
fully replicate the natural conditions, which should be adjusted and optimized to mimic the
complex barriers more accurately. In addition, future in vivo studies should incorporate oral
administration of these novel delivery systems in an IBD animal model. Furthermore,
conducting biodistribution behaviour studies in an IBD animal model using Near-Infrared
Fluorescence (NIRF) imaging would provide a valuable insight for determining the localization
of our delivery system following oral administration. It would be particularly interesting to
establish organ distribution of mEVs and hybrids in order to ascertain whether these systems
accumulate in organs other than the intestine (i.e. whether systemic absorption occurs) and

determine whether there is a preferential accumulation at the site of intestinal inflammation.

iv) The evaluation of anti-TNFa siRNA-loaded hybridosomes for their efficacy in

inflammation relief was conducted in a co-culture intestinal inflammation model (Section

5.4.7.), and it was found that these systems were able to downregulate TNFa. However, the
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data indicated that the effect is likely to stem from the inherent effect of mEVs instead of the
therapeutic payload they carry. This result may be attributed to the limited siRNA release within
the immune cells or the specific conditions of the co-culture model utilized in this study. It
should be noted that throughout the incubation of the samples with the co-cultures, the TEER
values remained stable, which indicated that the dysfunction in the Caco-2 monolayers through
the TNFa induction by LPS was not observed. However, under IBD conditions, the dysfunction
of intestinal epithelium is the representative feature, which may also affect the permeation of
delivery systems across epithelium. Therefore, this co-culture model should be further
optimized to induce temporary barrier dysfunction, such as via stimulation by various or
combined pro-inflammatory cytokines to both macrophages and Caco-2 monolayers.
Furthermore, introducing an additional immune cell type, such as dendritic cells, is considered

to potentially simulate IBD conditions more accurately.

v) Two novel human intestinal epithelial models based on IEOs were developed in this study.
The IEOs monolayers enable the study of drug delivery systems due to access to the apical side
however, in this 2D structure-based model, the natural tissue architecture, namely crypt-villi
arrangement, is not represented. Two possible strategies can be considered to overcome these
challenges and enhance the relevance of the IEOs monolayers. One approach is to relocate
IEOs monolayers onto 3D frameworks, such as scaffolds produced by photolithography, soft-
lithography, or 3D printing, which can closely mimic the native structure of the intestinal
epithelium in terms of villus and crypt arrangement. Another possibility, which is a technology
that has been developing rapidly in recent years, is the incorporation of organoids into an
‘organ-on-a-chip’ system. The resulting ‘gut-on-a-chip’ system would replicate the dynamic
mechanical stimulation created by shear stress from lumen, and the flow of intestinal fluids,

which emulates in vivo physiology. Under these dynamic conditions, various types of IEOs
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cells are able to differentiate into characteristic populations and structures. Moreover, it is also
feasible to incorporate additional components of the intestinal mucosa, such as microbiota and

immune cells in the chip to provide a more in vivo-relevant environment.

In the future, mEVs and mEV hybrids should also be explored for the delivery of other
therapeutic agents, especially other nuclei acid-based systems such as miRNAs and mRNA.
For instance, these systems may serve as mRNA carriers in orally-administered vaccines.
mRNA-based vaccinations have been regarded as a breakthrough in the field of immunization
due to their rapid, scalable and cell-free manufacturing, which enables quicker response to
emerging disease outbreaks (e.g. SARS-CoV-2 vaccines). However, their efficacy is often
compromised by the need for injection administration, limiting the speed and widespread
distribution of these vaccines. Oral administration of mRNA vaccines is considered as effective,
pain-free, and convenient method of immunization, however, similar as siRNA, mRNA is
unstable and prone to be degraded in the harsh environment of GIT. Therefore, to overcome
these challenges, mEVs and mEVs hybrid systems employed in this thesis could be explored

as carriers for oral mRNA-based vaccines.
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