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Abstract

In this thesis, composite hydrogels containing polymeric nanocapsules (NCs)
were developed and evaluated for sustained drug delivery through intra-articular
(IA) and intra-peritoneal (IP) administrations, for the treatment of osteoarthritis
(OA) and peritoneal malignancies. 1A corticosteroids or hyaluronic acid (HA)
injections are prescribed to manage the moderate stage of OA. Despite their long
clinical use, the therapeutic efficacy of these formulations is often limited
because of their short joint residence time. Nanoparticles, after IA
administration, could penetrate into the synovial membrane and show enhanced
efficacy. They have been incorporated into hydrogels to form composite
systems to further enhance joint retention. In this study, dexamethasone (DXM),
a model anti-inflammatory agent, has been incorporated into hyaluronic acid
(HA) NCs to yield a maximum drug loading of 6 mg/mL. These DXM NCs were
found to have a particle size, PDI and zeta potential of 250 £ 30 nm, 0.2 and -
17 £ 3 mV respectively, which were stable up to 1 month at 2 — 8 °C. Further, a
fibrin (Fn) — HA hydrogel, previously developed in our lab, was optimized to
incorporate up to 34% w/w of DXM NCs. Oscillatory amplitude and frequency
sweep tests performed on Fn-HA gel showed a viscoelastic behaviour
comparable to commercial 1A hydrogels. An in vitro release study performed
on DXM NCs-loaded Fn-HA gel exhibited a DXM release of up to 70% in 48
h. Further, in vivo local residence and biodistribution studies, performed with
M n-labelled NCs indicated that the NCs were cleared through popliteal lymph
nodes from the knee cavity and that this behaviour was not influenced by the
presence of the Fn-HA gel. A long and short-term anti-inflammatory efficacy
study performed in antigen induced arthritis (AlA) rats showed no beneficial
anti-inflammatory activity, as observed from knee diameters and synovial
histology. Hence, the developed formulation did not overcome the current

challenge associated with ineffective steroid anti-inflammatory IA injections.

Another part of the thesis involved the development and evaluation of a
composite formulation for IP drug delivery in the management of peritoneal
malignancies. IP administration of chemotherapeutic drugs would be beneficial
in patients with peritoneal malignancies. Nanoparticles could be used as

potential drug delivery strategy for IP administration because of their potential
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to offer higher tumour penetration. Incorporation of nanoparticles in the
hydrogel delays their clearance from the IP cavity and provides sustained
release. Hence, in chapters 3 and 4, different hydrogels have been developed for
IP delivery to incorporate NCs. A fluorescent dye, DiR, was first incorporated
into HA NCs to allow the determination of in vivo local residence and
biodistribution through 1VIS® imaging in immunodeficient BALB/c nude mice.
Further, two different hydrogels, Fn-HA gel and a self-assembling 2’-dC-N4-Cg
gel, were optimized to incorporate 30% w/w of DiR NCs. Fn-HA gel, upon IP
administration showed fluorescence up to 2 weeks, which was confirmed
through ex vivo analysis as uptake of the NC by the liver. Hence, it was
concluded that Fn-HA gel failed to retain the NCs in the peritoneal cavity. This
finding triggered the development of a covalently cross-linked hydrogel that
could offer better sustained release. Branched poly(ethylene glycol) (PEG)
polymers, 4-arm PEG norbornene (PEG-NB) and 4-arm PEG maleimide (PEG-
MAL), were selected to develop covalently cross-linked hydrogels. A linear
PEG was chemically modified to include thiol-end groups through an ester
linkage to form a cross-linker, PEG-SH. PEG-NB and PEG-SH underwent
photocrosslinking reaction to form a hydrogel, which was mediated by
photoinitators LAP or Irgacure® 2959 in presence of UV. However, DiR was
degraded in the gel due to incompatibility with the photoinitiators.
Alternatively, PEG-MAL reacted with PEG-SH to form a hydrogel through
Michael-type addition reaction, incorporating DiR NCs without degradation of
DiR. In vitro release studies showed that PEG-MAL - thiol gel (10% w/w PEG-
MAL concentration with equimolar PEG-SH) showed 45% cumulative DiR
release in 5 days. 1VIS® imaging study showed that this hydrogel resided in the
IP cavity between 24 h and 1 week, after implantation in the cavity through a
surgical procedure. This in vivo study also demonstrated the biodegradability
and tolerability of PEG-MAL - thiol gel within the experimental timeframe.
DCX, a model chemotherapeutic agent was then incorporated into NCs, which
were then incorporated into PEG-MAL - thiol gel to yield a final DCX
concentration of 0.9 mg/mL. The in vitro release study showed a cumulative
DCX release of 45 % in 2 days, indicating that the hydrogel has shown control
over the DCX release. In summary, PEG-MAL - thiol gel showed potential

residence in the IP cavity and demonstrated the controlled release of DCX.
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1. Introduction

This introductory chapter reviews the importance of local drug delivery and the
various formulation strategies employed for effective local delivery in the
management of osteoarthritis and peritoneal malignancies. The role of intra-
articular (1A) injections in the management of osteoarthritis is explained here,
highlighting the shortcomings of marketed formulations. Moreover, the
importance of intra-peritoneal (IP) delivery of chemotherapeutic agents in the
treatment of peritoneal malignancies is also described along with the challenges
associated with IP chemotherapy and various formulation strategies that have
been evaluated to date. The objectives and the scope of the thesis, aimed at
treating unmet clinical needs associated with osteoarthritis and peritoneal

malignancies through local delivery, are explained.

1.1 Local drug delivery

Based on the method of administration, drug delivery can be classified into
systemic or local. Systemic drug delivery is generally administered through oral
or parenteral, where pharmacologically active compounds are distributed
throughout the body by the circulatory system. In contrast, local drug delivery
is achieved through administration of pharmacologically active compounds
within a restricted area of the body or specific tissue, where the disease is
located. Local drug delivery is advantageous when the scope of the disease is
restricted to an organ or a cavity within the body. It provides better access to the
drug in comparison to systemic delivery, which usually delivers only a
proportion of the drug to the site of interest. Moreover, local delivery offers
reduced side effects, as the access of therapeutic agent to untargeted regions of
the body is usually restricted (1-3).

Local drug delivery is achieved through injection, implantation, inhalation or
topical application. Depending on site of administration, local delivery might
lead to rapid clearance, providing reduced therapeutic effect than expected.
Intra-ocular, intra-nasal, intra-articular, and intra-peritoneal are the common
local delivery approaches where rapid clearance of therapeutic molecules is the
major challenge (4-7). Various formulation strategies are employed in order to
retain the therapeutic agents for prolonged periods at the site of administration.
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Hydrogels, implants, in situ forming depots, micro and nanoparticles are most
commonly used formulation strategies to control the release of therapeutic agent
from the delivery system and to retain the drug at the site of administration for
prolonged periods (8-11).

Local delivery is also employed to achieve enhanced tissue penetration.
Biological membranes such as skin, mucous layers, blood-brain barrier,
connective tissues around neurons etc., act as barriers for diffusion of
therapeutic agents. They allow only molecules with suitable physicochemical
properties. Delivery of therapeutic agents locally at the site of interest would
enhance the tissue penetration and accessibility of the molecule at the site.
Formulations such as nanoparticles have been designed to enhance the tissue

penetration after local delivery (12).

1.1.1 Formulation approaches for local delivery

From a formulation perspective, nanoparticles, microparticles, hydrogels,
implants, in situ depots and polymeric films are widely explored for local drug
delivery.

Nanoparticles offer greater surface area-to-volume ratio, which enhances the
binding to biological membranes, eventually favours the tissue penetration (13,
14). Moreover, they also offer additional benefits of targeting through surface
functionalization with various ligands or cell penetrating peptides (15-17).
Ruoslahti published a consolidated review on various peptides, explaining the
role of peptides in tumour homing, tumour penetration. It was emphasized that
peptides are well suited for nanoparticle targeting because of their relatively
easy synthesis, non-immunogenicity and target specificity (16).Nanoparticles
have also considerable interest in local drug delivery to mucosa because of their
enhanced retention and tissue penetration. Mucus is a viscous secretion present
as a layer on the lung airways, gastrointestinal tract and other tissues. It
undergoes continuous turnover and clears foreign particles as a part of the
body’s natural defence (18). Nanoparticles have been designed to bind to the
mucosa and penetrate into the underlying tissue for local delivery. For example,
budesonide nanosuspension coated with Pluronic F-127 of approximately 200

nm size has shown mucosal binding and enhanced tissue penetration in
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comparison to 2 um sized particles coated with polyvinylpyrollidone in a mouse
model of inflammatory bowel disease. They have found that micron sized
particles are too large to penetrate the colorectal mucus prior to clearance (19).
Mucosal binding of nanoparticles has also been evaluated for prolonged
retention. Kaldybekov et al. developed mucoadhesive PLGA-PEG
nanoparticles by incorporating maleimide functionality on the surface of
nanoparticles. Maleimide functionality favoured the mucoadhesion through
Michael-type addition reaction of the nanoparticles with inherent thiol residues
present in the mucins present on the mucosal surfaces of urinary bladder. In
addition, they reported that these particles were non-irritant to mucosal surfaces
through a slug mucosal irritation test. This could find applications for local drug
delivery in the treatment of urinary bladder cancer and interstitial cystitis (20).

Hydrogels are another class of formulations for local drug delivery, which are
capable of swelling in agueous environments, imbibing large volumes of water.
The porosity, biocompatibility and ability to incorporate various particles makes
them attractive tools for controlled local drug delivery. Thermosensitive
hydrogels have been widely explored, customizing them to achieve variable
properties. Hydrophobic drugs have been dissolved or dispersed in the hydrogel
matrix to achieve controlled drug delivery. Figure 1.1 shows various types of
thermosensitive hydrogels that have been explored for local drug delivery. For
example, Berrada et al. developed a thermosensitive hydrogel from chitosan and
B-glycerophosphate, to incorporate camptothecin for intra-tumoural drug
delivery. Camptothecin shows adverse systemic toxicity due to its conversion
to a toxic carboxylate form in the serum. Local delivery of camptothecin through
intra-tumoural injection in a hydrogel significantly delayed the tumour growth
with minimal systemic toxicity (21). Hydrophobic molecules are often loaded
in hydrogels, dispersing them as fine crystals in the hydrogel matrix.
Alternatively, drugs have been first incorporated into polymeric nano or
microcarriers to incorporate them further into a hydrogel matrix in the interest
of attaining further control over the release. Recently, Palmese et al. published
a consolidated review on hybrid hydrogels, which are incorporated with micro

or nanoparticulate systems, and their applications in biomedical research (22).
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Figure 1.1 Schematic representation of different types of thermosensitive hydrogels used for
local drug delivery. (a) Hydrogels prepared from micelles, incorporated with a hydrophobic
drug; (b) Hydrogels prepared through synthesis of novel thermosensitive hydrogel materials,
containing larger hydrophobic domain for high drug loading; (c) Hydrogels incorporated with
liposomes, nanoparticles or microparticles; (d) Hydrogel formed by association of polymer and
surfactant to form mixed micelles; () Hydrogels incorporated with nanocrystals (Adapted from
reference (23))

Microparticulate drug delivery systems are advantageous than nanoparticles for
local delivery, if the release of active components is driven by gradual
dissolution or erosion from a depot. These particles offer lower surface area-to-
volume ratio in comparison to nanoparticles, which reduces the amount of drug
released in unit time (11). Paclimer® microparticles, prepared by incorporating
paclitaxel in polyphosphoester particles showed a six-fold reduction in tumour
volume doubling rate of non-small cell lung tumours after intra-tumoural
injection. Enhanced anti-tumour effect was found to be due to the sustained
release of paclitaxel from the microparticles (24). Microparticles have gained
importance in local drug delivery to the lungs through inhalation.
Bronchodilators are usually administered in the particle size range of 1 — 3 um.
However, these particles tend to aggregate in dry powder inhalers,

compromising the dispersion performance. Hence, porous polymeric
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microparticles have been designed to achieve greater dispersion and controlled
release. Poly(lactic-co-glycolic acid) (PLGA) has been widely explored
polymer for sustained, local delivery to lung because of its biocompatibility and
established safety profile (25, 26).

Implants were first investigated in 1960s for controlled drug release for both
localised and systemic drug delivery. However, the first clinical use of an
implant was in 1990 with approval of Norplant®, which was designed to implant
in the superficial plane beneath the upper arm for controlled systemic delivery
of levonorgestrel for female contraception. Various polymers, from synthetic
and natural origins, have been developed to design implants as biodegradable or
non-degradable drug delivery systems. Table 1.1 shows various biodegradable

and non-biodegradable polymers that have been explored for implants.

Table 1.2 shows some examples of local drug delivery systems, which were

evaluated for various routes of administration.

Table 1.1 List of various biodegradable and non-biodegradable polymers that have been
explored as implantable drug delivery systems (Adapted from reference ((27)))

Biodegradable polymers Non-biodegradable
for implants polymers for implants
Poly(lactic acid) (PLA) Poly(siloxanes)

Poly(ethylene-vinyl

Poly(glycolic acid) (PGA
y(gly ) (PGA) acetate) (PEVA)

Poly(lactic-co-glycolic acid
v o ) Poly(urethanes)

(PLGA)
Poly(caprolactone) Chitosan
Poly(phosphazenes) Cellulose
Poly(anhydrides) Silk

Poly(amides) -
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Table 1.2 Examples of local drug delivery systems evaluated for various routes of

administration and sites of local delivery

from reference ((27)))

. *ND means information not disclosed. (Adapted

Route of ) .
Product o ) Drug Material Indication
administration
Gliadel® ) . )
Intra-tumoural Carmustine Silicone Glioblastoma
wafers
) PLGA-PEG- | Oesophageal
Oncogel® Intra-tumoural Paclitaxel
PLGA cancers
Non-muscle
) o invasive
GemRIS® Intra-vesicular Gemcitabine ND*
bladder
cancer
) ) ) . Menopausal
Estring® Intra-vaginal Estradiol Silicone
symptoms
Pilocarpine, Open angle
Ocusert® Intra-ocular o PEVA
Alginic acid glaucoma
Poly(vinyl Non-
Retisert® Intra-ocular Fluocinolone alcohol) infectious
(PVA) uveitis
) o Retinitis in
Vitasert® Intra-ocular Ganciclovir PVA, PEVA _
HIV patients
) Macular
Ozurdex® Intra-vitreal Dexamethasone PLGA
oedema

With the importance of local delivery and various formulations approaches

employed for local delivery described, these later sections will focus on local

delivery to the synovial cavity in the knee and peritoneal cavity through IA and

IP administration. Current gaps in IA and IP drug delivery are discussed, to

explain the rationale for the aims and objectives of thesis.
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1.2 Intra-articular (1A) delivery

1.2.1 Osteoarthritis (OA) — anatomy and pathology of disease

Osteoarthritis (OA) is a progressive, degenerative disease that affects the
articulating joints (28), which not only affects the elder population, but also
affects younger people who are involved in activities associated with prolonged
high mechanical stress. The prevalence of OA is expected to increase in the next
decades, especially in the obese population, which is associated with their
lifestyle changes. Age is another factor that contributes to OA. It affects
approximately 25 % of population above 60 years (29). Women are more prone
to OA and approximately 18 % of the population above 60 years are affected.
This is a consequence of inherent hormonal changes associated with age related

oestrogen deficiency (30).

A typical articular joint consists of a fibrous capsule, enclosing the adjacent
bones. The joint cavity is filled with a viscous synovial fluid that gives
lubrication for free joint movement (31). Synovial membrane consists of areolar
tissue, adipocytes, fibroblasts and a discontinuous layer of synoviocytes. There
are two types of synoviocytes, A and B. Synoviocytes A act as macrophages
that clear the molecules through phagocytosis, while synoviocytes B synthesize
HA for lubrication (32-34). OA brings anatomical changes in the affected joint,
which are associated with extreme pain and disability to perform routine
physical activities (35). Anatomical changes in the joint are characterized by
degeneration of articular cartilage, subchondral bone sclerosis and formation of
osteophytes. Additionally, changes in synovium, menisci, peri-articular muscle
and ligaments are the hallmarks of disease progression (36). Figure 1.2 shows
the schematic representation of anatomical changes in the joint during
osteoarthritis. Although, OA can occur in many articular joints, knees, hips,
spine and hand are most commonly affected. Age, obesity, lifestyle,
occupational stress, history of joint injury and misalignment of joints are the
common risk factors associated with OA (37). Unfortunately, patients do not
experience pain or associated symptoms before significant cartilage damage. It
is estimated that patients have no experience of pain up to 40 % of cartilage loss,
as seen by radiological changes. These cartilage changes often lead to bone
damage in the later stage (38).
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Figure 1.2 Schematic representation of anatomical changes that occur in a typical articulating
joint, affected with osteoarthritis. Degeneration and fibrillations on the cartilage, formation of
subchondral cysts and inflammation of synovial membrane with thickening of joint capsule that
are commonly observed radiological investigation are indicated here.

Research has been extensively done on understanding the molecular pathways
involved in mediation of pain and degeneration. Cartilage is an avascular and
aneural tissue and hence does not directly involved in pain mediation. However,
structural changes in associated tissues such as formation of osteophytes,
subchondral cysts, and synovial membrane trigger local pain mediation
pathways. Various proinflammatory mediators such as prostanoids, nerve
growth factors and nitric oxide, are present due to tissue damage that activates
peripheral nociceptors (39, 40). The information is being transmitted to the
dorsal root ganglion, through the spinothalamic tract to cortical centres of the

brain to perceive the pain (41).

1.2.2 OA — current treatment regimen & approaches

Currently there are no approved disease modifying agents available for OA.
Hence, treatments are generally associated with the symptomatic management
of the disease. Treatment options are generally chosen based on the stage of the
disease (42). Figure 1.3 shows the current standard of care employed in the
management of OA. Early stage is often managed through non-pharmacological
treatments, which include lifestyle changes, reducing the body weight, use of

joint supportive braces and moderate exercises. Moderate stage of the disease is
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treated through pharmacological treatments such as oral or topical non-steroidal
anti-inflammatory agents (NSAIDS), analgesics, nutritional supplements, and
IA injections. 1A injections can be hyaluronic acid (HA) preparations, which act
as viscosupplements without any pharmacologically active compound or
corticosteroids. Alternatively, platelet rich plasma (PRP) is another procedure
employed to mediate healing and remodelling of the cartilage. PRP is obtained
by concentrating the platelets in plasma by centrifuging the autologous blood,
which will be injected into the joint (43). This is known to activate endogenous
thrombin and IA collagen, which secretes growth factors that help to heal the
cartilage (44, 45). Finally, the severe stage of the disease, which is non-
responsive to non-pharmacological or pharmacological measures, is treated by
surgical intervention. Joint replacement is the most common approach, while

osteotomy and joint fusion are alternatives based on age and severity (46-48).

Non-
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Figure 1.3 Schematic representation of current standard of care employed in the management
of OA, indicating the strategies employed from mild to severe stage of disease (from left to
right). (Adapted from reference (42))
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1.2.3 Introduction to A delivery

In this section, 1A therapy for local delivery to the articular joint is discussed in
detail. 1A injections are not first line treatments but are preferred as the last non-
operative alternative when other conservative modalities have failed. For the
first time in 1951, Hollander et al. introduced the concept of IA injection of
hydrocortisone (49). Later, various steroidal molecules have been investigated
along with HA injections. Currently approved IA injections can be broadly
classified into corticosteroids and HA injections, which do not contain any
pharmacologically active ingredient. Table 1.3 shows the list of anti-
inflammatory products, which are approved by US FDA for 1A delivery.
Moreover, a lot of small molecules, proteins and peptides for cartilage
regeneration are being explored in clinical trials. Maudens et al. lists various

molecules alone or in a drug delivery system, that are in clinical trials (50).

Table 1.3 List of anti-inflammatory products approved by US FDA for |A administration, their
labelled dose and the range of usual dosage employed for OA. *Zilretta® is an injectable
microsphere formulation, supplied as 32 mg powder in a vial, along with 5 mL dispersant for
injection. (Source: Orange book, 2019)

| Range of
Product Dosage e E) Osj ) usual
name mg/m
form dosage
Betamethasone Celestone®
elestone
acetate + Adqueous Soluspan® 3+3 15-6
Betamethasone suspension Betaject®
sodium phosphate
Depo-
Methylprednisolone | Aqueous Medrol® 20 or 40 410
acetate suspension | Solu- or 80
Medrol™
__ Kenalog®-
Triamcinolone Aqueous 40 40 5-40
acetonide SUSPENSIoN | oo

33



Triamcinolone Aqueous Aristocort® 10 5_ 40
diacetate suspension | Forte
Triamcinolone Aqueous Avistospan® | 20 5-40
hexacetonide suspension
Adrenocot®

Dexamethasone Aqueous Decadron® | 40r10 |2-6
sodium phosphate i

solution phosphate

1.2.4 Shortcomings of marketed IA formulations

Despite the long history of clinical use and cost-effectiveness of 1A injections,
actual clinical benefits associated with these treatments is still debatable (51-
53). IA administered corticosteroids are rapidly clear from the joint (54).
Pharmacokinetic profile of 1A administered molecules of molecular weight <
10,000 Da is expected to be similar to non-1V parenteral administration (55, 56).
The reason for this rapid clearance was explained by leaky ultrastructure of
synovium (Figure 1.4). Water and protein in synovial fluid is completely
replaced within a period of 2 h (57). Wernecke et al. reported that the residence
times of commonly used corticosteroids in the joint was from hours to a few
days (58). Alternatively, hyaluronic acid (HA) injections are usually marketed
as medical devices, which act as viscosupplements that reduce the friction in the
joint. The symptomatic relief obtained from these HA injections is also limited
because of degradation of HA by endogenous enzymes such as hyaluronidase
in the joint (59-61). HAs of higher crosslinking densities are also designed to
reduce the degradation and increase the residence (62). However, the clinical
outcomes did not bring significant long term benefits associated with pain,

which would help to perform routine physical activities (63).

34



® Large molecules

o Small molecules
Bone
epiphysis

Arteriole

---------------

Venule

Figure 1.4 Schematic illustration of leaky nature of the synovial membrane. Small molecules
are exchanged between synovial cavity and systemic circulation through blood and lymph
capillaries, whereas large molecules undergo preferential lymphatic drainage upon IA injection.

1.2.5 Formulation strategies employed to overcome the

shortcomings of 1A formulations

As retention of active components in the joint is the major challenge associated
with IA delivery, various formulation strategies have been employed to achieve
longer retention and sustained release including suspensions, hydrogels, nano

and microparticles. (64-66).

1.2.5.1 1A suspensions

Being hydrophobic molecules, corticosteroids are relatively easy to be
formulated as suspensions. Triamcinolone acetonide and hexacetonide,
methylprednisolone acetate, betamethasone acetate and betamethsone sodium
phosphate are commercially available as suspensions. These suspensions were
expected to undergo dissolution in the joint cavity to elicit desired therapeutic
effect. Among these suspensions, triamcinolone has shown longer IA duration

of action up to 21 days as a hexacetonide salt form (58). Although, suspensions
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retain the drug longer than soluble formulations, the therapeutic effect elicited
by marketed formulations still do not ameliorate the symptoms associated with
pain. The residence time and the interaction of the drug molecules from these
formulations with local inflammatory cascade is not enough (67, 68).

1.2.5.2 Microparticles for IA delivery

Microspheres are another type of drug delivery system that has shown
prominent benefits in extending the residence time in the joint. Particle size has
been reported as one of the crucial factors for determining the extent of retention
in the joint after IA injection. Smaller particles tend to escape from the cavity
faster than the larger particles. Pradal et al. evaluated the IA residence of
fluorescent dye, DiD, loaded poly(lactic acid) particles at 3 different sizes, in
presence and absence of HA gel. They have found that 300 nm and 3 pm
particles were rapidly cleared from the joint, while 10 um particles retained
longer. They have also observed that incorporation of particles in a HA hydrogel
helped in further retention of particles (69). Flexion therapeutics Ltd., an
American biopharmaceutical company has developed a sustained release PLGA
based microsphere formulation of Triamcinolone acetonide with a median
particle diameter of 42 — 52 um. This formulation was successful in controlling
the release of triamcinolone, showing the quantifiable drug concentrations 12
weeks after 1A administration (70). This has been marketed with a brand name
Zilretta®. This is the first and the only approved formulation for extended release

of any IA corticosteroid.

Synovial macrophages tend to phagocytose the particles < 10 um without
eliciting a neutrophil response. Horisawa et al. compared the synovial
phagocytosis of fluorescently labelled PLGA micro and nanoparticles. They
have found that 265 nm PLGA nanoparticles were phagocytosed by
macrophages in the joint within 3-7 days, while 26 um PLGA microparticles
were not phagocytosed and were retained in the cavity. However, they have
made an interesting observation that retention in the cavity is not directly related
to the therapeutic effect. Phagocytosed PLGA nanoparticles were able to
penetrate into the subsynovium, where inflammatory mediators elicit their
response. They have concluded that PLGA nanoparticles were more suitable to

elicit anti-inflammatory response after A administration (71).
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1.2.5.3 Nanoformulations for IA delivery

Microparticles tend to reside longer in the joint. However, efficacy of
microparticles is limited by the release of the drug from the formulation, which
Is again dependent on the degradation of the polymer matrix. Once released, the
drug molecules must penetrate into the local tissues such as synovium and
cartilage in order to interact with inflammatory cascade to elicit an anti-
inflammatory action (72). Microparticles cannot dictate the further interaction
of drug molecules with the tissues. However, nanoparticles have the capability
to penetrate into the synovial membrane and interact with tissue associated
inflammatory reactions. Hence, nanoparticles have also gained importance for

IA drug delivery.

A range of nanoformulations has been explored for IA delivery, which include
polymeric or lipidic nanoparticles and liposomes. The fate of nano and
microparticulate formulations after A injection would be different.
Nanoparticles undergo phagocystosis by type A synoviocytes that engulf them
into the cell, whereas microparticles are retained in the synovial fluid adhering
to the cartilage or synovium. Alternatively, targeted nanoparticles can also
permeate into the articular cartilage, which is majorly employed for cartilage
regeneration (73). Figure 1.5 schematically explains the fate of nanoparticles

and microparticles after 1A injection.

Periyasamy et al. assigned the localization of nanocarriers within various
anatomical structures of the joint based on their size (74). They have explained
that nanocarriers of size < 250 nm may also penetrate into the sub-synovium
through the cell-junctions. Interestingly, carriers of even a smaller size (< 60
nm) are capable of entering the extracellular matrix (ECM) of cartilage by
convective transport during the compression of cartilage. Active ingredients,
which are intended for cartilage repair could penetrate into the ECM of the
cartilage through this mechanism. For example, micelles are small enough in
diameter to penetrate the ECM and hence would be appropriate for this purpose.
Otherwise, active ingredients that are intended to reduce the pain and
inflammation, and whose site of action is in the synovium or in the sub-
synovium, delivery systems of slightly higher particle size domains such as

polymeric or lipidic nanoparticles and liposomes are appropriate.
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Figure 1.5 Ilustration of fate of nano and microparticles after 1A administration. (a)
Nanoparticles can be phagocytosed by type A synoviocytes from the peritoneal cavity, which
would be helpful for their penetration into subsynovium to retain longer in the cavity. (b)
Targeted nanoparticles can selectively penetrate into the articular cartilage, which would be
helpful in cartilage regeneration. (c) Microparticles penetrate neither into subsynovium nor into
articular cartilage, rather retain longer within the synovial cavity. (Adapted from reference (73))

Despite nanoparticles being able to penetrate into sub-synovial tissue, they are
still susceptible to rapid clearance from the joint. To combat this issue yet
benefiting the size related advantages of nanoparticles, composite systems have
been explored using hydrogels to retard nanoparticles’ release and clearance

from the IA joint.

1.2.5.4 Studies that employed the combination of nanoparticles and hydrogels

Morgen et al. synthesized a nanoparticle that can ionically crosslink with
endogenous HA to form a hydrogel. Nanoparticles (approximately 100 nm)
were designed to contain a neutral polymer core and a cationic polymer coat.
Fluorophore was incorporated into these particles to determine their residence
in the knee after 1A injection. It was found that 74 % of fluorescence was still
evident from the knee after 7 days of administration. This has proved that,
hydrogels can retard the release of nanoparticles into the joint, which would
retard their clearance (75). In another study, Kang et al. incorporated micelles,
formed by self-assembly of PEG and kartogenin (chondrogenesis inducer), into

a HA hydrogel for increasing the 1A residence and sustained release. Gels were
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formed by covalent crosslinking of PEG chains from self-assembled micelles to
HA. IA injection of this hydrogel reduced the progression of OA in surgically
induced OA rat model (76). Similarly, Kim et al. synthesized cationic PLGA-
Eudragit nanoparticles containing piroxicam, a non-steroidal anti-inflammatory
agent, that can crosslink with endogenous HA to extend increase the 1A
retention. In vivo pharmacokinetic estimation showed that the drug
concentration in the joint was 3.2 fold and 1.8 fold higher than drug solution and
neutrally charged nanoparticles respectively (77). Nanoparticles in presence of
a hydrogel have shown a sustained release, prolonged retention and enhanced
therapeutic effect in the joint. Hence, these studies have illustrated that
composite hydrogel containing nanoparticles have the potential for prolonged
retention and sustained anti-inflammatory effect after 1A administration.

As explained earlier, 1A corticosteroids are mostly available in the market as
aqueous suspensions in different salt-forms (table 1.3). They were designed as
highly hydrophobic compounds in order to reduce the dissolution rate of those
molecules in the synovial cavity. In contrast, dexamethasone (DXM) is
commercially available as a hydrophilic salt-form, DXM sodium phosphate, as
an aqueous solution for injection. DXM in its native form is hydrophobic, which
makes it difficult to solubilize in its free state into an aqueous solution.
Polymeric nanocapsules (NCs), which consists of an oil core and a polymer coat
offers higher loading of hydrophobic drugs such as DXM in their native state
(78). Development of a NCs formulation would favour incorporation of DXM,
a model drug, in its native state. In addition, NCs could be transported by
synovial macrophages into sub-synovium, where DXM could elicit its anti-
inflammatory action. As explained earlier, NCs alone could be rapidly cleared
from the joint, which can be retarded by incorporating them into a hydrogel.
Hence, a hydrogel that incorporates DXM-loaded NCs also need to be

developed in order to control the release of NCs into the synovial cavity.
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1.3 Introduction to intra-peritoneal (IP) local delivery

IP local delivery is performed to treat malignancies and peritoneal adhesions
(7). The most common cause for formation of peritoneal adhesions is the
insertion of catheters into the peritoneal cavity for peritoneal dialysis (79).
Various polymers and hydrogels have been explored to prevent the formation of
peritoneal adhesions (80, 81). In this section, the focus is on peritoneal
malignancies and different strategies to treat them. Malignancies associated
with abdominal and pelvic organs are one of the leading forms of cancer,
accounting for about 8-9 % of cancer deaths (82). In this chapter, the focus is
peritoneal malignancies. These primary cancers which are associated with any
of the peritoneal organs are highly aggressive and exhibit metastasis within the
peritoneal cavity and other peritoneal organs (83, 84). Unfortunately, in most of
the cases these primary cancers fail to demonstrate early clinical symptoms,
leading to delayed diagnosis. Many cases show large amounts of tumour nodules
over peritoneal surfaces at the time of first diagnosis (85). Peritoneal
carcinomatosis, one of the most dissociative forms of metastasis, brings extreme
pain and discomfort due to accumulation of ascites fluid and bowel obstruction
(86). In majority of cases, microvascular permeability of peritoneum to water,
small solutes and proteins gets increased due to the secretion of vascular
endothelial growth factor (VEGF), cytokines and chemokines in the
surrounding tissue (87, 88). Increased permeability leads to generation of
albumin-rich ascites fluid within the cavity. It is believed that formation of
ascites fluid is associated with lymphatic obstruction, and osmotic water

transport following the drainage of proteins from leaky microcapillaries (89).

The standard of care for the treatment of these peritoneal malignancies is a
cytoreductive surgery of macroscopic tumours (90). Intravenous (1V)
chemotherapy is also given perioperatively or postoperatively to treat
untraceable microscopic tumours to avoid recurrence (91). Clinical studies
suggest that chemotherapy if given along with cytoreductive surgery offers
better solutions than individual treatments (92, 93). These conventional IV
chemotherapies are non-specific and pose severe side-effects, compromising the
quality of life of patients (94). Moreover, achieving effective local drug

concentrations by IV therapy is a significant challenge (95, 96). Hence, direct
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administration of chemotherapeutic agents into the peritoneal cavity has been
evaluated. It was found that that intra-peritoneal (IP) administration of
chemotherapeutic drugs offers pharmacokinetic advantages in comparison to
the IV route. Dedrick et al. summarized the pharmacokinetic principles behind
IP administration and showed the potential to attain higher local concentrations
in comparison to systemic administration. They reported clinical advantage after
IP administration of 5-fluorouracil and methotrexate, as observed by the higher
peritoneal concentrations of both the drugs after IP administration (97). Shimada
et al. compared the pharmacokinetic parameters of docetaxel after IP and IV
administration in mice bearing gastric cancer. The concentration of docetaxel in
the peritoneal cavity and solid tumour was significantly higher for IP
administered group than IV equivalent. Plasma area under curve (AUC) after IP
administration was similar to IV administration, indicating no additional
systemic toxicity (98). In another study, Mohamed et al. showed the
pharmacokinetic advantage and tissue distribution of paclitaxel after IP
administration with isotonic 6% hetastarch solution and 1.5% dextrose
peritoneal dialysis solution. They reported that the fluid clearance from the
peritoneal cavity was lower with hetastarch, which was also reflected in higher

area under curve (AUC) ratio of peritoneal to plasma paclitaxel (99).

1.3.1 Clinical approaches for IP delivery — HIPAC & PIPAC

IP administration carries the therapeutic agent near to hypoxic regions which
are difficult to reach by the IV route (100). Although none of the
chemotherapeutic products are approved for IP administration, many
compounds including, doxorubicin, fluorouracil, paclitaxel and platinum-based
compounds have been explored for IP therapy (101-104). In current clinical
practice, IP administration is achieved by repeated instillation through catheters.
In the extensive review on IP delivery, Dakwar et al. described various
procedures that are employed in the clinic for IP administration. These
procedures involve perfusion of chemotherapeutic agents under hyperthermic
conditions (HIPEC) or pressurized aerosol pumps (PIPAC) (105). Figure 1.6
shows the various approaches that are employed in the clinic for IP
administration. It also highlights the incorporation of nanoparticles in a hydrogel

as a potential strategy to achieve prolonged IP retention.
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Figure 1.6 Schematic representation of different clinically relevant techniques for IP drug
delivery. Conventional IP chemotherapy involves use of administration of chemotherapeutic
agents at regular intervals, whereas metronomic IP chemotherapy involves continuous
administration without drug-free periods. PIPAC and HIPEC involves administration of
chemotherapeutic agents under high pressure or high temperature respectively, for effective
tissue penetration. Hydrogels containing micro or nanoparticles are also suggested as potential
drug delivery strategy in the future for prolonged retention and sustained efficacy after IP
administration. (Adapted from reference (105)).

1.3.2 Challenges associated with IP delivery

Although, IP delivery of chemotherapeutic agents has shown significant
pharmacokinetic and pharmacodynamic advantage, there are certain challenges
that are associated with IP delivery. These challenges can be classified into two
types: challenges associated with the delivery approach, and challenges
associated with rapid clearance of molecules from the cavity. The current
conventional IP chemotherapy delivery approach might cause issues associated
with [P catheters. As explained before, current clinical practice of IP
chemotherapy involves installation of catheters for HIPEC and PIPAC. Walker
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et al. assessed that in a clinical trial of GOG172 for IP chemotherapy, where 34
% of patients discontinued IP chemotherapy due to catheter related
complications. These complications were related to infections, catheter leakage,
pain and bowel perforations (94, 106). Moreover, in many cases stretching and
distention of abdomen was observed due to additional volume input into the IP

cavity through catheters. This might cause extreme pain and discomfort (107).

Another challenge associated with IP delivery is the rapid clearance of
molecules form the cavity. IP administered chemotherapeutic agents were
rapidly cleared from the cavity, showing marginal therapeutic benefits than
expected. Dedrick et al. explained that the IP chemotherapeutic agents did not
meet expected pharmacokinetic advantage due to poor coverage of serosal
surface during the irrigation and poor tissue penetration (108). To understand
the reason behind short residence and rapid clearance from the peritoneal cavity,

we need to understand the anatomy and physiology of the peritoneum.

1.3.3 Anatomy and physiology of peritoneum

Peritoneal membrane has an average total surface area of 1.5 m?, which covers
the visceral, abdominal and pelvic organs (109). This membrane is composed of
several layers of connective tissue. The first layer consists of mesothelium
which secretes surface hyaluronan which protects the membrane from physical
damage and surface adhesion. There is a submesothelial basement membrane
which supports the mesothelial cells and separates them from interstitial space.
Blood vessels percolate through the interstitial space, whose endothelial cells
regulate the movement of fluid and molecules through and from the peritoneal
cavity. Peritoneal membrane is not a classical semi-permeable membrane. It is
highly permeable to water, small molecules and proteins (95, 110). This
characteristic feature of peritoneal membrane makes it is feasible to perform
peritoneal dialysis as an alternative to artificial kidney dialysis (111). Peritoneal
dialysis is a renal replacement therapy that can be performed at home for
patients with end-stage kidney disease. Relatively small chemotherapeutic
molecules can easily get exchanged between peritoneal cavity and systemic
circulation through the peritoneal membrane with the assistance of inserted
catheters (112).

43



Peritoneal fluid fills the peritoneal cavity, providing an external aqueous
environment rich in proteins and electrolytes, to the peritoneal organs. Under
normal osmatic conditions, fluid exchange happens through diffusion of water
into the cavity, which is compensated by reabsorption of fluid into the blood or
lymph vessels that are fenestrated through the interstitial space (113). Under
cancerous conditions, osmatic pressure builds up in the abdominal cavity due to
high protein content as a result of leaky blood vessels associated with the
tumour. High osmotic pressure drives further water input into the cavity, raising
the total peritoneal fluid volume. This fluid is called ascites fluid, which is a

common manifestation in patients with peritoneal malignancies (88, 89).

All these features explain the dynamic nature of the peritoneal cavity. Hence,
retention of the chemotherapeutic agents is the major challenge in order to attain
desired therapeutic outcomes. Development of controlled release drug delivery
systems with prolonged retention would be helpful not only to achieve desired
pharmacokinetic and pharmcodynamic benefits, but also reduce the

complications associated with IP administered catheters.

1.3.4 Formulation strategies employed for IP delivery

Nano and microparticulate formulations, hydrogels, and implants have been
explored as potential strategies for prolonging the residence time and
effectiveness of chemotherapeutic agents. In this section, rationale for using

these formulations, and their challenges are discussed.

1.3.4.1 Particulate formulations — Nano & micro formulations

Micro and nanoparticulate formulations have been developed for attaining the
longer retention and controlled release after IP administration. Both micro and
nanoparticles have some advantages and disadvantages. By virtue of their size,
microparticles tend to be retained longer in the peritoneal cavity. Kohane et al.
compared the retention of 250 um and 265 nm particles made of PLGA after IP
administration. They have found that microparticles were retained in the
peritoneum up to 2 weeks, while nanoparticles were cleared within 2 days of IP
administration (114). Tsai et al. compared the clearance of paclitaxel loaded
PLGA microspheres (6 um) with paclitaxel loaded gelatin nanoparticles (900

nm) and found that microspheres showed slower clearance from the peritoneum
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(115). Rapid clearance of nanoparticles from the IP cavity can be attributed to
the capillary pores of vasculature and lymphatic duct openings into the
peritoneal cavity. Lymphatic drainage represents the major clearance route for
nanoparticles, which seems inevitable after IP administration (116, 117).
Particles > 500 nm might accumulate in the lymph nodes, while smaller particles

would enter the systemic circulation.

Although microparticles are retained relatively longer in the IP cavity, there are
potential risks of peritoneal adhesions and local inflammation with
microparticles (114, 118). In contrast, nanoparticles do not cause peritoneal
adhesions while offering advantages of tumour penetration. Nanoparticles can
be designed to penetrate into biological membranes for intracellular delivery
(119, 120). Simon-Gracia et al. synthesized pH responsive paclitaxel loaded
polymerosomes, which have shown significantly higher accumulation in the
tumour parenchyma after IP administration. They have used a diblock
copolymer, poly(oligoethylene glycol methacrylate)-poly(2-
(diisopropylamino)ethyl methacrylate (PDPA), to design pH responsive
polymerosomes that can selectively release the cargo intra-cellularly in the

tumour mass (121).

In the interest of advantages and disadvantages of micro and nanoparticles, there
has been a dilemma in deciding the optimum sized particles for IP delivery. A
formulation that offers an optimum balance between the local retention,
avoiding peritoneal adhesions and achieving the desired therapeutic efficacy is

required.

1.3.4.2 Hydrogels

Injectable biodegradable hydrogels have been explored for IP local drug
delivery. Physically cross-linked, thermosensitive hydrogels formed by sol-gel
phase transition and chemically cross-linked hydrogels formed by covalent
crosslinking, have been evaluated (122, 123). A thermosensitive hydrogel
prepared using a triblock copolymer, poly(ethylene glycol)-poly(caprolactone)-
poly(ethylene glycol) (PEG-PCL-PEG), containing 5-fluorouracil was IP
administered for local chemotherapy of colorectal peritoneal carcinomatosis.
CT26 cells were injected into the murine abdominal cavity to induce the tumour.
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Five days after the induction, the first treatment dose was given, which was
followed by another treatment a week later. Significant reduction in size and
number of tumour nodules was observed after sacrificing the mice on the 20"
day after initial administration (124). Although, a significant reduction in
tumour nodules was observed, once per week dosing was performed in this
study, which might be difficult in a clinical setting. Repeated dosing might be
due to the poor tolerance of physically cross-linked thermosensitive hydrogels
to high dilutions. In contrast, covalently cross-linked hydrogels tend to tolerate
high dilutions. Hence, they have also been explored for administration into

peritoneal cavity.

Bajaj G et al. chemically modified HA in order to form functionalized
derivatives that can covalently crosslink each other upon physical mixing in an
aqueous medium. HA-adipic dihydrazide (HA-ADH) and HA-aldehyde (HA-
CHO) were synthesized to form a hydrogel that can incorporate paclitaxel
particles in the micrometer size range . This was administered IP to form an in
situ crosslinkable hydrogel that would release the paclitaxel particles upon
gradual degradation. These particles would undergo further dissolution to show
chemotherapeutic effect. They have found that the HA gel was able to be
retained up to 14 days in the IP cavity. However, this retention was not translated
into therapeutic effect due to poor dissolution of paclitaxel after being released
from the gel (125). In another study, Sun et al. incorporated paclitaxel as
nanocrystals instead of micron-sized particles into the same covalently cross-
linked hydrogel. They have observed a significant increase in survival of ovarian
cancer bearing mice in comparison to Taxol® for the microparticulate paclitaxel
incorporated HA gel. Increased efficacy was attributed to greater dissolution and
cellular uptake of paclitaxel particles (126). Hence, the consensus in the
literature is that hydrogels in combination with nanoparticles give better

therapeutic outcomes.

1.3.4.3 Hydrogels containing nanoparticles

Composite systems have been designed by incorporating the nanoparticles into
a hydrogel. Alternatively, nanoparticles have been modified to self-assemble
into a hydrogel after IP administration. These composite systems delays the

clearance of nanoparticles from the IP cavity, as the rate of release of
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nanoparticles into the cavity depends on the degradation of the hydrogel. Based
on this hypothesis, various composite hydrogels have been designed and
evaluated in the literature. For example, linoleic acid was first coupled with
Pluronic F-127 (Plu-CLA) to form a self-assembling polymer to form a hydrogel
at body temperature. Plu-CLA nanoparticles were then prepared to incorporate
docetaxel, which were then injected into BALB/c mice with TMK1 human
gastric cancer cells to form a hydrogel in the IP cavity. It was observed that the
hydrogel has shown significant reduction in metastatic peritoneal nodules and
increased the survival (127). Xu et al. have prepared paclitaxel nanoparticles,
which can self-assemble to form a thermosensitive hydrogel after IP
administration. An amphiphilic copolymer, (PECT, poly (e-caprolactone-co-
1,4,8-trioxa  [4.6]spiro-9-undecanone)-poly(ethylene  glycol)-poly  (e-
caprolactone-co-1,4,8-trioxa [4.6]spiro-9-undecanone)) was used to confer self-
assembling properties to the nanoparticles. Paclitaxel loaded PECT gel was
shown to be biocompatibility and tolerated as a drug delivery system for IP
chemotherapy. It was found to be retained for up to 8 days, as evaluated by a
fluorescence imaging study. In addition, an efficacy study performed in a
peritoneal carcinomatosis model has shown a significant suppression in tumour
growth and metastasis in comparison to a Taxol® group for the .paclitaxel loaded
PECT gel (128). In another study, docetaxel loaded polymeric nanoparticles
were first prepared with a copolymer polylactic acid (PLA)-Pluronic L35-PLA.
These nanoparticles were then incorporated into a thermosensitive hydrogel
prepared with PLA-L64-PLA. IP administration of this hydrogel has suppressed
the tumour growth and increased the survival in peritoneal carcinomatosis
model (129).

All the previously described hydrogels were thermosensitive hydrogels with
nanoparticles. Alternatively, nanoparticles were also incorporated into these
covalently crosslinked hydrogels for further retention. Cho et al. prepared a
covalently cross-linked HA hydrogel, incorporating cisplatin containing HA
nanoparticles. They have observed retention of the gel up to 4 weeks, showing
the sustained release of platinum. They have also reported the receptor mediated
endocytosis of cisplatin containing HA particles into tumour cells. This

hydrogel met all the desired properties of a sustained release drug delivery
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system for IP delivery. Unfortunately, in a mouse model of IP tumour, this
formulation did not show desired anti-tumor efficacy. In fact, authors have
reported a slight increase in tumour burdens at a later time point, which was
attributed to degradation products of the formulation (130). Hence, there is a
need to develop a composite hydrogel that contain nanoparticles, aimed at IP
delivery of chemotherapeutic agent for prolonged period with desired

therapeutic efficacy.

1.4 Objective and scope of project

The overall aim of Ph.D. project is to design and evaluate a composite drug
delivery system, which involves development of NCs that can incorporate
hydrophobic drugs, and a hydrogel, which can incorporate these NCs for
sustained local drug delivery. Two different cavities, the articular joint and the
peritoneal cavity, were considered in the interests of answering the therapeutic
needs associated with osteoarthritis and peritoneal malignancies. The focus of
this project is to develop and evaluate a composite hydrogel containing NCs for
prolonged retention and sustained drug delivery in the articular joint and
peritoneal cavity. First objective was to develop the NCs formulation, which
involves selection and optimization of different excipients, and method of
preparation to ensure reasonable drug entrapment efficiency, drug loading and
colloidal stability. In vitro release studies were then carried out to understand
the performance of formulation in presence of simulated biological fluids.
Further objective was to determine the in vivo retention of NCs after
incorporation in a hydrogel. Hence, NCs were either radiolabelled or
fluorescence tagged to administer in articular joint or peritoneal cavity. Final
objective was to evaluate the therapeutic efficacy after 1A administration of
dexamethasone, a model anti-inflammatory agent, loaded formulation in antigen
induced arthritis (AlA) rats. For IP delivery, docetaxel, an anti-cancer agent,
was chosen to incorporate in the NCs and then incorporated in a hydrogel. In
vitro tests were performed to evaluate its potential as an IP sustained drug

delivery system.

e Inchapter 2, HA coated NCs were developed to incorporate therapeutically

relevant doses of dexamethasone exploring solvent evaporation and self-
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emulsification techniques. Further, drug loading, entrapment efficiency,
colloidal stability and in vitro release were evaluated. A radiolabel marker,
n, was loaded into NCs and IA administered to determine their local
residence and biodistribution after incorporation in a fibrin (Fn)-HA gel.
Anti-inflammatory efficacy was then evaluated after 1A administration in
antigen induced arthritis (AlA) rats.

Chapter 3 focusses on evaluation of NCs loaded in a hydrogel for IP drug
delivery. Physically cross-linked hydrogels, Fn-HA and N-4-octanoyl-2'-
deoxycytidine (2’-dC-N4-Cg), were optimized and evaluated to incorporate
NCs. Fn-HA and 2’-dC-N4-Cg represents hydrogels formed by two different
mechanisms: enzyme mediated crosslinking and  self-assembly
respectively. DiR, a near-infrared fluorescent dye, was incorporated into
NCs. Dye loading, dye entrapment efficiency and colloidal stability of DiR
NCs was evaluated. Rheological properties and in vitro release studies was
performed on Fn-HA and 2’-dC-N4-Cg gels, after incorporation of DiR NCs.
Local residence and biodistribution was determined using 1VIS®
fluorescence imaging in BALB/c nude mice after IP administration.

In chapter 4, a covalently crosslinked hydrogel was designed and
developed, aiming to withstand the dynamic environment associated with
high fluid turnover present in the peritoneal cavity. Poly(ethylene glycol)
based hydrogels, formed by two crosslinking mechanisms, photo-
crosslinking and Michael addition reaction, were evaluated to incorporate
DiR NCs. Photostability of the dye was evaluated after incorporation of DiR
NCs in the PEG gel, and then in vitro DiR release studies were performed.
An in vivo local residence and biodistribution was determined using IVIS®
fluorescence imaging in BALB/c nude mice after IP administration.
Docetaxel, an anti-cancer agent, was first incorporated into NCs, which
were then incorporated into the PEG gel. In vitro release studies were then
performed to establish the potential of DCX NCs loaded PEG gel for IP
drug delivery.

Finally, in chapter 5, findings described in chapters 2, 3 and 4 will be
summarized and discussed with a focus on their future therapeutic

application in OA and peritoneal malignancies.
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2. Development and evaluation of nanocapsules-loaded

hydrogels for intra-articular drug delivery

Osteoarthritis (OA) is a progressive, degenerative disease that affects the
articulating joints (28), which is associated with extreme pain and disability to
perform routine physical activities (35). Currently, only symptomatic
treatments based on the stage of the disease are available (42). Early stage is
often managed through non-pharmacological treatments, which include lifestyle
changes, reducing the body weight, use of joint supportive braces and moderate
exercises. Moderate stage of the disease is treated with oral or topical non-
steroidal anti-inflammatory agents (NSAIDS), analgesics, nutritional
supplements, and intra-articular (1A) injections. Severe stage of the disease is
treated by surgical intervention, which commonly includes joint replacement
(46-48).

IA injections are not first line treatments but are preferred as the last non-
operative alternative when other conservative modalities have failed. Currently
approved 1A injections can be broadly classified into corticosteroids and
viscosupplementations (HA injections without any pharmacologically active
ingredient). Despite the long history of clinical use and cost-effectiveness of 1A
injections, their actual clinical benefits are still under debate (51-53). IA
administered corticosteroids rapidly clear from the joint because of the leaky
ultrastructure of synovium (54). Water and protein in synovial fluid is
completely replaced within a period of 2 h (57), and the residence times of
commonly used corticosteroids are from hours to few days (58). Hence, various
formulation strategies have been employed to achieve longer retention and
sustained release of 1A injections. Suspensions, hydrogels, nano and

microparticles were commonly explored drug delivery systems (64-66).

Among particulate delivery systems, both micro and nanoparticles have been
well explored. Particle size of the delivery system has been reported as one of
the crucial factors for determining the extent of retention in the joint after 1A
injection. Nanoparticles tend to escape from the cavity faster than the
microparticles (69). Synovial macrophages tend to phagocytose particles < 10

KM, whereas microparticles > 10 um tend to reside longer in the joint. However,
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efficacy of microparticles is limited by the poor penetration into the local tissues
such as synovium and cartilage in order to interact with local inflammatory
cascade to elicit anti-inflammatory action (72). Nanoparticles have the
capability to penetrate into the synovial membrane and interact with tissue
associated inflammatory reactions. Hence, nanoparticles have also gained
importance for 1A drug delivery despite of their relatively higher clearance rates.
To overcome their rapid clearance, nanoparticles have been incorporated into
hydrogels to form composite systems for sustained release (discussed in section
1.2.5.4). Hence, in this study, we aimed to synthesize a composite system of

nanocapsules (NCs) loaded into a hydrogel for IA injection.

NCs are drug delivery vehicles, which consists of a polymeric shell enveloping
an oil core (78). They are versatile drug delivery systems that can harbour
lipophilic molecules in the oily core and hydrophilic drugs in the polymeric
shell. In this chapter, we have developed and evaluated polymeric NCs
generated by solvent displacement and self-emulsification (or spontaneous
emulsification) methods to incorporate a model anti-inflammatory agent,
dexamethasone (DXM).

Hydrogels are complex matrices formed by 3D crosslinking of polymer chains
in an aqueous or semi-aqueous environment. Because of their networked
internal structure, they allow entrapment of drug, micro or nanoparticles, cells,
proteins, and other biological molecules. In most of the cases, hydrogels that are
used for 1A delivery are pre-formed injectable or in situ forming systems (131,
132). Fibrin (Fn) hydrogels are a class of in situ forming hydrogels that have
been well explored both in regenerative medicine and as drug delivery systems.
Cells, nucleic acids, and other biologically active components have been
incorporated in these hydrogels (133, 134). It was observed that networks
formed from Fn have a positive impact on osteoarthritis. Tisseel®, a Fn sealant
was found to favour chondrogenesis of articular cartilage (135). Additionally,
hyaluronic acid (HA) is an endogenous lubricant present in synovial fluid.
Hydrogels formed from a combination of Fn and HA have interpenetrating
networks that offer higher drug loading and mechanical properties. HA has been
chemically modified to offer various biomedical applications in combination
with Fn (136-138). We hypothesize that a hydrogel formed from Fn and HA
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could offer both chondrocyte-friendly properties of fibrin and lubricant

properties of HA in the knee joint.

Previously, in our lab, a Fn-HA gel capable of incorporating NCs (prepared by
the solvent displacement technique) was developed. These NCs had a limited
capacity to encapsulate DXM. In this work, we have developed new NCs,
prepared by both solvent displacement and self-emulsyfing techniques, capable
of encapsulating a higher loading of DXM. In addition, we have optimized the
amount of NCs loaded into the gel. After the development of this composite
formulation, in vivo local residence, biodistribution and anti-inflammatory

efficacy were evaluated in antigen induced arthritis (AlA) rat model.
Aim

To develop and evaluate a composite formulation containing DXM NCs in a Fn-
HA gel in the management of arthritis.

Hypothesis

The use of a composite formulation may show enhanced local residence time of
an anti-inflammatory agent after A administration, and hence this could benefit

its overall performance.
Objectives

1. To develop and characterize polymeric nanocapsules with HA, loading a
model anti-inflammatory agent, DXM

2. To optimize the incorporation of DXM NCs in Fn-HA gel

3. To evaluate the in vitro release of DXM from NCs and Fn-HA gel

4. To radiolabel In to HA NCs and evaluate their residence time &
biodistribution

5. To evaluate the anti-inflammatory efficacy of Fn-HA gel containing DXM
NCs
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2.1 Materials

Fibrinogen and thrombin, both from human blood plasma were purchased from
Sigma-Aldrich, Spain. Different molecular weights of HA (research grade), 41-
65 kDa, 500-749 KDa and 1.01-1.8 MDa, were purchased from Lifecore, USA.
DXM (99.7% purity), Tween® 80 and Castor oil, all good manufacturing
practice (GMP) grades, were purchased from Acofarma, Spain. Lipocol® HCO-
40 was obtained from Lipo chemicals, USA. Labrasol and Labrafac™ Lipophile
WL1349 (EP and USP compliant grades) were procured from Gattefosse,
France. Phosphatidylcholine enriched soy lecithin (EPIKURON® 145 V) was a
free sample from Cargill, Spain. Extra pure virgin olive oil was purchased from
Acros Organics, Belgium. Kolliphor® RH 40 (GMP grade) was purchased from
BASF, Germany. Benzethonium chloride (BZT) was purchased from Spectrum,
USA. Oleylamine, HEPES, Bovine serum albumin (BSA) (> 98%), sodium
chloride (NaCl), calcium chloride dihydrate (CaClz. 2H,0), potassium chloride
(KCI), sodium phosphate dibasic (Na:HPO4), and potassium phosphate
monobasic (KH2PO4) of > 99% purity, were acquired from Sigma-Aldrich,
Spain. mBSA and Freund’s complete adjuvant (FCA) were purchased from
Sigma-Aldrich, Spain. Marketed DXM sodium phosphate injection (Kern
Pharma, Spain) was purchased at local pharmacy. Enzyme linked
immunosorbent assay (ELISA) kit for rat C-reactive protein (CRP) was obtained
from Alpha diagnostic international, USA. Masson’s trichome staining kit was
purchased from  Sigma-Aldrich, Spain. 1,2-dimyrisoyl-sn-glycero-3-
phosphoethanolamine-N-diethylenetriaminepentaacetic acid (14:0 DTPA-PE)
was purchased from Avanti polar lipids, Inc., USA. *InCl; was obtained from
PerkinElmer (USA) and Mallinckrodt Pharmaceuticals (USA). Amicon® Ultra
centrifugal filters (0.5 mL, 10 kDa cutoff) were purchased from Merck, Spain.
In-house ultrapure (Milli-Q) was used throughout the experiments. All organic

solvents used were of high-performance liquid chromatography (HPLC) grade.
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2.2 Methods

2.2.1 Preparation and characterization of HA NCs

2.2.1.1 Preparation of DXM-loaded HA NCs
HA NCs loaded with DXM, a model anti-inflammatory drug, were prepared by

two different methods, solvent displacement and spontaneous emulsification.

Solvent evaporation technique for preparation of polymeric NCs (SD-NCs) was
adopted from the procedure earlier described by our group (78). Two different
surfactants, lecithin and Tween® 80 were evaluated. Briefly, DXM (4 or 6 or 8.1
mg), lecithin (5.625 mg) or Tween® 80 (15 mg), oleylamine (1.125 mg), BZT
(1 mg), and olive oil (50 mg) were dissolved in 5 mL of ethanol. Then, the
organic phase was injected through a needle (23 G) to 10 mL of aqueous phase
containing 2.5 mg of HA 700 kDa, and kept under magnetic stirring at 900 rpm
during 10 minutes at room temperature. Further, ethanol was removed by
evaporation under vacuum (Rotavapor Heidolph, Germany). Final volume was

adjusted to 5 mL with ultrapure water.

DXM-loaded NCs were also prepared by self-emulsification technique (SE-
NCs). Formulation optimization was performed by selecting various oils and
surfactants, based on their capacity to solubilize DXM, followed by mixing
them in different DXM-loaded NCs were also prepared by self-emulsification
technique (SE-NCs). Formulation optimization was performed by selecting
various oils and surfactants, based on their capacity to solubilize DXM,
followed by mixing them in different proportions in order to produce the
nanoemulsions. Tween® 80, Labrasol and Kolliphor® RH 40 were used as
surfactants at 20% w/w, while Labrafac, castor oil and olive oil were used as
oilsat 10 —30% wi/w. Lipocol 40-HCO was used as a co-surfactant at 10% wi/w,
to attain colloidal stability. In addition, HAs, 40 kDa (0.1, 0.25 and 0.5% w/w)
and 700 kDa (0.1% wi/w), were screened in order to form the shell of the NCs
with optimum colloidal stability. The optimized composition for SE-NCs is

shown in Table 2.1.

The optimized formulation of NCs consists of Labrafac™ Lipophile WL 1349
(from now-onwards it is written as Labrafac), Tween® 80 and Lipocol® HCO-

40 (from now-onwards it is written as Lipocol) as oil and surfactants
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respectively. For a 3 g batch size, 18 mg of DXM, 600 mg of Tween® 80, 300
mg of Labrafac and 300 mg of Lipocol were mixed together to form a drug-
surfactant mixture. An amount of 3 mg of BZT was dissolved separately in 500
pL of ethanol and this solution was added to drug-surfactant mixture to assist
solubilization of DXM and impart positive charge to the nanoemulsions. A
volume of 1050 pL of water was then injected into this composition, under
stirring at 1500 rpm, using a syringe. This process led to formation of a cationic
nanoemulsion. An amount of 7.5 mg of HA (40 kDa) was separately dissolved
in 330 pL of water and this was added to the nanoemulsion, allowing the

formation of a polymeric coating through electrostatic interaction, to form NCs.

Table 2.1 Final composition of the optimized formulation composition of NCs, prepared by
self-emulsification method.

Ingredients Chemical names Composition
(% wiw)
DXM Dexamethasone 0.6
Tween® 80 Polyoxyethylene sorbitan monoleate 20
Lipocol PEG-40 Hydrogenated Castor oil 10
Labrafac Medium chain triglycerides 10
BZT Benzethonium chloride 0.1
Ethanol Ethyl alcohol 13.15
HA (40 KD) Glucosaminoglycan 0.25
Water - 45.9

2.2.1.2 Determination of physicochemical properties

The mean hydrodynamic diameter (size) and polydispersity index (PDI) of the
HA NCs obtained by both preparation procedures were measured after dilution
(50x) with ultrapure water by dynamic light scattering (DLS) at 25 °C with an
angle of detection at 173°. The zeta potential was measured by laser Doppler
anemometry (LDA) using the same dilution. Both DLS and LDA analysis were
performed in a Zetasizer®, NanoZS, Malvern Instruments, Malvern, UK.

2.2.1.3 Determination of encapsulation efficiency and drug loading

The encapsulation efficiency (% EE) of DXM was determined after the isolation
of the SD-NCs by ultracentrifugation at 30,000xg for 1 h at 15 °C (Avanti® J-
E, Ultracentrifuge, Beckman Coulter, USA). As SE-NCs were comparatively
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larger in size, they were separated by centrifugation at relatively lower speed,
18,000xg for 1 h at 15 °C (Hettich, Universal 32R, Germany). The amounts of
DXM in supernatant (isolated NCs), liquid underneath and non-isolated NCs

(before centrifugation) were quantified by HPLC as described here.

To extract DXM from each of these samples, a pre-weighed quantity (approx.
20 mg) of the respective sample was diluted in 1 mL of ethanol, followed by
vortex shaking for 3 min. The samples were analyzed by HPLC using a method
adapted from the literature (139). The HPLC system consisted of a VWR-
Hitachi LaChrom Elite® system equipped with a UV detector L-2400 set at 239
nm and a reverse phase SunFire column 186002560, 100A, C18 (4.6 ID x 250
mm, pore size 5 um), Waters, USA. The mobile phase was a mixture of
methanol and ultrapure water (65%:35% v/v), isocratic, with the flow rate of 1
mL/min. The column was set at 30 °C and the injection volume was 20 pL. The
standard calibration curves of DXM were linear in the range of 1-1000 pg/mL
(r> = 0.999). Samples were transferred into auto-sampler vials, capped and
placed in the HPLC auto-sampler. The concentration of DXM obtained from
these samples was used to calculate the % EE and drug loading using equation

2.1 and 2.2 respectively.

Amount of DXM in isolated destructed NCs "

% EE = Toal DXM 100 ..........Equation 2.1
Drug loading = Amo\ljgil?nfl?i(fl\ﬁa NS Equation 2.2

2.2.2 Preparation and characterization of NCs loaded Fn-HA
gels
2.2.2.1 Optimization of incorporation of NCs in Fn-HA gel

The Fn-HA gel was prepared by thrombin mediated enzymatic polymerization.

The following stock solutions were prepared for the gel formation.

- A lyophilized powder of human blood derived fibrinogen was dissolved in
0.15 M solution of NaCl at 37 °C to attain a concentration of 25 mg/mL,
aliquoted and stored at -20 °C. Before each experiment, an aliquot was thawed
to 37 °C for not more than 2 h before the gel preparation.
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- A lyophilized powder of human blood derived thrombin was dissolved in 0.01
M phosphate buffer saline (PBS), kept at 4 °C, to a concentration of 100 NIH-
U/mL. BSA was added as a stabilizer to an equivalent final concentration of
1% w/w. Aliquotes were made and stored at -20 °C. Before each experiment, an

aliquot was thawed to 37 °C for not more than 2 h before the gel preparation.

- HA of, 700 kDa and 1.5 MDa MW, were dissolved separately in HEPES buffer
(0.02 M HEPES, 0.1 M NaCl, 10* M CaCly, pH 7.4) to obtain a concentration
of 0.65% wi/v for each of these solutions. A 1:1 mixture of these solutions was

prepared to give a ready-to-use mix (HASs) for gel preparation.

The optimization of Fn-HA gel was performed based on the therapeutic dose
requirements of DXM. DXM has been explored for management of arthritis in
the doses ranging from 0.5 to 1.2 mg/kg in various animal models. Therefore,
we aimed to incorporate 34% w/w NCs in the Fn-HA gel, yielding a DXM dose
equivalent to 1 mg/kg after 1A administration. SE-NCs loaded with DXM (from
now onwards called as DXM NCs) were incorporated in the gel. The
concentration of gel components was optimized to ensure the gel formation after
addition of DXM NCs. This was performed by sequentially increasing the
concentrations of fibrinogen and thrombin from Gel-1 to Gel-5, compensating
the concentrations of HAs mix (table 2.7). The components were mixed in a vial
and gel formation was observed by tilting the vial after every 30 seconds up to

maximum of 6 minutes.

2.2.2.2 Rheology studies

Modular compact rheometer (MCR302, Anton Paar GMBH, Austria) was used
to perform dynamic rheology measurements using a parallel plate assembly (25
mm diameter rotating shaft, PP25). Approximately, 300 uL of gel-4 was placed
on the center of the fixed plate. Fn-HA gel samples were prepared by combining
mixtures of fibrinogen, DXM NCs and HAs solutions to form a premix. Later,
this premix was loaded in the syringe and thrombin was then taken into the
loaded syringe. Mixing of components was performed my moving the plunger
of the syringe six to seven times. This mixture was then extruded out of the
syringe within 2 min onto the plate to avoid gel formation inside the syringe
barrel. Gel samples were then allowed to set for 5 min over the plate without
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any intervention. After 5 min, the rotating shaft was allowed to come in contact
with the gel. Measurement gap between fixed plate and rotating parallel plate
was fixed for all the samples to be 0.5 mm. All measurements were recorded at
25 °C. Oscillatory amplitude sweeps were performed in the strain range of 0.1%
to 100% at constant frequency of 10 rad s™. Storage modulus (G') and loss
modulus (G") were recorded for gel-4. Similarly, oscillatory frequency sweep

runs were recorded in the angular frequency range of 0.1 to 100 s.

2.2.3 In vitro release studies

2.2.3.1 Preparation of simulated synovial fluid (SSF)

The simulated synovial fluid (SSF) was prepared using the composition
described in the literature (140). In brief, NaCl, KCI, Na2HPO4 and KH2PO4
were added to the water to attain concentrations of 0.017 M, 0.0027 M, 0.01 M
and 0.00176 M respectively. HA (1.5 MDa) was added to this salt solution at a
concentration of 3 mg/mL, and mixed well to dissolve. pH of the final solution
was adjusted to 7.4 using 0.1 N HCI or NaOH.

2.2.3.2 Stability of NCs in SSF

The stability of DXM NCs was evaluated in SSF at 37 °C. NCs were added to
SSF in the proportion of 1:4 (200 mg/mL) and mixed well to form a suspension.
This suspension was incubated at 37 °C for 48 h. The particle size was evaluated

at regular intervals as per the procedure mentioned in section 2.2.1.2.

2.2.3.3 In vitro release of DXM from DXM NCs in SSF

Three different approaches have been explored for determining the release of
DXM from DXM NCs: dialysis tubing, centrifugation and gel chromatography
columns. DXM released into the medium was quantified using a HPLC-based
analytical method, as mentioned in section 2.2.1.3. All the samples were filtered
using 0.22 um polyvinylidene difluoride (PVDF) filters before analysing the
DXM content by HPLC. Filter compatibility of DXM with PVDF was ensured
by separately running the calibration curve of DXM post-filtration.

SnakeSkin™ 7 kDa MWCO dialysis tubing (Thermo Scientific™, Spain) was
used for evaluating the release of DXM from DXM NCs. 1 mL of isolated DXM
NCs were diluted to 4 mL with milli-Q water and this NCs suspension was
loaded into the dialysis bag, which was further clamped on both sides. A
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suspension of DXM, prepared in 0.01 M PBS pH 7.4 containing 0.1% wi/v
Tween® 80, was used as a control. Three repeats of each of DXM NCs and DXM
suspension were prepared. Later, these dialysis bags were immersed in 800 mL
of PBS, pH 7.4, maintained at 37 °C in USP type Il dissolution apparatus (Turu
Grau DT-6, Spain). At0.5, 1, 1.5, 4, 6 and 24 h, 10 mL of media was withdrawn,
which was then replaced with fresh medium. 350 pL of each sample was diluted
with 650 pL of ethanol to extract DXM for HPLC analysis. At the end of the
study, 20 pL of sample from the dialysis bag were withdrawn and diluted to 1

mL with ethanol to determine the percentage recovery of DXM.

Centrifugation was also used to determine the release of DXM from DXM NCs.
Briefly, 152 puL of NCs were suspended in 600 pL of SSF, and this suspension
was incubated at 37 °C for 48 h under horizontal shaking at 150 rpm. Three
samples were kept for each timepoint, starting from 2, 8, 24 and 48 h. At each
timepoint, samples were centrifuged at 18,000xg for 1 h at 15 °C. NCs from the
supernatant were separated and size of NCs was evaluated after centrifugation
using the method mentioned in section 2.2.1.2. 100 uL of underneath liquid was
collected and diluted to 1 mL with ethanol, which was then filtered to calculate
DXM content by HPLC.

Alternatively, Sephadex G-25 PD-10 gel chromatography columns (GE
healthcare Lifesciences, USA) were also explored to estimate the release of
DXM from DXM NCs. A volume of 152 pL of NCs were suspended in 600 pL
of 0.01 M PBS, pH 7.4, and this suspension was incubated at 37 °C for 48 h
under horizontal shaking at 150 rpm. At each timepoint, from 2, 8, 24 to 48 h ,
1 mL of sample was passed through the column under gravity. Twenty fractions
of 0.5 mL each were collected from the column. First ten fractions were
analyzed by DLS as described in section 2.2.1.2, to determine the particle size,
which indicated the presence of NCs in the media. Based on the gravity,
fractions containing intact NCs were expected to be eluted in the initial phase,
while free DXM that would be released during the study was expected to elute
in the later fractions. Fractions free of NCs were analyzed by HPLC for

estimation of free DXM.
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2.2.3.4 In vitro release of DXM from Fn-HA gel loaded with DXM NCs in SSF
In vitro release of DXM from Fn-HA gel was determined by forming an in situ
hydrogel by injecting the gel components in SSF. A volume of 130 pL of SSF
was placed in a 500 pL microtube and warmed to 37 °C. Later, pL of gel
components, containing 34 uL of NCs, were added to the microtube gently, by
introducing the needle down to the bottom of the tube. Gel formation happened
at the bottom of the tube, leaving some quantity of SSF over the gel. At each
timepoint (6, 18, 24, 30 and 48 h.), 50 pL aliquots were collected and diluted to
1 mL with ethanol before analysing by HPLC. All the samples were filtered
using 0.22 um polyvinylidene difluoride (PVDF) filters before analysing the
DXM content by HPLC.

2.2.4 Evaluation of local residence and biodistribution

2.2.4.1 Radiolabelling of HA NCs with !In

A radiolabel marker, 1**In was attached to HA NCs using a linker DTPA-PE.
DTPA-PE was first incorporated into NCs by dissolving DTPA-PE (0.08% w/w
of NCs) in chloroform (0.6% w/w of NCs). For example, a 3 g batch size of NCs
will have 0.24 mg of DTPA-PE in 20 uL of chloroform. A volume of 20 pL of
this solution was mixed with the 480 pL solution of BZT in ethanol and further
incubated with 0.16-1 mCi (6-37 MBq) of !InCl3 for 30 minutes. In another
vial, 600 mg of Tween® 80, 300 mg of Labrafac and 300 mg of Lipocol were
weighed. A solution of 500 pL of BZT and *In coupled DTPA-PE was then
added to this. Further manufacturing process is similar to the self-emulsifying
NCs, as mentioned in section 2.2.1.1. In labelled NCs were then isolated by
filtration/centrifugation at 18000g using Amicon® filters & radiolabeling

efficiency was determined.

2.2.4.2 Determination of radiolabeling efficiency & radiolabel stability
Labelled NCs were expected to remain in the upper compartment of the device
after centrifugation. The activity of both fractions was measured with a gamma
counter (Cobra 11, Packard). Efficiency was determined using equation 2.3:

Activity of filter with isolated NCs
Total activity

% Labelling efficiency= X 10..Equation 2.3
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Further, radiolabel stability was assessed by incubating labelled NCs with SSF
(1:4 vIv), at 37 °C under horizontal agitation. Samples were collected at 1 h, 6
h, 24 h and 2, 3, 7 and 13 days from the time of incubation. Free !In was

determined using Amicon® filters, as explained above.

2.2.4.3 Animals

All experiments were performed using healthy female Sprague Dawley rats
(130-290 g) in accordance to E.C. (2010/63/EU) on care and use of animals in
experimental procedures. All experiments were approved by the local Research
Ethics Committee (CEIBA) of Universidad de La Laguna. Animals were caged
in metabolic cages under controlled conditions, supplied with food and water ad

libitum.

2.2.4.4 Evaluaiton of local residence of NCs after 1A injection

The residence time of the free NCs and NCs-containg Fn-HA gel was evaluated
in healthy and AlA rats. Arthritis was induced by IA injection of an antigen, as
described in the literature (141, 142). Briefly, two doses of FCA (1 mL, 1 mg/ml
solution) were received by each animal sub-cutaneously, for
immunopotentiation on 21% and 14" day before induction of arthritis. Later,
arthritis was induced by IA administration of BSA (100 pL, 10 mg/ml) in the
left knee of each rat on day O in all the groups except group 1. On day 1,
treatment was given by 1A administering 100 pL of respective sample to each
group (~ 1 uCi, 37 KBq). For the free 1*In NCs group, 34 mg of tIn NCs were
diluted to 100 pL in water for injection before IA administration. The right knee

of all rats received normal saline as a control.

Both, healthy and AIA rats were divided into 4 groups (3 rats/group). Two
groups received !In labelled NCs alone and Fn-HA gel containing In
labelled NCs. Two control groups received a physical mixture of blank NCs and
free 11InCls, and a physical mixture of blank NCs loaded Fn-HA gel and free
UnCls. Rats was kept under anaesthesia with isoflurane/oxygen with their
body temperature maintained at 37 °C during the whole procedure. DXM was

incorporated into the test formulations for AlA rats.

Retention of NCs was tracked by assessing the remaining radioactivity

periodically at the injection site up to 14 days using an external gamma counter
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probe (Captus®, Nuclear Iberica, Nucliber S.A., Spain). To measure the
remaining radioactivity, rat’s knee joint was placed in contact with the detector.
At each time point, four consecutive readings were performed and the peak at
254 keV was integrated to acquire cumulative events registered over 1 min.
Mean of these readings were considered to be the remaining radioactivity (%
injected dose (% ID)) at that particular time point. The value obtained at time 0
was assumed to be 100% administered dose. The animals were set free after

revival from anaesthesia.

2.2.4.5 Evaluation of biodistribution of NCs after IA injection

The biodistribution of NCs was evaluated with and without Fn-HA gel in AIA
rats. Arthritis was induced as explained in section 2.2.4.4. Rats were divided
into 4 groups (3 rats/group). In labelled NCs with and without Fn-HA gel
forms the two test groups, while a physical mixture of blank NCs and tInCls,
with and without Fn-HA gel forms the two control groups. Each group was
allocated to 6 h, 24 h and 72 h time points to sacrifice and harvest the organs.
As a whole, 36 animals were used for this study (4 groups x 3 rats/group x 3
time points). 100 puL of each formulation was administered 1A which is

equivalent to radioactivity of ~ 1 uCi, 37 KBq.

At each time point, animals were euthanized in CO2 chamber and organs were
harvested to measure the radioactivity in the gamma counter (Cobra II,
Packard). Standards to correct the natural decay were prepared by taking an
aliquot from injected formulation. Blood samples were collected by cardiac
puncture. Harvested organs include spleen, heart, liver, lung, kidneys, popliteal
and inguinal lymph nodes, femur, knee, tibia and bladder. Radioactivity was

determined with respect to injected dose (100%), per gram of tissue (% 1D/qg).

2.2.5 Evaluation of in vivo efficacy

2.2.5.1 A 28-day evaluation study

The efficacy of DXM NCs was evaluated in AIA female Lewis rats. 30 rats were
acquired from Charles River, Germany. They were housed in polypropylene
cages under standard controlled conditions (24 = 1 °C, 12 h light/dark cycle),
and fed with commercial chow and acidified drinking water ad libitum. They

were separated into 6 groups (5 rats/group) and left undisturbed for a week for
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acclimatization. As explained in section 3.2.1.4, two doses of FCA were
received by each animal, first on 21% day and again on 14" day before the
induction of arthritis, for immunopotentiation. Later, arthritis was induced by
IA administration of BSA in the left knee of each rat on day 0 in all the groups
except group 1. On day 2, respective treatment (test or control) was administered
to arthritic knee, while right knee of all rats received normal saline as a control.
Group 1 (negative control) and Group 2 (AlA group) received normal saline in
both the knees. Group 3 (AlA/blank NCs + Gel) received a hydrogel loaded with
blank NCs. DXM sodium phosphate injection (4 mg/ml), a marketed
formulation, was administered in group 4 (AIA/DXM) as a treatment control.
Group 5 (AIA/DXM-NCs) received DXM NCs alone, while group 6
(AIA/DXM-NCs + Gel) received Fn-HA hydrogel loaded with DXM NCs. 100
uL of injection volume was adopted in all groups except group 4, where 50 pL
of formulation was used (equivalent to 1 mg of DXM per kg body weight of
rat).

The response to the treatment was evaluated by determining specific physical,
biochemical and histochemical parameters. The reduction in knee diameter with
time was evaluated by goniometer, as an indicator of swelling and inflammation.
The serum levels of circulating CRP, a non-specific biochemical marker for
inflammation, was evaluated by collecting the blood samples from retro-orbital
plexus. On day 28, animals were euthanized, and knee joint was excised for
histochemical analysis. Morphological changes in synovial membrane and
articular cartilage was evaluated by hematoxylin-eosin (H-E) stain. A
systematic double blind histological score was allocated to rank the potential

outcomes of the treatment.

2.2.5.2 A 14-day evaluation study

A 14-day efficacy study was performed with a similar protocol as mentioned in
section 2.2.5.2 with some modifications. In this study, treatment was given to
rats on day 1 after induction of arthritis, rather than day 2. Moreover, 32 animals
were allocated into 4 groups (8 rats/group). Non-suffering animals constitute the
group 1 (negative control), while suffering, yet not treated animals constitute
the group 2 (AIA group). Test groups include marketed DXM formulation
(group 3 - AIA/DXM) and Fn-HA hydrogel loaded with DXM NCs (group 4 -
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AIA/DXM-NCs + Gel). Knee diameters and body weights were measured till
14 days after the induction of arthritis. On 14" day, rats were euthanized to
harvest the synovial membranes and cartilages and treat them with hematoxylin-
eosin (H-E) stain. A systematic double-blind histological score was allocated to

rank the potential outcomes of the treatment.

2.3 Results and discussion

2.3.1 Development and characterization of DXM NCs

DXM has been evaluated as an anti-inflammatory agent for the treatment of OA
in animal models. The dose usually administered in rats by the 1A route has been
0.5 - 1.2 mg/kg in a volume of 50 - 100 pL (143-145). Moreover, based on the
previous studies performed in our laboratory, the maximum amount of NCs that
can be loaded into Fn-HA gel was 35 % w/w (146). Considering these factors,
it was estimated that the targeted dose of DXM in the suspension of NCs was 5
mg/mL. The solvent displacement and self-emulsification methods were

explored for preparation of NCs.

Solvent displacement is a commonly employed procedure for preparing
polymeric NCs (147). This process involves the preparation of an oil phase
containing an active ingredient, surfactactants and oil in an organic solvent. This
oil phase is then emulsified under stirring to form a nanoemulsion. An aqueous
solution of polymer is then added to this nanoemulsion to form NCs. The
organic solvent is then evaporated to concentrate the NCs (148, 149). Self-
emulsifying is another technique which makes use of high amounts of
surfactants in order to favour the process of emulsification and stabilization. The
mixture of oil and surfactants also facilitates the solubilization of hydrophobic
drugs (150).

2.3.1.1 Preparation and optimization of NCs by solvent displacement technique
First, NCs were prepared by solvent displacement method using lecithin as a
surfactant. Three formulations (SD-LF1, SD-LF2, SD-LF3) were prepared at
three different concentrations of DXM (4, 6 and 8 mg/ml) and colloidal
properties were evaluated after preparation. There was no significant impact of
the DXM concentration on colloidal properties of NCs (Table 2.2), however, as
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evaluated by polarized microscopy, DXM was precipitated from NCs (Figure

2.1).

Table 2.2 Colloidal properties of NCs prepared by solvent displacement, using lecithin as a

surfactant. (Each value is a mean + SD of 3 preparations).

) Conc. of DXM ) Zeta potential
Formulation Size (nm) PDI
(mg/ml) (mV)
SD-LF1 8.1 130+ 4 0.2 277
SD-LF2 6 161+5 0.2 31zx1
SD-LF3 4 143 £ 10 0.2 292

Figure 2.1 A representative polarized microscopic image obtained from isolated NCs, prepared
by solvent displacement, using lecithin as a surfactant. Presence of birefringence indicates the
recrystallization of DXM.

As DXM was precipitated with lecithin containing NCs, Tween® 80 was

considered as an alternative surfactant and NCs were prepared with same
method at two different DXM concentrations, 8 (SD-TF1) and 6 mg/ml (SD-

TF2) (table 2.4). Similar to lecithin formulations, no considerable impact of

DXM concentration on the colloidal properties was observed (Table 2.3).

However, recrystallization of DXM was also observed with these Tween® 80

based NCs.
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Table 2.3 Colloidal properties of NCs prepared by solvent displacement, using Tween® 80 as a
surfactant. (Each value is a mean + SD of 3 preparations)

) Conc. of ) Zeta potential
Formulation Size (nm) PDI
DXM (mg/ml) (mV)
SD-TF1 8.1 178+ 3 0.2 42 £72
SD-TF2 6 176 + 4 0.2 42 +1

The recrystallization of DXM might be due to the low solubility of DXM in the
mixture of oils & surfactants. NCs prepared by solvent displacement had low
amount of these components, leading to precipitation of DXM. Alternatively,
NCs prepared by self-emulsification use higher amounts of surfactants and oils.
These agents are known to enhance the solubility of lipophilic drugs. Hence,
various surfactants and oils were shortlisted based on solubility of DXM for

preparation of self-emulsifying NCs.

2.3.1.2 Preparation and optimization of NCs by self-emulsifiication technique

The first step in this process was the selection of suitable oil and surfactants
which can solubilize DXM and provide emulsion stability. Moghimipour et al.
determined the solubility of DXM in various oils, surfactants and co-surfactants
for preparation of a microemulsion. Labrafac, Tween® 80, Labrasol and Capryol
90 have shown relatively high DXM solubility (151). In our study, Tween 80,
Labrasol and Kolliphor® RH 40 were evaluated as surfactants, while olive oil,

labrafac and castor oil were used as oils.

DXM, the oil and a surfactant were mixed in different combinations, and
apparent solubility was first observed using a microscope, for absence of traces
of undissolved DXM. Unfortunately, DXM was not soluble in any of the studied
mixtures. Hence, ethanol was used as a cosolvent. Nanoemulsions were then
prepared by adding water to these mixtures under stirring. As shown in Table
2.4, recrystallization and phase separation were observed, visually and
microscopically, under certain experimental conditions. Namely, combinations
VII, VIII and IX showed DXM precipitation. While, combinations I, 11, IV, V
and VI showed phase separation due to emulsion instability. The presence of
DXM crystals and phase separation was also confirmed through microscopy

(Figure 2.2). Combination Il showed neither precipitation of DXM nor phase
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separation. Hence, from combination 11, Tween® 80 and Labrafac were selected

as surfactant and oil respectively.

Table 2.4 Screening of oils and surfactants used to prepare self-emulsifying nanoemulsions. *
Each combination involved mixing of DXM (0.6% w/w) with respective oil (30% w/w) and
surfactant (20% wi/w) to form a nanoemulsion with water (36% w/w). Each of these mixtures
had 13% w/w of ethanol as a co-solvent for DXM. Last two columns indicate the
recrystallization and phase separation, as observed visually and microscopically after the
preparation of respective mixture.

_ Surfactant Oil Recrysta- Phase
Mixture* ;
(20% wi/w) (30% wiw) | llization | Separation
I Tween® 80 Olive oil No Yes
Il Tween® 80 Labrafac No No
11 Tween® 80 Castor oil No Yes
v Labrasol Olive oil No Yes
\% Labrasol Labrafac No Yes
VI Labrasol Castor oil No Yes
Vi Kolliphor® RH 40 Olive oil Yes No
VIl Kolliphor® RH 40 Labrafac Yes No
IX Kolliphor® RH 40 Castor oil Yes No
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Figure 2.2 Microscopic images of self-emulsifying nanoemulsions. Immediately after the
preparation, combinations VII, VIII and IX showed the recrystallization of DXM, while
combinations 1, I, 1V, V and VI indicated the instability of nanoemulsion due to phase
separation.

Once surfactant and oil were identified, proportions of Tween® 80 and labrafac
were varied to achieve a stable colloidal dispersion. Tween® 80 was used at 10,
15 and 20% w/w, while Labrafac was used at 10, 20 and 30% w/w. A co-
surfactant, Lipocol was incorporated into the nanoemulsions prepared from
combination 11 (Table 2.4) at 10 and 15% w/w concentration. Ethanol was added
at 13.15% wi/w as a co-solvent for DXM. None of the nanoemulsions showed
precipitation up to 6 mg/mL DXM concentration. Among the nanoemulsions
evaluated, Tween® 80, Labrafac and Lipocol produced nanoemulsions with
reproducible colloidal properties at 20, 10 and 10% wi/w respectively.

In order to obtain NCs from this nanoemulsion, 0.1% w/w BZT was dissolved
in ethanol and added to the mixture of Tween® 80, labrafac and lipocol. The
resulting positively-charged nanoemulsion was then, mixed with an aqueous
solution of HA (negatively-charged) (0.25% w/w, 40 kDa) leading to the
formation of NCs (Figure 2.3). Size, PDI and zeta potential of these optimized
HA NCs were found to be 250 + 30 nm, 0.2 and —17 + 3 mV respectively (n =
3).
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Figure 2.3 Schematic representation of optimized manufacturing process for preparation of self-
emulsifying DXM NCs

After obtaining stable DXM-loaded NCs, the influence of molecular weight and
concentration of HA on the colloidal parameters of the NCs was evaluated. NCs
were prepared with two different molecular weights of HA, where 40 kDa HA
was evaluated at 3 different concentrations, 0.1, 0.25 and 0.5% w/w and 700
kDa HA was evaluated at 0.1% w/w only. Further increase in concentration of
700 kDa HA caused handling difficulties associated with viscosity of HA.
Moreover, colloidal stability was also evaluated by storing these NCs up to 4
weeks at 2 — 8 °C (Figure 2.4). No major changes in size was observed until day
14, among all compositions. However, on day 28 formulation containing 0.25%
w/w of HA (40 kDa) remained stable, while other formulations tend to show an
increase in size (p < 0.05, Dunnett’s multiple comparison test). Hence, 40 kDa

HA at 0.25% w/w was selected.

300
e HA (40 kDa) 0.1% w/w
E ®  HA (40 kDa) 0.25% w/w
_ 250 ! E A HA (40 kDa) 0.5% wiw
g i v HA (700 kDa) 0.1% w/w
< 200
N
N
150
100 T 1 1 1 1
0 7 14 21 28

Days

Figure 2.4 Influence of the molecular weight and concentration of HA on the colloidal stability
of DXM NCs. Particle size was measured after preparing the DXM NCs and at different time
points during their storage at 2-8°C. Except HA (40 kDa) at 0.25% w/w, all other formulations
showed increase in size after 28-day storage (p < 0.05, Dunnett’s multiple comparison test).
(Each value is a mean £ SD of 3 preparations)
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2.3.1.3 Determination of entrapment efficiency — influence of HA

The results presented in table 2.5 indicate that the MW and concentration of HA
did not have an impact on the % EE of DXM. However, after 2 weeks of storage
at 2 - 8 °C, NCs containing 0.1% w/w of HA, both 40 and 700 kDa, showed
reduction in drug loading. Recrystallization of DXM was also observed in these
samples. Lower concentration of HA might lead to discontinuous coating of
globule surface, triggering the precipitation of DXM from oil phase. Moreover,
high molecular weight HA (700 kDa) might also cause discontinuous coating
due to non-uniform polymer deposition. Abellan-Pose et al., also observed that
use of high molecular weight polyglutamic acid (PGA), hampered the uniform
polymer deposition onto the surface of docetaxel loaded nanoemulsion droplets
(149). Hence, DXM-loaded NCs prepared with 40 kDa HA at a concentration
of 0.25 % w/w were the most adequate in terms of drug loading and stability
(Figure 2.4, Table 2.5).

Table 2.5 Influence of concentration and molecular weight of HA on % EE and drug loading of
DXM, a compilation of data from DXM NCs immediately after preparation, and after storage at
2 - 8 °C for 2 weeks (Each value is a Mean + SD of 3 preparations)

Initial Drug
Concentration drug loading after | % Loss
Polymer % EE ]
(% wiw) loading 2 weeks, 2-8 | of DXM
(mg/mL) | °C (mg/mL)
HA 0.1 41+1 53+0.6 44+14 18+ 15
0.25 46 + 6 53101 55£0.1 00
(40 KD)
0.5 49 2 53101 53+0.1 1+1
HA
0.1 39+6 50£0.1 43+0.1 14 +£2
(700 KD)

2.3.2 Development and characterization of Fn-HA gel loaded
with DXM NCs

DXM-loaded NCs described in the previous section were incorporated into the
hydrogel in order to obtain a composite formulation, suitable for prolonged

retention and sustained release in the synovial cavity.
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2.3.2.1 Optimization of incorporation of DXM NCs in Fn-HA gel

Fibrinogen is a natural blood coagulation factor which gets activated in presence
of thrombin, to form a Fn network, which is responsible for clot formation (152).
Fn scaffolds have been well explored for drug delivery (153). Nanoparticles
containing growth factors, cells, therapeutic proteins and small molecules have
been incorporated into fibrin gels for tissue regeneration and therapeutic
purposes. For example, Zhou et al., loaded chitosan nanoparticles in Fn gel for
local delivery of recombinent human epidermal growth factor for wound healing
(154). In another study, a fibrin network in combination with
poly(ether)urethane-polydimethylsiloxane was developed to incorporate
poly(lactic-co-glycolic acid) (PLGA) nanoparticles, loaded with vascular
endothelial growth factor and basic fibroblast growth factor for wound healing
(155).

Fibrin along with HA has been previously designed in our lab to form a Fn-HA
gel, which could incorporate NCs loaded with an antagonist for galactin-3, a
proinflammatory cascade initiator, for the treatment rheumatoid arthritis, as well
as DXM (146). In this work it was hypothesized that the presence of HA in the
Fn-HA gel might also help treating inflammatory arthritis, as HA has been
historically used as an IA non-pharmacological agent in the management of OA
(62).

In this study, we have adopted and further optimized this Fn-HA gel in order to
incorporate NCs containing a high loading of DXM (final dose of 1 mg/kg).
Concentrations of fibrinogen, thrombin and HAs were tuned to incorporate
DXM NCs, ranging from Gel-1 to Gel-5 (Table 2.6). Figure 2.5 shows the
images of gel compositions captured after mixing. Gel-1, Gel-2 and Gel-3 did
not show formation of a gel after 6 minutes of mixing. While, Gel-4 showed
gelation after 4 minutes and Gel-5 showed gelation after 2 minutes. Although
gel formation was observed with compositions corresponding to both Gel-4 and
Gel-5, Gel-4 was selected because of its reasonable slow gelation time, which
allows mixing of gel components in the syringe before IA injection. In contrast,
gelation time was too fast (< 2 min) for Gel-5 which led to formation of gel
inside the syringe barrel, causing needle blockage. Moreover, it is desirable to

keep the concentration of thrombin as low as possible as high concentrations of
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this compound may stimulate proinflammatory processes in synovial tissues
(156, 157).

Table 2.6 Optimization of gel components for incorporation of DXM NCs. Concentrations of
fibrinogen and thrombin evaluated to incorporate DXM NCs are tabulated. 34% w/w of DXM
NCs was loaded into all the gels, which yielded an equivalent dose of 2.04 mg/mL of DXM.
This was equivalent to therapeutic dose of 1 mg/kg, considering 1A administration volume of
100 pL.

Ingredient (% w/w) Gel-1 Gel-2 Gel-3 Gel-4 Gel-5
Fibrinogen 6 12 18 24 36
Thrombin 2 4 6 8 12
HAs mix 58 50 42 34 18

Figure 2.5 Optimization of Fn-HA gel to incorporate DXM NCs. Gels were prepared at
increasing concentrations of fibrinogen and thrombin. Images were captured after preparation
of gels at different time points, where () indicates Gel-1 after 6 min; (b) indicates Gel-2 after 6
min; (c) indicates Gel-3 after 6 min; (d) indicates Gel-4 after 4 min, and (e) indicates Gel-5 after
2 min. Gel-4 and Gel-5 have formed the gels in presence of DXM NCs

2.3.2.2 Rheology of DXM NCs loaded Fn-HA gel

Rheology is a useful tool to determine the structural properties of hydrogels. In
general, hydrogels are known to exhibit viscoelastic behaviour. Oscillatory
rheology studies are performed to derive storage modulus, G' which corresponds
to elastic behaviour, and loss modulus, G" which corresponds to the flow
properties of the material (158). G' and G" of Fn-HA gel were recorded using
oscillatory amplitude and frequency sweeps. Amplitude sweep studies showed
that G' is higher than G", indicating the elastic behaviour of the gel at lower
strains (Figure 2.6). However, increasing strains led to reduction in G'. A
crossover point was observed at 10% strain, indicating the mechanical

breakdown of the gel. It is considered that after the crossover point, gel loses its
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elastic behaviour and exhibits a flow property like a viscous liquid. Fn-HA gel
is considered to behave like an elastic material at strains lower than crossover
point, and this region is called linear viscoelastic (LVE) region (159). Beyond
this point, it should be interpreted that flow properties of the gel dominate over

the elastic properties.

Frequency sweep of Fn-HA gel was recorded at a fixed low strain value, which
indicated a steady rise in both G' and G" values (Figure 2.7). This is a known
phenomenon exhibited by viscous polymeric materials. However, it should be
noted that G' and G" did not cross over in the whole frequency range, indicating
that the elastic behaviour of the material is persistent with increasing frequency.
These results are in consistent with viscoelastic behaviour that hydrogels exhibit
typically (160).

1000+
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Figure 2.6 Rheology of Fn-HA gel containing DXM NCs, performed by oscillatory amplitude
sweep using parallel plate assembly at 25 °C. Viscoelastic property of the gel was confirmed by
presence of a LVE region, where G' was > G". Presence of crossover point indicates the
mechanical breakdown of the gel at > 10% strain. (Data represented as Mean + SD, n = 3)
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Figure 2.7 Rheology of Fn-HA gel containing DXM NCs, performed by oscillatory frequency
sweep using parallel plate assembly at 25 °C. A steady increase in G' and G" indicates the
viscoelastic properties of the gel. No crossover point indicates that the elastic property of the
gel was retained in the frequency range tested. (Data represented as mean £ SD, n = 3)

2.3.3 In vitro release studies

2.3.3.1 In vitro release of DXM from DXM NCs in SSF

DXM release studies from DXM-loaded NCs were carried out in simulated
synovial fluid (SSF) using three different methods, as mentioned in section
2.2.3.3. The integrity of NCs in SSF was first ensured by checking the stability
of NCs in SSF (section 2.2.3.2). As shown in Figure 2.8, although, a slight size

increase was observed at 2 h, this size was retained for at least 48 h.

To calcuate the amount of DXM released, the first step was to isolate the NCs
from the free DXM. Different methods were evaluated for this separation. Using
ultracentrifugation, it was found that approximately 70% of DXM was released
in the the first sampling point. Moreover, the size of isolated NCs changed from
250 + 30 nm to 550 = 150 nm, and the PDI from 0.2 to 1.0, indicating the
instability of NCs towards centrifugation. This indicates the inefficiency of this

method in establishing the release profile of DXM.

Gel chromatography columns, another approach for estimation of DXM release
was also found to be unsuitable for estimation of DXM release. NCs were

destabilized by column matrix. Size of NCs was changed drastically from 250
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+ 30 nm to > 1000 nm, while the PDI increased from 0.2 to 1, indicating the

incompatibility of NCs towards PD-10 columns.

The use of a dialysis membrane was also explored to study the release of DXM
from NCs. Figure 2.9 shows the cumulative release of DXM over 24 h,
established using a dialysis membrane. As a control, a DXM suspension was
also dialyzed. Approximately 3-5% of DXM was released from control sample
of DXM suspension and from the NCs, respectively. Unfortunately, a significant
amount of DXM was found to be associated to the dialysis membrane, a fact
that led us to discard the experimental approach. This is in agreement with
previous reports describing the adhesion of lypophilic molecules to dialysis
membranes (161, 162).

Based on the experimental difficulties for assessing the release of DXM from
the NCs, the decision was to study the release of the drug from the final delivery
system, the DXM-loaded NCs containing hydrogel, as described in the

following section.
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Figure 2.8 Colloidal stability of DXM NCs in SSF, determined by incubating them in SSF at
37 °C for 48 h, measuring the particle size at regular intervals. No significant change in particle
size was observed after 48 h of incubation (p > 0.05, Dunnett’s multiple comparison test). (Each
value isa Mean = SD, n = 3)
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Figure 2.9 In vitro release study, showing the % cumulative release of DXM from DXM NCs,
determined using dialysis membrane (7 kDa cutoff), which was further incubated in SSF at 37
°C. (Each value is a Mean £ SD, n = 3)

2.3.3.2 In vitro release of DXM from Fn-HA gel containing DXM NCs in SSF
The DXM release from the final system, Fn-HA gel containing DXM-loaded
NCs, in SSF, was determined as described in section 2.2.3.4. The results in
Figure 2.10 indicate that DXM was gradually released reaching a 70% of DXM
release. However, it should be noted that the amount of DXM estimated at each
timepoint was an additive of free DXM and DXM entrapped in NCs that were
also released from the gel. Hence, % release of DXM was considered to reflect
the simultaneous process of gel degradation and DXM release (free or
encapsulated) from the formulation.

It is known that the degradation of Fn gel networks is influenced by temperature,
pH and presence of electrolytes. Nair et al., reported that the pH and ionic
strength of the medium affect the network structure by influencing the Fn
assembly, while temperature influences both Fn monomer generation and Fn
assembly (163). The presence of electrolytes in SSF and the temperature (37 °C)
might have contributed to its degradation. Initiation of degradation might have
led to formation of pores in the swollen hydrogel matrix, increasing the
permeability of the gel. Chiu et al., observed that presence of pores in Fn-
thrombin networks determine their permeability, which is a function of their
concentrations (164). In summary, the presence of electrolytes, temperature and
formation of pores which might have led to the degradation of the gel and the

release of free and encapsulated DXM into the medium.
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On the other hand, with regard to the relase of DXM from the NCs, based on
previous reports, it could be speculated that the release is governed by the
partition of the drug between the oily core of the NCs and the surrounding

medium.
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Figure 2.10 In vitro release study, showing the % release of DXM from Fn-HA gel containing
DXM NCs, incubated in SSF at 37 °C. (Each value is a Mean + SD, n = 3)

2.3.4 Evaluation of local residence and biodistribution after 1A
administration of 1In labelled NCs

2.3.4.1 Labelling of NCs with In

Radiolabels have been in use in the clinic for various diagnostic and therapeutic
purposes, highlighting their relative tolerability (165, 166). Labelling of
nanoparticles using a radioactive ligand is a common approach to evaluate their
biodistribution and local residence. '*In, **™Tc, 8’Ga, **!1, 1¥Re are commonly
used radioligands for tracking their biodistribution (167, 168). Our lab has
previously studied the biodistribution of polyethylene glycol-polyglutamic acid
(PEG-PGA) NCs labelled with !In. The incorporation of the radiolabel to the
NCs was mediated by a metal chelating agent DTPA-PE (169). The same

labelling protocol was adapted in this study, as explained in section 2.2.4.1.

In the first step, the assesemnt of the physicochemical properties of the NCs
after incorporation of the linker DTPA-PE was performed. The results showed
that the size of NCs was slightly reduced from 250 + 30 nm to 215 £+ 20 nm.
Although, not statistically significant (p > 0.05, Student’s t-test), this slight
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reduction could be attributed to the amphiphilic nature and surface localization
of DTPA-PE (170). The PDI and zeta potential were remained unchanged at 0.2
and —15 £ 3 mV respectively.

In the second step, **In was tagged to DTPA-PE as mentioned in section
2.2.4.1. The labelling efficiency of 'In was determined by separating the free
and bound !In and was found to be 97.8 + 1.1 %. The association of the label
to the NCs was stable, leaking only 4% of 'In after 13 days of incubation in
SSF (Figure 2.11).
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Figure 2.11 Radiolabel stability of 1**InNCs, determined by incubating them with SSF at 37 °C.
At each time point, samples were centrifuged with Amicon® filters to separate and quantify free
N from *In bound to NCs. (Each value is a Mean + SD, n = 3)

2.3.4.2 Evaluation of local residence after IA administration

Once NCs were radiolabelled and characterized, the ability of these **In NCs
to retain in the synovial cavity after 1A injection was evaluated in presence and
absence of Fn-HA gel. A physical mixture of NCs and free 1*1InCls was used as
a control for NCs, whereas a mixture of NCs loaded in Fn-HA gel and free

UnCl;s was used as a control for gel sample.

The residence time of the NCs at injection site obtained by tracking the residual
radioactivity in presence and absence of Fn-HA gel is shown in Figure 2.12.
After 14 days of administration, radioactivity was observed from all the groups
with no significant differences between them (p > 0.05, one-way ANOVA,

Tukey’s multiple comparison test). The control groups also showed retention
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similar to NCs group and NCs-loaded Fn-HA gel group, which might be due to
the potential interaction of **InCls with blank NCs. Association of **In with
blank NCs in the control groups might led to retention profile similar to NCs
and NCs-loaded Fn-HA gel group. Additionally, !InCl; might have
precipitated into indium oxide, which has lower solubility under physiological
conditions (171). Formation of indium oxide at the injection site might led to
higher radioactivity than expected. Similar phenomenon has also been observed
by Abellan-Pose et al., where InCls was precipitated as indium oxide, after

subcutaneous administration in rats (169).

It was also observed that there were no significant differences in % ID remaining
at injection site between the NCs group and the NCs-loaded Fn-HA gel group
(p > 0.05, one-way ANOVA and Tukey’s multiple comparison test). It was
anticipated that Fn-HA gel could retain the NCs longer in the cavity, driven by
its gradual degradation. However, no difference in residual radioactivity
signifies that Fn-HA gel did not retard the release of loaded NCs. Release of
NCs could be due to rapid enzymatic or mechanical degradation of the gel.
Although, Fn-HA gel has shown comparable rheological properties (Figure 2.6)
to commercial HA based IA injections Ostenil® and GO-ON®, it did not tolerate

the mechanical forces exerted by weight bearing knee joint (172).

Enzymatic degradation is another phenomenon that fibrin mediated hydrogels
encounter. Despite of the fact that the fibrin-derived hydrogels are well explored
as tissue regeneration matrices, they might face rapid enzymatic degradation in
vivo. Ahmed et al., found that matrix metalloproteinases and plasminogen
activators, which are predominantly expressed in arthritic joints, are responsible
for early degradation of fibrin gels (173). As discussed in the literature, the
major drawback of fibrin hydrogels is that, they susceptible to protelolytic
degradation in vivo, which might be responsible for premature degradation of
Fn-HA gel (174). Synovial cavity is an enzyme rich environment. As an
indigenous viscosifier also, hyaluronic acid undergoes continuous degradation
and rejuvenation within the cavity (61). These enzymatic activities increase
many folds in AIA rats because of the prevailing inflammatory activity (60,

175). These factors might also contribute to the degradation of Fn-HA gel.
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Figure 2.12 Local residence of MIn labelled NCs, administered alone or in Fn-HA gel,
represented as Mean + SEM of %ID remaining at injection site after |A administration in (a)
healthy and (b) arthritic rats (n=3 rats/group), as determined by a gamma counter probe
(Captus®, Nuclear Iberica). A physical mixture of NCs alone and NCs loaded in Fn-HA gel with
HINnCl; were used as controls (n=3 rats/group).

2.3.4.3 Evaluation of biodistribution after 1A administration

The biodistribution of NCs from injection site was studied by calculating the %
ID from different organs at certain timepoints after administration. The values
obtained were normalized by considering the weight of each organ collected.
Figure 2.13 shows the % ID/g obtained from different organs at 6, 24 and 72 h.
Overall, the data indicate a rapid drainage of the NCs from the IA cavity to the
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lymphatics, irrespective of the presence of the gel. Both groups, **In-NCs and
111n-NCs loaded Fn-HA gel, showed higher radioactivity levels in popliteal
lymph nodes at 6 and 24 h, than the corresponding controls. However, the high
variation in the values obtained led to the absence of statistically significant

differences between the groups.

The clearance of NCs from the joint and subsequent biodistribution of NCs into
popliteal lymph nodes could be attributed to the dynamic environment of the
synovial cavity. Constant exchange of fluid, small and large molecules occur
continuously through lymph ducts and capillary beds encircling the cavity. This
phenomenon becomes more prominent in arthritic joint because of underlying
inflammatory activity (176). Moreover, tissue residing macrophages and
actively recruiting macrophages from circulatory system are also prominent in
the synovial cavity (177). These macrophages might phagocytize the NCs, an
even fragments of the eroding gel, clearing them from the cavity. These results
are in accordance to the previous reports on the clearance of nanoparticles from
the synovial cavity. For example, Pradal et al., discussed the size driven escape
of fluorescently labelled poly(lactic acid) nanoparticles from the knee joint into
surrounding lymph nodes, after A administration (69). They observed that 300
nm particles were cleared rapidly from the healthy and inflammed joint, while
3 um particles were cleared from inflammed joint only. The 10 um particles
were completely retained in the cavity irrespective of inflammation state of the
joint. The authors attributed the rapid clearance of small particles to the
phagocytosis by macrophages. Additionally, as explained before, Fn-HA gel
might have undergone rapid mechanical or enzymatic degradation, which led to
release of NCs into the synovial cavity. Hence, biodistribution pattern observed

by NCs-loaded Fn-HA gel group was similar to NCs group.

Therefore the overall conclusion from this study is the drainage of the delivery
system from the IA cavity to the lymphatics. The fact that the gel did not have
any effect in this drainage could be because it was rapidly degraded and/or the
uptake of NCs and degrading gel by macrophages. Irrespective of the
mechanism of drainage the results led us to discard the potential of the

developed system as a long-acting IA delivery system.
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Figure 2.13 Biodistribution of **InNCs, administered alone or in Fn-HA gel, represented as
Mean + SEM of %ID/g obtained from various organs at (a) 6 h, (b) 24 h and (c) 72 h after 1A
administration (n=3 rats/group), using a gamma counter (Cobra Il, Packard). A physical mixture
of NCs alone and NCs loaded in Fn-HA gel with **InCl; were used as controls (n=3 rats/group).
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2.3.5 Evaluation of anti-inflammatory efficacy of Fn-HA gel
containing DXM NCs in AlA rats

The efficacy of the formulations designed was evaluated in animal models
(AIA) where arthritis was generated using an antigen. The efficacy of DXM
NCs and Fn-HA gel containing DXM NCs was evaluated in two separate
studies. The first efficacy study was 28-days long, while the second efficacy

study was 14-days long, both after single 1A administration.

The 28-day long study was designed to evaluate the response to IA
administration of Fn-HA gel containing DXM NCs, administered on second day
after induction of arthritis. In contrast, in the 14-day long study, DXM treatment
was administered one day after induction of arthritis, so that extent of damage
due to AIA induction was limited. Physical parameters such as body weights

and knee diameters of animals were monitored throughout both the studies.

2.3.5.1 Evaluation of physical and biochemical parameters in response to DXM
treatment

Figure 2.14 (c) and Figure 2.15 (a) show the evolution of the animal’s weight
during the 28-day and 14-day efficacy studies, respectively. Slight reduction in
body weight was seen after the induction of arthritis in all groups except the
negative control. This might be due to the inflammatory and metabolic activity
in animals. Body weights appear to regain during treatment, maybe due to the
administration of steroids. Winter et al., reported a similar pattern of changes in
the body weight during the course of disease induction and treatment with anti-

inflammatory agents in adjuvant induced arthritis model (178).

Figure 2.14 (a) shows an initial increase in knee diameter in both, right and left
knees, due to the volume injected into the joint cavity. However, knee diameters
of left joint ramped up sharply in all groups except the negative control group,
indicating the initiation of a profound inflammatory activity in the knee. In the
28-day study, the left knee diameters were gradually reduced in all groups,
including the groups untreated with DXM (group 2 and 3). This phenomenon
can be attributed to inherent healing response shown by rats with time. No
additional benefit was observed in response to DXM treatment in terms of knee

diameters, as seen in groups 4, 5 and 6. Similar results were observed in the 14-
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day study (Figure 2.15). These findings are not aligned with the literature on
anti-inflammatory effects of IA DXM. For example, Elron-Gross et al., reported
the anti-inflammatory activity of an 1A liposomal DXM formulation alone and
in combination with diclofenac (179). In another study, Zhang et al., reported
that DXM incorporated in a cross-linked HA gel showed anti-inflammatory and
chondroprotective effects after single 1A injection into rat knees, in a surgery
induced arthritis model (131). Heard et al., also reported that DXM exhibited
anti-inflammatory activity and prevented the development of post-traumatic

osteoarthritis after single IA injection (145).
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Figure 2.14 Evolution of the (a) left and (b) right knee diameters and (c) the body weight in a
28-day efficacy study performed in arthritic AlA rats. Treatments administered by the 1A route
were: free DXM (group 4), DXM-loaded NCs (group 5) and Fn-HA gel containing DXM-loaded
NCs (group 6) in AlA rats. Healthy rats (group 1) were used as negative control. Untreated AIA
rats (group 2) and AlA rats treated with Fn-HA gel containing blank NCs (group 3) were used
as other controls for the study. Data represented as Mean + SEM (n=6 rats/group)
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1) and untreated AIA rats (group 2) were used as controls for the study. Data represented as
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Serum CRP values were also monitored in the 28-day study as an indicator of
systemic inflammatory activity (180). Figure 2.16 shows the CRP values
monitored from day 1 to day 18 after induction of arthritis. An increase in CRP
values were observed in all AIA groups in comparison to negative control,
indicating the increased inflammatory activity. These CRP values were slightly
reduced on day 2 and, then, maintained for the duration of the study with the

exception of the non treated AIA group which showed the highest CRP values.
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The local administration of DXM in the knee might not have reflected in the
CRP, which is a systemic parameter. Similar scenario was also reported by
Ceponis et al., where liposomal clondronate, led to low levels of synovial
hyperplasia, TNF-o and tissue fixed macrophages after IA injection. However,
the effect of clondronate was not reflective in reducing the serum CRP values
after A administration (181). To understand the influence of IA DXM on serum
CRP values, Schade et al., established a dose-response relationship. These
authors found that DXM shows a biphasic sinusoidal dose-response curve for
serum CRP values, after 1A administration in AlA rats in the dose range of 0.001
mg/kg to 1 mg/kg (182). Hence, the anti-inflammatory response of DXM on
CRP values is not an inversely proportional linear relationship. These findings
support the non-response of CRP values towards IA DXM injection.

200041 % |

Negative control (Group 1)
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Figure 2.16 Serum CRP values obtained from 28-day evaluation study, during the course of
disease induction and treatment, measured by collecting the blood samples from retro-orbital
plexus of rats, followed by ELISA test. Data represented as Mean + SEM (n=6 rats/group). No
significant differences were obtained between the groups, except between negative control and
non-treated AIA group without any treatment (*p < 0.05, two-way ANOVA, Dunnett’s multiple
comparison test)

2.3.5.2 Evaluation of histological changes in response to DXM treatment

Histological scores obtained from the synovial and cartilage tissue sections
obtained through double-blind scoring, after 28 days indicated a significant
tissue disruption associated with induction of arthritis in comparison to negative
control (Figure 2.18). In addition, a significant reduction of the synobial
histology score was observed in groups treated with DXM NCs and Fn-HA gel
containing DXM-loaded NCs, as compared to the untreated group 2. As
expected from the literature (63), no beneficial effects were observed in cartilage
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sections after DXM treatments. Figure 2.17 shows a representative synovial
tissue section from each group. No significant differences in cartilage tissue
scores among the test & untreated groups. Similarly, the histological scores of
synovial membrane and cartilage from 14-days long study did not show any
statistical differences between the marketed DXM formulation and DXM NCs
loaded Fn-HA gel.
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Figure 2.17 Microscopic slides obtained from 28-day anti-inflammatory efficacy study,
showing the histology of cross-sections obtained from left knees of rats related to different
groups, stained with Masson's trichome stain at 3 different magnifications. ST, M, FC and TP
indicates synovial tissue, meniscus, femoral condyle and tibial plateau respectively
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Figure 2.18 Histological scores obtained by double-blind analysis of (a) synovium and (b)
cartilage cross-sections obtained on 28" day of the study. DXM NCs and Fn-HA gel containing
DXM NCs have shown significant differences from untreated AIA group (* p < 0.05 done
Mann-Whitney post-hoc analysis), while no significant differences between the groups were

seen with cartilage cross-sections.
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Figure 2.19 Histological scores obtained by double-blind analysis of (a) synovium and (b)
cartilage cross-sections obtained on 14th day of the study. No significant differences between
the groups were seen with both synovial and cartilage cross-sections.
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Overall, these results indicate that the anti-inflammatory activity was not
appreciable for any DXM treatment, either in an early phase (14-days) or in a
late phase (28-days) study. The fact that the DXM marketed formulation did not
also show beneficial anti-inflammatory activity, would support the
ineffectiveness of existing steroid formulations towards management of arthritis
as reported in the literature (72). However, the type of disease model could
influence the study outcome. For example, in a study performed by Zang et al.,
IA administration of DXM, alone or in presence of a crosslinked HA hydrogel
showed a significant improvement in histology scores of arthritis rats at
comparatively lower doses of 0.01 mg/kg and 0.025 mg/kg. This study was
performed in an anterior cruciate ligament transection (ACLT) surgery model
for OA (131).

2.4 Conclusions

Herein we report the development of a composite hydrogel formulation
containing HA NCs-loaded with a model anti-inflammatory drug, DXM. DXM-
loaded NCs with an adequate drug loading (DXM concentration: 6 mg/mL)
were incorporated in a Fn-HA gel, and the resulting composite showed a
viscoelastic behaviour comparable to commercial HA injections. In vitro release
studies showed a sustained release of DXM, up to 70% in 48 h. In vivo studies
involving the IA administration of the system to rats indicated that the NCs were
cleared through popliteal lymph nodes from the knee cavity and that this
behaviour was not influenced by the presence of the hydrogel. An in vivo
efficacy study performed in AIA rats showed no beneficial anti-inflammatory
activity, as observed from knee diameters and synovial histology. Failure to
show anti-inflammatory activity was unexpected based on the literature, and

could be partially attributed to potential rapid degradation of Fn-HA gel.
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3. Development and evaluation of nanocapsules-loaded
enzymatically/physically crosslinked gels for intra-

peritoneal drug delivery

In the previous chapter, DXM NCs were developed and incorporated into a Fn-
HA gel for IA delivery. This formulation was unable to show prolonged
retention and beneficial anti-inflammatory effects in the AIA rat model. Hence,
the composite formulation of Fn-HA gel containing DXM NCs was not suitable
for the synovial joint. To further explore the potential of this formulation for
localised drug delivery, another route of administration, intra-peritoneal
delivery, was evaluated. The peritoneal cavity (a fluid rich sac, which encloses
visceral organs in the abdominal cavity) is a dynamic environment with a high
turnover of fluid, where the sustained delivery of therapeutic agents will be
beneficial. Many researchers have explored this route of administration for
delivering chemotherapeutic agents in treatment of cancers associated with
peritoneal membrane or other organs in the peritoneal cavity. In addition, the
peritoneal cavity is commonly accessed to perform peritoneal dialysis (111).
However, the common problem associated with peritoneal dialysis is formation
of adhesions. Hydrogels containing no pharmacologically active compounds
have been explored for preventing the formation of post-surgical fibrotic
adhesions (183-186) (187-189).

Many of these primary cancers which are associated with the organs in the
cavity are highly aggressive and exhibit metastasis within the peritoneal cavity
and also with other peritoneal organs (190). Routine strategy for the treatment
of these peritoneal malignancies is a cytoreductive surgery of macroscopic
tumours. Intravenous (1V) chemotherapy can also be given perioperatively or
postoperatively to treat untraceable microscopic tumours to avoid recurrence
(191). These conventional chemotherapies are non-specific and pose severe side
effects, compromising the quality of life of patients. Moreover, achieving
effective local drug concentrations by IV therapy is a significant challenge
(192). It has been demonstrated that intra-peritoneal (IP) administration of
chemotherapeutic drugs offers pharmacokinetic advantages in comparison to

the IV route (98). Shimada et al. compared the pharmacokinetic parameters of
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docetaxel after IP and IV administration in mice bearing gastric cancer. The
concentration of docetaxel in the peritoneal cavity and the solid tumour was
significantly higher for IP administered group than IV arm. The plasma area
under curve (AUC) after IP administration was similar to IV administration,
indicating no additional systemic toxicity (98). Although no chemotherapeutic
products are approved for IP administration, many compounds including,
doxorubicin, fluorouracil, paclitaxel and platinum-based compounds have been
explored for IP therapy. In the current clinical practice, IP administration is
achieved by repeated instillation through catheters. These procedures involve
perfusion of chemotherapeutic agents under hyperthermic conditions (193, 194)
or pressurized aerosol pumps (195, 196). It is extremely challenging to provide
long-term repeated administrations through indwelling catheters, due to pain
and infection-related problems for the patient. This challenge poses a need for
developing sustained release chemotherapeutic formulations for IP delivery,
which can avoid installation of catheters. Novel drug delivery systems, aimed at
prolonging the duration of action of these agents have been explored using
nanoparticles (NPs) (197, 198), nanocrystals (199), liposomes (200),
microspheres (114), and hydrogels (201).

Among particulate drug delivery systems, micro and nanoparticles demonstrate
some benefits and disadvantages. As described in section 1.3.4.1, microparticles
show relatively slow dissolution than nanoparticles because of their lower
surface area to volume ratio. Moreover, they do not undergo phagocytosis
because of their relatively larger size. However, microparticles pose potential
risks to form adhesions and inflammation in the peritoneal cavity (118). In
contrast, nanoparticles do not cause peritoneal adhesions and they are relatively
tunable to offer higher tumour penetration. Tumour penetrating and cell
penetrating peptides are often surface-decorated onto nanoparticles to achieve
high tumour penetration and intracellular delivery (16). However, nanoparticles
can be phagocytosed by peritoneal macrophages to clear them from the cavity
(105). Incorporation of nanoparticles in the hydrogel delays their clearance from
the IP cavity, as the rate of release of nanoparticles into the cavity depends on
the degradation of the hydrogel. For example, Silveira et al. incorporated

doxorubicin functionalized mesoporous silica nanoparticles (MSNs) into
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Pluronic F127 hydrogels to achieve prolonged release for the treatment of
prostate cancer. The composite system had a gelation temperature of 21 °C,
which allowed in situ gelation upon IP administration to form a depot. They
reported significant reduction in aggressive tumour nodules. Interestingly, the
intrinsic cardiotoxicity of doxorubicin has been significantly reduced because
of its sustained release after local administration in the peritoneal cavity (202).
Similarly, as explained in section 1.3.4.3, Xu et al. and Fan et al. also reported
sustained delivery of nanoparticles after incorporation in a hydrogel (128, 129).

However, development of a sustained drug delivery system for IP cavity does
not necessarily ensure beneficial therapeutic outcomes. Therapeutic efficacy of
a composite drug delivery system depends on complex range of factors, which
include rate of release of NCs from the hydrogel, effective penetration and
delivery of chemotherapeutic agents into the tumour mass, degradation etc. For
example, as described in section 1.3.4.3, Cho et al. reported compromised
therapeutic efficacy despite of sustained release shown by the composite
formulation of cisplatin-containing HA nanoparticles, incorporated in a
covalently crosslinked HA gel. They reported a slight increase in tumour
burdens at later time point, which was attributed to degradation products of the
formulation (130). Hence, there is a need for exploring various composite
systems that can vyield a biocompatible hydrogel incorporated with

nanoparticles, aiming prolonged IP delivery and desired therapeutic efficacy.

In this chapter, we have developed and evaluated two different hydrogel
formulations that can incorporate HA NCs. An enzymatically cross-linked Fn-
HA gel developed in the previous chapter (section 2.3.2) was chosen as one of
the hydrogels, as it was proven to be biocompatible and biodegradable in the
animal models (sections 2.3.4 and 2.3.5). Alternatively, a self-assembled
hydrogel formed by a hydrogelator, N-4-octanoyl-2'-deoxycytidine (from now
onwards called as 2'-dC-N4-Cg), was considered for the study. 2'-dC-N4-Cg was
previously developed in our lab and was subsequently evaluated for protein
delivery and prevention of protein aggregation (203, 204). Staka et al.
incorporated C-14 Gemcitabine-loaded HA NCs into the self-assembling 2’-dC-
N4-Cg hydrogel and demonstrated an in vitro controlled release for > 1 month

(205). Hence, this was selected as another hydrogel to incorporate NCs.
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DiR, a near-infrared fluorescent marker, was first incorporated into NCs that
were developed before (section 2.3.1). DiR NCs were then incorporated into
both Fn-HA and 2'-dC-N4-Cg gels. Rheology, electron microscopy was
performed on these hydrogels to understand their structural features. Further,
resistance to dilution and in vitro release were evaluated. Finally, in vivo
biodistribution and local residence were evaluated with one of the hydrogels that

contain DiR NCs using 1VIS® imaging in nude mice.
Aim

To develop and evaluate enzymatically/physically cross-linked hydrogels
containing DiR NCs for sustained IP delivery

Hypotheses

1. Incorporation of DiR in the NCs would demonstrate their in vivo local
residence and biodistribution after IP administration through 1VIS®
imaging

2. Fn-HA gel or 2'-dC-N4-Cg gel would entrap DiR NCs and favour the slower
release of the same

3. Incorporation of NCs in a hydrogel would prolong the residence time of the

formulation in the IP cavity
Objectives

1. To incorporate DiR into HA NCs and determine the entrapment efficiency

2. Toincorporate DiR NCs into an Fn-HA gel

3. To optimize the concentrations of the self-assembling 2'-dC-N4-Cg
hydrogelator to form a hydrogel, incorporating DiR NCs

4. To characterize the DIiR NCs loaded Fn-HA and 2'-dC-N4-Cg gels and
determine the in vitro release of DiR NCs

5. To determine the optimal dose of DiR required for IVIS® imaging

6. To evaluate the in vivo biodistribution and local residence of selected gel

containing DiR NCs, using 1VIS® imaging
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3.1 Materials

Fluorescent label, 1,1"-dioctadecyl-3,3,3",3"-tetramethylindotricarbocyanine
iodide (DiR) was purchased from Thermo Fisher Scientific, Spain. Fibrinogen,
thrombin, sodium hyaluronate (HA), Tween® 80, Lipocol® HCO-40,
Labrafac™ Lipophile WL1349, benzethonium chloride (BZT), HEPES and
bovine serum albumin were acquired from the same sources as described in
section 2.1. Sodium chloride (NaCl), sodium azide, calcium chloride dihydrate
(CaClz. 2H20), potassium chloride (KCI), magnesium chloride (MgCl.), sodium
phosphate dibasic (Na2HPO4), potassium phosphate monobasic (KH2PO4) of >
99 % purity was purchased from Sigma-Aldrich, UK. Phosphate buffer saline
tablets (0.01 M) were also procured from Sigma-Aldrich, UK. A self-
assembling gelator, 2'-dC-N4-Cg, was synthesized in-house (206). All organic
solvents used were HPLC grade. In-house ultrapure (Milli-Q) or endotoxin-free
water was used throughout the experiments. Laboratory glassware was
previously sterilized in an autoclave (Systec, Germany) prior to in vivo

experiments.

3.2 Methods

3.2.1 Preparation and characterization of DiR NCs

3.2.1.1 Preparation of DiR loaded NCs

Self-emulsifying HA NCs containing DiR were prepared by a slight
modification of the previously described method (section 2.2.1.1). A working
standard, 1000 ppm of DiR was prepared by diluting the stock solution (2.5
mg/mL of DiR in ethanol) in ethanol. To prepare DiR NCs, Tween® 80,
Labrafac and Lipocol were first weighed in an empty glass vial and mixed to
form an oil-surfactant mixture. A solution of BZT in ethanol was then prepared
and added to this mixture to attain a final concentration of 1 mg/mL of NCs. The
DiR stock solution was then added and mixed well. The amount of stock
solution added was based on the final concentration of DiR in NCs. For
example, 270, 360, or 540 pL was added to attain 90, 120 and 180 ppm DiR
NCs, assuming a 3 g batch size. Finally, a 3/4" volume of water was added to

this mixture to form a nanoemulsion. An aqueous solution of HA (40 kDa) was
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separately prepared at a concentration of 22 mg/mL in remaining 1/4" volume

of water, which was then added to the nanoemulsion to form DiR NCs.

3.2.1.2 Determination of physicochemical properties

The mean hydrodynamic diameter(size) and polydispersity index (PDI) of DiR
NCs were measured after dilution (50%) with ultrapure water by dynamic light
scattering (DLS) at 25 °C with an angle of detection at 173°. The zeta potential
was measured by laser doppler anemometry (LDA) after diluting the samples
(50x) with ultrapure water. DLS and LDA analysis was performed using a

Zetasizer and NanoZS, Malvern respectively Instruments, Malvern, UK.

Mean particle size and its distribution were also evaluated by nanoparticle
tracking analysis (NTA) (NanoSight Ltd., Malvern Instruments, UK). NCs were
pumped through a fine capillary into the sample chamber after 10000x dilution
in Milli-Q water. The light scattered by the floating NCs was visualized through
20x magnification under a microscope. A fixed camera operating at 30 frames
per second (fps) captured a video of NCs floating by Brownian motion. This
video was then analysed on a frame-to-frame basis to process the data obtained
from the pattern of motion. Data obtained were averaged and processed to yield

D90, D50 and D10 values, which represents around 1 million particles captured.

3.2.1.3 Determination of entrapment efficiency

The encapsulation efficiency (% EE) of DiR was determined after the isolation
of DIR NCs by centrifugation at 18,000xg for 1 h at 15 °C (Hettich, Universal
32R, Germany). A calibration curve of DiR in ethanol was prepared and
fluorescence intensity was measured using a microplate reader (Tecan Infinite®
200 plate reader) at excitation and emission wavelengths of 745 and 795 nm
respectively. The amount of DIiR in the supernatant (isolated NCs), liquid
underneath and the non-isolated (before centrifugation) NCs were quantified by
measuring the amount of fluorescence obtained from each fraction after
approximately 50x dilution in ethanol. The exact amount of dilution was
calculated by weighing the sample before dilution. Equation 3.1 was used to
determine % EE.

Amount of DiR in isolated NCs

0 =
% EE The total amount of DiR

X100, Equation 3.1
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3.2.1.4 Preparation of simulated intraperitoneal fluid (SIPF)

Simulated IP fluid (SIPF) was prepared based on the composition described in
the literature (207). Table 3.1 shows the composition of SIPF. BSA was first
dissolved by adding the whole amount to 75 % volume of water under stirring,
then NaCl, KCI, CaClz, MgCl,, Sodium azide, Na2HPO4, and KH2PO4 were
added to this solution. The final volume was made up with water after adjusting
the pH to 7.4.

Table 3.1 Composition of simulated intraperitoneal fluid

Component Weight (g)
Sodium Chloride (NaCl) 7.00
Potassium Chloride (KCI) 0.20
Calcium Chloride (Anhydrous) 014
(CaCly) '
Magnesium Chloride 0.05
(Anhydrous) (MgCly) '
Sodium Azide 0.50
Disodium Phosphate 1.44
(Anhydrous) (Na2HPO4) '
Mono Potassium Phosphate 024
(KH2PO4) '
Bovine serum albumin (BSA) 30.00
Water gstollL

3.2.2 Preparation and optimization of Fn-HA and 2’-dC-N4-Csg
gels containing DiR NCs

3.2.2.1 Preparation of DiR NCs loaded Fn-HA gel
Fn-HA gel was prepared with the same procedure as described in section 2.2.2.1.

DiR NCs at a concentration of 30 % w/w were incorporated into the Fn-HA gel.

3.2.2.2 Optimization of DiR NCs-loaded 2'-dC-N4-Cg gel

2'-dC-N4-Cg is a supramolecular gelator, which forms a hydrogel in water using
a heating/cooling cycle (204). 2'-dC-N4-Cg was first weighed out into a glass
vial and phosphate buffer saline (0.01 M, pH 7.4) was added. The vial was
heated to 60 + 5 °C with stirring. Stirring was continued until no solid remained.
At this stage, a fine dispersion of the gelator in water was observed. This was
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cooled to and held at 40 — 45 °C, then DiR NCs to this solution. After the
addition of DIR NCs, the entire solution was cooled to room temperature under
stirring to form a hydrogel. Colloidal stability of DiR NCs at 40 — 45 °C was
ensured by exposing them to the said temperature at equivalent dilution in PBS
in absence of gelator, followed by measuring the size and PDI using DLS as

described in section 3.2.1.2.

The concentration of gelator was optimized to incorporate at least 30 % w/w of
DiR NCs. Gels were prepared at 0.3, 1, 2, 3, 4 and 20% w/w of gelator
concentrations in PBS. Gels were prepared in 2 mL HPLC glass vials at a final
volume of 500 pL, incorporating 150 mg of DiR NCs. The formation of a
hydrogel was evaluated by vial inversion one day after preparation.
Compositions which did not show any flow after inverting the vial were

considered to form a stable hydrogel.

3.2.3 Characterization of Fn-HA and 2’-dC-N4-Cg gels
containing DIiR NCs

3.2.3.1 Rheology

Rheology was performed for 2'-dC-N4-Cg gels using a modular compact
rheometer (MCR302, Anton Paar GMBH, Austria). A 7 mL aluminum cup (14.5
mm internal diameter) and a four-bladed vane (ST10-4V-8.8/97.5, Anton Paar
GMBH, Austria) assembly were used for all the measurements. A fixed volume
of 2 mL was used for all samples, which were prepared in the aluminum cups
directly using the same method as described in section 3.2.3.1. Measurements
were recorded at a 4 mm gap from the bottom at 25 °C. Storage modulus (G")
and loss modulus (G") were recorded in oscillatory amplitude and frequency
sweeps. Oscillatory amplitude sweep was performed in the strain range of 0.1%
to 100% at a constant frequency of 10 rad s™*. Time-dependent recovery studies
were also performed for 2'-dC-N4-Cg by alternating the strain between 1 % and
500 % for 20 min and 5 min respectively, per each cycle. 4 such cycles were
recorded to observe the structural changes in the gel.

3.2.3.2 Cryo-Transmission electron microscopy (TEM) imaging
Samples were prepared on carbon grids which were made hydrophilic by
argon plasma cleaning (in a Fischione Model 1020 Plasma Cleaner) prior to use.

101



Samples were spotted onto the grid with a Cryoplunge® (CP3 Gatan Inc) and
were instantaneously frozen using liquid ethane, creating a frozen-hydrated

sample in a thin film of vitreous ice.

A drop (approx. 10 pl) of diluted suspension of blank NCs in water (50 X) was
spotted on the grid, which was then blotted for 2 seconds before freezing. Fn-
HA gel and 2'-dC-N4-Cg gels were prepared as explained in section 3.2.2. For
loading the Fn-HA gel onto the grid, a drop of gel mixture was spotted
immediately after the addition of thrombin. For 2’-dC-N4-Cg gel, grids were
spotted with the mixture of a gelator, NCs and PBS at 40 — 45 °C, while the
mixture was still in the solution state. Both gel samples were left undisturbed

for 3 — 5 minutes before blotting and freezing, to allow gel formation.

Image acquisition was performed on a JEOL Ltd JEM-2100F microscope with

a Gatan 914™ Cryo-tomography holder, fitted with a Gatan Orius™ camera.

3.2.3.3 Resistance of hydrogels to dilution

The ability of Fn-HA and 2’-dC-N4-Cg gels to withstand the dilution was
observed by incubating the gels in SIPF at 37 °C. Three dilutions were
considered at gel: SIPF ratios of 1:3, 1:9 and 1:25. The integrity of gels after

incubation was evaluated by visual observation.

3.2.3.4 In vitro release of DiR from Fn-HA and 2"-dC-N4-Csg gels

In vitro release of DiR from Fn-HA and 2'-dC-N4-Cg gels was determined by
incubating the DiR NCs loaded gels with SIPF at 37 °C. Gels were incubated at
maximum tolerated dilution corresponding to each gel. Fn-HA gel was
incubated at 1:3 dilution, while the 2'-dC-N4-Cg gel was incubated at 1:9
dilution. At each time point, 50 pl of samples were collected and diluted with
ethanol accordingly. Fluorescence intensity was recorded with the same
procedure as described in section 3.2.1.3. Three repeat samples were undertaken

at each time point.

3.2.4 In vivo local residence and biodistribution studies

Local residence and biodistribution studies were performed on Fn-HA gel rather

than 2’-dC-N4-Cg gel based on its in vivo tolerability as established previously
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(chapter 2.3.4 and 2.3.5). Fn-HA gel samples for in vivo were prepared as

previously described.

3.2.4.1 Animals and image acquisition

All experiments were performed on immunodeficient BALB/c nude mice
(Janvier  laboratories, France) under the animal protocol no.
15005AE/07/FUNO1/FIS02/JACP1. Mice were housed in specific pathogen-
free conditions, according to the Federation of European Laboratory Animal

Science Associations (FELASA) guidelines.

Images were acquired after inducing sedation with isoflurane from XGI-8 Gas
Anesthesia Unit (Caliper Life Sciences, USA). Fluorescence (Aexc = 745 NM/ Aem
= 820 nm) was acquired with the IVIS® spectrum imaging system (Caliper Life

Sciences, Perkin-Elmer, USA) at different time intervals.

3.2.4.2 Pilot studies: Optimization of DiR concentration for IVIS® imaging
Two pilot studies were performed to identify the optimum concentration of DiR
for imaging. In the first pilot study, 200 pL of the sample containing DiR
equivalent to 25 ppm was injected per animal. Nine animals were classified into
5 groups, consisting of a negative control (1 animal injected with isotonic
trehalose solution), DiR alone (2 animals injected with DiR in isotonic trehalose
solution), DIR NCs (2 animals injected with DIR NCs suspended in isotonic
trehalose solution), Fn-HA gel + blank NCs (2 animals) and Fn-HA gel + DiR
NCs (2 animals). . Images were acquired on the dorsal and ventral side of the
animal at 0, 2, 4, 6, 24, 48, 72, and 96 h and finally on the 27" day.

In the second pilot study, 200 pL of the sample containing DiR equivalent to 5
ppm was injected per animal. DiR NCs containing 18 ppm DiR were prepared
by reducing the amount of DiR that was incorporated into the oil phase during
the preparation of NCs. These 18 ppm DiR NCs were expected to yield a final
concentration of 5 ppm after incorporation in a hydrogel. Five animals were
classified into 5 groups (1 animal/group), consisting of negative control, DiR
alone, DIR NCs, Fn-HA gel + blank NCs and Fn-HA gel + DiR NCs. Images
were acquired on the dorsal and ventral side of the animal at 0, 2, 4, 6, 24, 48,
72 and 96 h.
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3.2.4.3 Pivotal study: Determination of local residence and biodistribution

Once the optimum concentration of DiR was identified, a pivotal study was
performed in 20 mice, classifying them into 4 groups (5 animals/group):- a
negative control, DiR alone, DiR NCs and Fn-HA gel + DiR NCs. 200 pL of
the sample containing DiR equivalent to 5 ppm was injected per animal. Images
were acquired on the dorsal and ventral side of the animal at 0 h, 4 h, 24 h, 96
h, 1 week and 2 weeks. Additionally, on the 14" day, animals were sacrificed,
and organs were harvested to acquire fluorescence from brain, lung, liver,

spleen, and kidneys.

3.3 Results and discussion

In the previous chapter, the development and evaluation of the composite
formulation focused only on Fn-HA gel, which ultimately did not exhibit
appreciable in vivo efficacy. Hence, in this chapter, another class of hydrogel,
which is a self-assembling 2'-dC-N4-Cg gel, has also been developed and
evaluated along with Fn-HA gel for a different route of administration.
Development strategy involved incorporation of a fluorescent marker, DiR, into
NCs, which would be helpful to evaluate its local residence and biodistribution
after IP administration. Once DiR NCs have been prepared and characterized,
they were incorporated into both the hydrogels. Later, these hydrogels were
further characterized for rheology, resistance to dilution and in vitro DiR release
studies. The Fn-HA gel hydrogels was selected for in vivo evaluation of local
residence and biodistribution after IP administration through IVIS®

fluorescence imaging.

3.3.1 Preparation and characterization of DiR NCs

HA NCs prepared using the procedure described in section 2.3.1, were used to
incorporate DiR. DiR is one of the various near-infrared dyes, which have been
in use for fluorescence assisted in vivo tracking. The longer emission
wavelength of DiR favours whole-body imaging of animals without the
influence of autofluorescence (208). Being an amphiphilic molecule, DiR will
be incorporated into both the lipid and surfactant phases of the NC. This
phenomenon enables researchers to incorporate this into biphasic membrane and

vesicular systems for in vivo tracking. For example, Zhang et al. incorporated
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DiR into lipophilic bilayers of PEG-coated liposomal nanoprobes. These
nanoprobes were designed to carry a monoclonal antibody PGN635, specific to
overexpressing phosphatidylserine moieties of endothelial cells in the tumour
vasculature. Incorporation of DiR into lipophilic bilayers of liposomes helped
to perform fluorescence imaging to evaluate tumour targeting in MDA-MB231
breast cancer-bearing mice (209). In another study, DiR was incorporated into
salbutamol sulfate liposomes with a particle size of 57 £ 21 nm. The distribution
of liposomes in the rat lungs was assessed at different time points, from 15 min
to 48 h using an IVIS® imaging system. It was found that DiR liposomes showed
persistent disposition throughout the tracheobronchial tree, which was seen even
at 48 h. However, the total radiant efficiency of DiR was found to reduce with
time, indicating the gradual clearance of liposomes (210). Hence, DiR has been
used as a successful marker for the determination of local residence and
distribution. In our study, NCs have a lipidic core that favours incorporation of
DiR.

DiR NCs were prepared at three different concentrations of DiR, yielding final
concentrations of 180, 120 and 90 ppm. Colloidal properties of NCs were
evaluated after incorporation of DiR. Table 3.2 compares the size, PDI and zeta
potential of NCs before and after DiR incorporation. The incorporation of DiR
influenced the particle size depending on its concentration. It was found that
DiR NCs with the highest DiR concentration had the lowest particle size, while
PDI and zeta potential were unchanged. 90 ppm DiR NCs have a particle size
of 200 £ 15 nm, while 120 ppm and 180 ppm DiR NCs have sizes of 181 + 10
and 174 £ 15 nm respectively. Reduction in the size of NCs with DiR could be
attributed to its amphiphilic properties. This would incorporate DiR at oil-water
interface and behave like a surfactant to reduce the particle size of NCs. Bastiat
et al. found that incorporation of near IR fluorescent dyes, Dil and DiO, has
shown reduction in the interfacial tension between Labrafac and water, as
measured by drop tensiometer device. It was observed that increasing
concentration of these dyes further reduced the interfacial tension,
demonstrating their amphiphilic surfactant-like properties (211). DiR also

belongs to class of indocarbocyanine dyes, similar to Dil and DiO. Hence, DiR
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might have shown similar behaviour of reducing the Labrafac-water interfacial

tension.

Entrapment efficiency (% EE) of DiR in NCs was also evaluated at 3 different
concentrations of DiR, by measuring the fluorescent intensity of isolated NCs
after centrifugation. Table 3.2 also shows the % EE of DiR. It was observed that
42 — 46 % of DIR was entrapped into NCs, irrespective of the initial
concentration of DiR in the tested concentration range. Percentage recovery,
calculated by comparing the theoretical concentration of DiR against the sum of
entrapped and unentrapped DiR, was > 90 %. Appreciable recovery values
validate the efficiency of the manufacturing process. Yu et al. have studied the
influence of nature of surfactant on % EE of DiR in poly(lactide)-d-a-tocopheryl
polyethylene glycol 1000 succinate (PLA-TPGS) nanoparticles. They have seen
a maximum DiR % EE of 48.4 £ 3.3 %, which is comparable to our data (212).

Table 3.2 Colloidal properties of NCs after incorporation of DiR at different concentrations. %
EE, determined by isolating the NCs immediately after preparation, followed by extracting the
DiR in ethanol and quantifying the fluorescence at an emission wavelength of 785 nm, is also
shown here. Each value is represented as Mean + SD (n = 3)

Sample Size(nm) PDI Zeta(Pno\t/e)ntial % EE
Blank NCs 250 + 30 0.2 -17+£3 -

90 ppm DiR NCs 200 £ 15 0.2 -17+3 42+ 6

120 ppm DiR NCs 181 +10 0.2 17+ 3 46 +5

180 ppm DiR NCs 174 + 15 0.2 -17+3 42+ 4

3.3.2 Development and optimization of NCs-loaded 2’-dC-N4-Csg
gel

As DiR was successfully incorporated into NCs, further development involves
incorporation of these DIR NCs into hydrogels. First, DiR NCs were
incorporated into Fn-HA gel using the same method as described in section
2.2.2. No further optimization was required for the incorporation of DiR NCs
into Fn-HA gel. Alternatively, a self-assembling 2'-dC-N4-Cg gel was then

developed and optimized to incorporate DiR NCs.
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2'-dC-N4-Cg gels are nucleoside based self-assembling networks that can be
prepared by simple heating to 60 °C, followed by cooling to room temperature.
Nucleoside based gelators self-assemble through hydrogen bonding, = stacking
and the solvophobic forces created by a hydrophobic side chain (213). Skilling
et al. have chemically modified 2'-deoxycytidine and 2',3’ dideoxycytidine, with
hydrophobic fatty acid side chains that can form fibrous networks upon self-
assembly (204). During this optimization, various acyl chains have been
incorporated to tune the solubility and gel formation ability of these derivatives.
2'-dC-N4-Cg was found to be water-soluble derivative that can form hydrogels
without any organic solvent (206). This gelator has been previously explored as
an injectable self-assembling hydrogel for protein delivery and prevention of
protein aggregation (203). Moreover, Staka et al. have previously evaluated
incorporating C-14 Gemcitabine-loaded HA NCs into the self-assembling 2'-
dC-N4-Cg hydrogel. They demonstrated an in vitro controlled release for > 1
month (205). However, they were able to incorporate a maximum of 8% w/w
NCs in the 2’-dC-N4-Cg gel. The focus of that study was to develop intra-
tumoural drug delivery system for C-14 Gemcitabine. However, in our study we
explored this 2'-dC-N4-Cg gel for IP administration. Higher doses of
chemotherapeutic agents might be required for IP administration, as the
clearance rates of the molecules are comparatively higher from the IP cavity.
Dedrick et al. explained that the IP chemotherapeutic agents did not meet
expected pharmacokinetic advantage due to poor coverage of serosal surface
during the irrigation and poor tissue penetration (108). Hence, we aimed to
incorporate at least 30% w/w of NCs into 2’-dC-N4-Cg gel, similar to Fn-HA
gel. Moreover, the NCs that we developed has a particle size of 250 + 30 nm, in

contrast to 40 or 80 nm particles that they used for intra-tumoural delivery.

Hence, we optimized the 2'-dC-N4-Cg gel by evaluating the ability of
hydrogelator to form a hydrogel at different concentrations, after incorporating
NCs. The concentration of the gelator was increased, while the concentration of
NCs was kept constant at 30% w/w. Gels were prepared with the procedure
described in section 3.2.2.2 and kept them at room temperature for 24 h. On the
next day, those vials were inverted to evaluate the gel formation in presence of

NCs. 2'-dC-N4-Cg gelator tends to form gels in aqueous solutions at
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concentrations > 0.5 % w/w, as observed previously (214). However, presence
of NCs along with the gelator in the medium influenced the gel formation. It
was observed that in presence of 30% w/w NCs, gels were not formed at 0.3, 1
and 2% w/w gelator concentrations. Further, an increase in concentration of
gelator from 3 — 20 % w/w showed the gel formation (Figure 3.1). Hence, the
lowest concentration of gelator required to form a gel i.e. 3% w/w was
progressed. No leakage of fluid was observed after gel formation, indicating that
the NCs were successfully incorporated into the 2’-dC-N4-Cg gel.

-

1.0 % w/w Gelator 2.0 % w/w Gelator

Figure 3.1 Optimization of 2-dC-N4-Cs gel to incorporate NCs, showing the increasing
concentrations of a gelator, from 0.3 to 20% w/w, while the concentration of NCs was kept
constant at 30% w/w. Gelator was first dissolved in the PBS (0.01 M, pH 7.4) at 60 °C, and a
suspension of NCs in PBS (0.01 M, pH 7.4) was added to it after cooling the solution between
40 — 45 °C. The formation of hydrogel was evaluated by vial inversion, performed after leaving
the gels for 24 h at room temperature. Gels were not formed at (a) 0.3 %w/w, (b) 1 %w/w and
(c) 2 %w/w gelator concentration, while gelator concentrations at (d) 3 %w/w, (e) 4 %w/w and
(f) 20 Y%w/w showed gel formation

Incorporation of NCs in 2'-dC-N4-Cg gel exposes them to heating and cooling
cycles during the preparation. Hence, it was essential to evaluate the colloidal

stability of these NCs during the manufacturing process. NCs were suspended
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in PBS (0.01 M, pH 7.4), which was then heated to temperatures between 40 —
45 °C for 10 min. These conditions simulate the manufacturing process of 2'-
dC-N4-Cg gel while excluding the gelator. The absence of gelator in this mixture
did not lead to gel formation after cooling the mixture to room temperature,
which made the DLS measurements feasible. Table 3.3 shows the colloidal
properties of NCs, before and after exposing them to heat. No differences in
particle size and PDI were observed after thermal exposure, indicating their
colloidal stability during the gel preparation.

Table 3.3 Colloidal stability of NCs during the preparation of 2'-dC-N4-Cg gel, determined by

exposing the suspension of NCs in PBS (0.01 M, pH 7.4) between 40 — 45 °C for 10 min. Data
represented as Mean £+ SD (n = 3)

Colloidal NCs immediately | NCs after heat
properties after preparation | exposure

Size (nm) 250 + 30 260 £ 25
PDI 0.2 0.2

Zeta potential (mV) -17+£3 -17+£3

3.3.3 Characterization of Fn-HA and 2'-dC-N4-Cs gels
Once NCs were successfully incorporated into Fn-HA and 2'-dC-N4-Cs gels,

they were characterized for rheology, electron microscopy, resistance to dilution

and in vitro release studies.

3.3.3.1 Rheology

Rheology illustrates the structural and mechanical properties of hydrogels. Fn-
HA gel containing 30% w/w NCs was previously characterized for rheology
(section 2.3.2.2). In this section, the 2'-dC-N4-Cg gel that contains 30% w/w
NCs characterized through oscillatory rheology. Rheology of 2'-dC-N4-Cs gel
has been extensively studied by Skilling et al. They have reported the
viscoelastic behaviour, showing G' > G". At the gelator concentration of 0.5%
wi/v, no crossover point was observed during the oscillatory amplitude sweep
study, which proved that the gel was mechanically stable up to a relatively high
strain range of 5%. Hence, they have validated the potential of this gelator as an
intra-tumoural drug delivery system (214). Staka et al. reported the rheology of

2'-dC-N4-Cg gel after incorporation of HA NCs at three different concentrations,
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2, 4 and 8% w/v. Gels were evaluated at the gelator concentration range of 0.5
to 3% w/v. They have observed that incorporation of HA NCs increased the G'
values, at 2% and 4% w/v of NCs. Interestingly, at 2.5% w/v gelator
concentration, 10 fold increase in G' was observed. However, incorporation of
NCs did not form gels at 0.5% w/v gelator concentration. This study
demonstrated influence of incorporation of HA NCs on rheology of a low
molecular weight gelator, 2'-dC-N4-Csg, for the first time (205). In this study, we
have also incorporated HA NCs into 2'-dC-N4-Cg gel. However, the particle size
and composition of NCs were different. Moreover, the proportion of NCs we
incorporated into 2'-dC-N4-Cg gel was 30% w/w, in contrast to maximum of 8%
w/v that was tested previously. Hence, it was interesting to evaluate the rheology
of 2'-dC-N4-Cg gel.

Oscillatory amplitude sweep performed on NCs-loaded 2'-dC-N4-Cg gel
showed G' > G", indicating viscoelastic behaviour, which was compared to Fn-
HA gel. Figure 3.2 (a) shows the oscillatory amplitude sweeps of 2’-dC-N4-Cg
and Fn-HA gels. G'and G" values of 2'-dC-N4-Cg gel at 0.01% strain was found
to be higher than Fn-HA gel, indicating its relatively higher mechanical
properties (Figure 3.2 (b)). However, these G' values of 2'-dC-N4-Cg gel was
found to be lower than Staka et al. For example, they have reported that at a
gelator concentration of 3% w/v, G' values were approximately 23,000, 6000
and 4000 Pa, at 2, 4 and 8% w/v of NCs respectively. They have explained that
2'-dC-N4-Cg gelator, being an amphiphilic molecule, might participate in the
oil-water interface of NCs, which could reduce the involvement of gelator in the
formation of gel network. Higher concentration of NCs in the gel increase the
involvement of gelator in their oil-water interface, thus forming weak gel
networks. (212). The G' of 2'-dC-N4-Cg gel, which contains 30% w/w of NCs
showed much lower value of approximately 1000 Pa in line with the previous

study that increasing NCs’ concentration in the gel decreases the G' values.

Although G' value of 2'-dC-N4-Cg gel was significantly lower than the
previously reported gels, we have found that these G' and G" values were higher
than the gels without NCs (Figure 3.3 (a)). The role of NCs in enhancing
mechanical properties is not clear. However, we speculate that the presence of

additional surfactants in the NCs might enhance the solubility of the gelator in
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the aqueous phase. At 3% w/w gelator concentration, the gelator was not
completely soluble in the aqueous media; rather it forms an oil-like dispersion
at higher temperatures, during the preparation. The presence of amphiphilic
gelator might increase the gelator solubility and contribute to the formation of
relatively stronger gels. However, as described earlier, the G' 2’-dC-N4-Cs gel,
containing 30% wi/w of NCs was far lower than the reported gels with lower

concentration of NCs.
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Figure 3.2 Rheology performed immediately after the preparation of Fn-HA gel and 24 h after
preparation of 2"-dC-N4-Cg gel. (a) Oscillatory amplitude sweeps of Fn-HA and 2’-dC-N4-Cg
gels performed within the strain range of 0.1 to 100 % at a fixed frequency of 10 rad s, 25 °C,
(b) 2'-dC-N4-Csg gels showing significantly higher G' and G" (p < 0.05, paired t-test). Data
represented as Mean £ SD (n = 3).
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Interestingly, 2'-dC-N4-Cg gel also showed self-healing behavior, which was
previously reported by Skilling et al., (204). When 2'-dC-N4-Cg gel was
exposed to high and mild strains in cyclic fashion as described in section 3.2.3.1,
it showed a time-dependent recovery. As represented in Figure 3.3 (b), 2'-dC-
N4-Csg gel only partially recovered its G' after subjecting it to higher strain
(500%) for 5 min. Recovery ratio was calculated as described by Chen et al.,
which was the ratio of average G' values after recovery to the initial average G'
value (215). The recovery ratio was found to be 0.17, which indicated that the
extent of recovery was low in the experimental timeframe. The recovery ratio
obtained was far lower than Skilling et al., where complete recovery was
observed at a ratio of 0.70 with 2’-dC-N4-Cg gelator without the NCs. The
presence of NCs in the gel matrix might not favor reassembly of the gelator
molecules. In summary, it can be concluded that the rheology of the NCs-loaded
2'-dC-N4-Cg gel showed weaker mechanical strength and disrupted self-healing

behavior than previously reported values.
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Figure 3.3 Rheology of 2'-dC-N4-Csg gel, performed after 24 h of preparation: (a) Oscillatory
amplitude sweep study showing the influence of incorporation of NCs on mechanical properties
of the 2-dC-N4-Cg gel, performed within the strain range of 0.1 to 100 % at a fixed frequency
of 10 rad s, 25 °C. (b) Time-dependent recovery performed on 2-dC-N4-Cs gel, by running 4
cycles of each constituting a strain of 0.5% for 20 min and 500% for 5 min, at 25 °C.

3.3.3.2 Cryo-TEM imaging and NTA analysis

Electron microscopy helps to capture the internal structure of the hydrogels.
Physically cross-linked hydrogels might show fibrous internal structures. For
example, cryo-TEM images acquired from 2'-dC-N4-Cg gel containing
gemcitamine NCs have also shown similar fibrous structures (205). The
presence of these fibers was found to be the result of self-assembly process that
drives the network formation. We have performed the cryo-TEM imaging
according to the procedure described in section 3.2.3.2. Cryo-TEM images of
Fn-HA and 2'-dC-N4-Cg gels showed the presence of NCs after their
incorporation in both the gels. NCs were clearly visible as small circular objects
residing inside and on the surface of the TEM grid (Figure 3.4 (c) and (d)). Fn-
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HA gel did not show a continuous network-like structure, where gel fibers were
discrete strands as shown in Figure 3.4 (a). In contrast, 2'-dC-N4-Cg gel has
shown a network like structure formed by long inter-twining hair-like fibers
(Figure 3.4 (b)). According to our observation, the property of fiber formation
has been retained with the 2'-dC-N4-Cg gelator after incorporation of NCs.
However, as observed in the images, the size distribution of NCs was not
homogenous in both the gels. Cryo-TEM images of NCs also showed
heterogeneity before incorporation in both the gels, which was not seen in the
PDI from DLS measurements. Hence, it was necessary to determine whether the
heterogeneity in NCs was a result of cryo-TEM sample processing or it is their
inherent property, which was not seen in DLS. We therefore have used
nanoparticle tracking analysis (NTA) to further characterize and understand the

heterogeneity of NCs.

(b)

(d)

Figure 3.4 Cryo-TEM images of Fn-HA (a & b) and 2"-dC-N4-Cs gels (c & d). Fn-HA gel was
spotted on to the grid immediately after mixing NCs and gel components in a syringe, whereas
sample for 2'-dC-N4-Cg gel was spotted onto the grid immediately after addition of NCs into 2*-
dC-N4-Cs solution at 40 — 45 °C. Samples were left undisturbed at room temperature for 3 — 5
min on the grid before freezing. Images were captured after cryogenic freezing in liquid ethane
at — 90 °C using Cryoplunge®
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NTA is a method of visualizing and analysing particles suspended in the
medium, by relating their Brownian motion to particle size. NTA helps to
determine the particle size distribution by obtaining D90, D50 and D10 values.
D90, D50, and D10 correspond to the upper limit of particle size, which contains
90, 50 and 10% of total number of particles in the sample. Larger the differences
in D90, D50 and D10 signifies the heterogeneity in the sample. In this
procedure, a laser was focused onto the sample containing nanoparticles, which
Is scattered by virtue of their size. The scattered light was captured by the
camera, which records the movement of each particle by following the scattering
light coming from respective suspended particles. Based on Stokes-Einstein
equation, rate of particle movement is related to the sphere-equivalent
hydrodynamic radius (216, 217). As this technique requires highly diluted
sample, NCs were diluted 10000x in milli-Q water before the analysis. D90,
D50 and D10 values obtained from NTA were 250 £ 20, 168 + 10, 106 + 3 nm
respectively. D90 of NCs can be correlated with Z-average size obtained based
on intensity measurements from DLS. However, D50 and D10 values indicate
that around 50 % by number of particles have sizes < 168 + 10 nm, while 10%
by number of particles have sizes < 106 + 3 nm. This additional information
through light on the heterogeneity of the sample, which DLS cannot evaluate.
Hence, it was concluded that the heterogeneity of NCs observed in cryo-TEM
images was not induced by sample processing; rather it was the inherent

property of NCs.

3.3.3.3 Resistance of gels to dilution

IP cavity is a dynamic environment with high fluid turnover rates. Small and
large molecules get cleared from the cavity rapidly (218). Hydrogels and other
depot drug delivery systems also face a similar challenge of rapid clearance
because of these fluid turnover rates (7). Accordingly, it is very important to
evaluate the resistance of hydrogels to dissolve at high dilutions. For example,
Bajaj et al. performed an in vitro release study by incubating 300 pL of
paclitaxel nanocrystals-loaded covalently cross-linked HA hydrogel with 20 mL
of PBS, containing bovine serum albumin and hyaluronidase for determination
of in vitro release (125). This formulation showed a prolonged release in vitro,

which was reflected after IP administration in mice. Hence, in this study, Fn-
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HA and 2'-dC-N4-Cg gels were evaluated for resistance to dissolve after
exposing them to different dilutions in SIPF at 37 °C. Gels that were swollen
but remain undissolved as intact gels in the media were considered to have
tolerance to dilution. As shown in Table 3.4, 2’-dC-N4-Cg gel tolerated 1:9
dilution whereas Fn-HA gel only tolerated a 1:3 dilution.. Interestingly, at 1:9
dilution, 2'-dC-N4-Cg hydrogel gelled the whole incubated media, when left
undisturbed. This might be because the 2'-dC-N4-Cg gelator dissolves in the
media from the initial gel to then gel the whole media at lower concentration.
This is feasible as the gelator minimum concentration is 0.5 mg/mL as reported
by Skilling et al. (214). However, both 2'-dC-N4-Cg and Fn-HA gels did not
tolerate high dilution at 1:25.

Table 3.4 Resistance to dilution study performed by incubating Fn-HA and 2’-dC-N4-Cg gels
in SIPF at 37 °C under different dilutions. Gels were monitored each day up to 48 h after
incubation. Gels that were swollen and remain undissolved as intact gels were considered to be
tolerated (n = 3/gel/dilution).

Gel: SIPF Fn-HA gel 2'-dC-N4-Cs gel
1:3 Tolerated Tolerated
1:9 Dissolved Tolerated
1:25 Dissolved Dissolved

3.3.3.4 In vitro release studies

After determining the resistance of Fn-HA and 2’-dC-N4-Cg gels to dilution, it
was then necessary to follow the dissolution of these gels with NCs at the
maximum tolerated dilution. DiR NCs were first loaded into both Fn-HA and
2'-dC-N4-Cg gels, which were further incubated in SIPF at 37 °C at 1:3 and 1:9
dilutions respectively. Fluorescence intensity that was determined from SIPF at
regular intervals and was considered to be reflective of gel degradation.
Fluorescence intensity was obtained after extracting the DiR upon diluting the
SIPF in ethanol. The fluorescence measurements were a sum of contributions
from free DIR and DiR NCs that were released into the media. As shown in
Figure 3.5, Fn-HA gel showed a gradual release up to 40 % in 48 h at 1:3
dilution, while 2'-dC-N4-Cg gel showed a complete rapid release of DiR within
24 h at 1:9 dilution. Rapid dissolution of the of 2'-dC-N4-Cg gel could be

attributed to the relatively weak interactions associated with physically
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assembled hydrogels. The networks formed by this kind of low molecular
weight gelators tend to assemble, dissociate and reassemble depending on the
concentration of gelator per unit volume. Hirst et al. explained that self-
assembly is derived by the degree of assosiation and solubility of the gelator.
They have explained that the self-assembly was an interplay between molecular
design and spatial organization of gelator units driven by concentration in the
medium (219). Hence, as the dilution increases, the concentration of gelator per
unit volume reduces, which tend to make loose networks. Formation of loose
networks upon dilution cannot uphold the NCs within the hydrogel, leading to
their release into the media. As a result, the in vitro release estimated for 2'-dC-
N4-Cg gelator was found to be rapid. Although Fn-HA gel showed slower
release at 1:3 dilution, the relevance of this release profile in a dynamic IP

environment is not appreciable, as it did not tolerate higher dilution.
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Figure 3.5 In vitro release of DiR from Fn-HA and 2'-dC-N4-Cg gels, determined by incubating
them in SIPF at 1:3 and 1:9 dilutions respectively, at 37 °C. Data indicates the fluorescence
intensity obtained as the sum of free and NCs bound DiR, represented as Mean * SD (n=3)

3.3.4 In vivo local residence and biodistribution studies using

IVIS® fluorescence imaging

IVIS® imaging is a well-known imaging technique for the determination of
biodistribution and efficacy in various animal models. Fluorescence or
bioluminescence dyes can be effectively used with this system. For example,
Hutteman et al., used a near IR fluorescent probe, IntegriSense® 680, and IVIS®
imaging to determine the biodistribution and colorectal metastasis.
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Approximately, 50% of colorectal cancer cases develop liver metastasis.
However, it was difficult to track the metastasis during the surgery, leading to
unexercised tumour mass remaining in the liver. Intra-operative and ex vivo
fluorescence imaging with the help of integrin avp3-directed probe enabled
them to detect metastasized tumour mass during the surgery (220).
Alternatively, IVIS® imaging also employs bioluminescence probes for
determining the efficacy of IP administered chemotherapeutic agents (221, 222).
Vassileva et al., evaluated the tumour suppression potential of paclitaxel-loaded
chitosan-egg-phosphatidylcholine based implantable drug delivery system
using bioluminescence imaging. They have implanted luciferase gene
expressing human ovarian carcinoma cells into peritoneal cavity of mice, which
allowed the determination of tumour suppression with time (223). In our study,
we explored fluorescence imaging to estimate the local residence and
biodistribution of gel containing DiR NCs upon IP administration. We have
chosen Fn-HA gel rather than 2'-dC-N4-Cg gel because of it's proven in vivo
tolerability when administered through IA route (section 2.3.4 and 2.3.5). In
contrast, 2’-dC-N4-Cg gel had not been administered in any animal model and

hence the tolerability of this gel in mice was unknown..

3.3.4.1 Determination of optimal DiR concentration

In order to determine IP residence and biodistribution, the optimal concentration
of DiR that gives neither undetectable nor supersaturating fluorescence signal
was first identified through two pilot studies. The concentrations of DiR that
were employed for first and second pilot studies were 25 and 5 ppm respectively.
Figure 3.6 (a) shows the first pilot study where 9 mice were classified into 4
groups. The four groups were DiR alone, DiR NCs, Fn-HA gel + blank NCs and
Fn-HA gel + DiR NCs, each containing 2 mice. The ninth mouse was assigned
as negative control, which received an isotonic trehalose solution. Except the
group which has received Fn-HA gel + blank NCs, all other groups showed DiR
distribution throughout the body after 6 h of administration. Signal saturation
was observed while capturing images, showing the fluorescence even after 27
days in all the groups. The concentration of DiR was far higher than required.
Hence, in the second pilot study, the concentration of DIR was arbitrarily

reduced to 1/5™ of initial concentration (5 ppm). To achieve this concentration,
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DiR NCs were prepared at concentration of 18 ppm, 5 times lower than 90 ppm
DiR NCs. Particle size, PDI and zeta potential of these 18 ppm DiR NCs was
found to be 235 + 15 nm, 0.2 and —17 + 3 mV respectively, which was not
significantly different from NCs with higher DiR NCs (Table 3.2). Figure 3.6
(b) shows the images obtained from the second pilot study at different time
points, up to 96 h. Each image represents 1 mouse from each of the 5 groups,
consisting of negative control, DiR alone, DIR NCs, Fn-HA gel + blank NCs
and Fn-HA gel + DiR NCs. At this concentration, fluorescence obtained from
mice has shown a reduction with time, which represents the clearance of the
molecule. Images were captured without signal saturation. Hence 5 ppm DiR

was found to be optimal concentration for IVIS® imaging.
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Figure 3.6 In vivo pilot studies to determine the optimum concentration of DiR required for
IVIS® imaging. (a) First pilot study performed at 25 ppm DiR concentration, showing the
fluorescence acquired with time among the groups administered with DiR alone, DiR NCs, Fn-
HA gel + blank NCs and Fn-HA gel + DiR NCs (n = 2 mice/group). Each image shows a
negative control and 2 mice respective to that group. (b) Second pilot study performed at 5 ppm
DiR concentration, showing the fluorescence acquired with time among the groups administered
with negative control, DiR alone, DiR NCs, Fn-HA gel + blank NCs and Fn-HA gel + DiR NCs
(n = 1 mouse/group), represented as 1 to 5 respectively in the 0 h image. All images were
captured at Aexc = 745 nm and Aem = 820 Nm
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3.3.4.2 Determination of local residence and biodistribution

After identifying the optimal DiR concentration, local residence and
biodistribution of Fn-HA gel were studied in 20 mice using the protocol
mentioned in section 3.2.4.3. Figure 3.7 (a) shows the compilation of images
captured at different time points up to 2 weeks after administration. Each image
slide shows the set of 5 animals representing that group. As expected, no
fluorescence was seen in the negative control group, which has received an
isotonic trehalose solution. DiR alone group has shown some fluorescence after
4 h and 24 h of administration, which was disappeared later. However, both the
groups administered with DIR NCs and Fn-HA gel + DiR NCs have shown
fluorescence from the abdominal cavity up to 2 weeks, indicating the presence
of NCs. This indicates the ability of DiR NCs to retain longer in the body. The
fluorescence could come from the IP cavity or from the liver. As the liver is the
known destination of nanoparticulate drug delivery systems after IP
administration , it was difficult to identify exact localization of fluorescence
signal Figure 3.7 (a). Indeed, Kohane et al. reported that PLGA nanoparticles of
265 nm were transported to liver and spleen after 2 days of IP administration.
They identified that the macrophage driven phagocytosis was the reason behind
this accumulation (114). In another study, Yang et al., also found that Pegylated
negatively charged graphene oxide nanoparticles of 450 nm also accumulated

in the liver and spleen after IP administration (198).

Hence, mice from all groups were sacrificed after 2 weeks and whole organs
were imaged to capture the fluorescence. Figure 3.7 (b) shows the compilation
of images obtained from brain, lung, liver, spleen, and kidneys, representing
mice from all groups. Interestingly, liver has shown fluorescence while other
organs did not show any signal (Figure 3.7 (b)). As IVIS® is a qualitative
technique, it was difficult to estimate the relative proportion of fluorescence
from IP cavity and the liver at the end of the study. Based on the understanding
from the in vitro release and resistance to dilution studies, it is highly unlikely
for the Fn-HA gel to reside in the IP cavity for 2 weeks. Moreover, no physical
remnants of the gel were found from the IP cavity after 2 weeks. Hence, the
fluorescence obtained after 2 weeks cannot be attributed to the residence of Fn-

HA gel in the IP cavity.
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Figure 3.7 In vivo IVIS® imaging study to determine the local residence and biodistribution of
Fn-HA gel containing DiR NCs. (a) Compilation of images showing the fluorescence acquired
with time among the groups administered with negative control, DiR alone, DiR NCs and Fn-
HA gel + DiR NCs (n=5 mice/group). (b) Compilation of images related to various organs,
obtained after sacrificing the mice 2 weeks after IP administration. All images were captured at
Aexc = 745 nm and Aem = 820 nm
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3.4 Conclusion

A fluorescent dye, DiR, was successfully incorporated into HA NCs. The
incorporation of DiR reduced the size of NCs as a function of its concentration,
which was attributed to its amphiphilic properties. Two different hydrogels, Fn-
HA, and 2’-dC-N4-Cg gels were optimized to incorporate 30 %w/w of DiR NCs.
Both Fn-HA and 2'-dC-N4-Cg gels did not show appreciable resistance to
degrade at higher dilutions in SIPF. Rheology of 2'-dC-N4-Cg gel has shown
higher G' and G" values, indicating its higher mechanical properties over Fn-
HA gel. However, G' values of 2'-dC-N4-Cg gel containing 30% w/w NCs were
significantly lower than previously reported gels, which contain 2-8% w/v of
NCs. Reduction in mechanical properties was attributed to the interaction
between gelator and NCs. In vitro release studies suggest that the release of DiR
was rapid from 2’-dC-N4-Cg gel, showing a complete release in 24 h. Based on
its proven in vivo tolerability, Fn-HA gel was chosen for in vivo study for
determination of in vivo local residence and biodistribution upon IP
administration. Two pilot studies performed in immunodeficient BALB/c nude
mice suggested that the optimum concentration of DiR for IVIS® imaging was
5 ppm. A pivotal local residence and biodistribution study performed in 20 mice
showed a strong fluorescence signal from the mice which have received DiR
NCs and Fn-HA + DiR NCs up to 2 weeks, in contrast to DiR alone which was
not traceable after 24 h. Upon sacrificing the mice after 2 weeks, the liver has
only shown the fluorescence among other organs that were imaged. As IVIS® is
a qualitative technique, it was difficult to differentiate the fluorescence between
the peritoneal cavity and the liver. However, based on the results obtained from
in vitro release and resistance to dilution studies, it was highly unlikely that the
Fn-HA gel could retain up to 2 weeks in the IP cavity. Hence, the fluorescence
signal at 2 weeks time point was considered majorly from the liver, which was
the most probable uptake of NCs. Therefore, it was understood that combating
the dynamic IP environment requires a robust hydrogel that is resistant to high
dilutions and retains NCs for longer. Hydrogels formed by covalent crosslinking

could be the probable solution for obtaining longer retention in the IP cavity.
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4. Intra-peritoneal delivery - Development and
evaluation of covalently cross-linked hydrogels

incorporated with NCs

In the previous chapter, it was found that both enzymatically crosslinked Fn-HA
gel, and self-assembling 2’-dC-N4-Cg gel were not suitable for prolonged drug
delivery because of their weak resistance to dilution in the fluid-rich, dynamic
IP cavity. Hence, there is a need for development of a more robust hydrogel that
can withstand higher dilutions and gradually release the NCs. This chapter will
describe the development of a covalently crosslinked hydrogel that was

designed to withstand higher dilutions.

Covalently cross-linked hydrogels have been explored for various biomedical
applications (224). They are formed by covalent bonds, which are relatively
stable against dilution in comparison to physically cross-linked hydrogels (225,
226). High levels of crosslinking density associated with these hydrogels offer
higher mechanical strengths than physically cross-linked hydrogels (227).
Covalent crosslinking can be achieved through three dimensional addition
polymerization of monomers or by inducing a chemical reaction through pH,
heat, ionizing or non-ionizing radiation. Based on the type and degree of
crosslinking, various properties such as gelation time, porosity, elastic modulus,
swellability and degradation time can be tuned to achieve the required the
physicochemical properties (228). However, in vivo tolerability of these
hydrogels is a concern. The crosslinkers that mediate covalent bonding such as
glutaraldehyde, formaldehyde, potassium persulfate and other epoxy

compounds are often toxic (229, 230).

Although, covalently cross-linked hydrogels might have toxic initiators and are
less likely to be biodegradable, a significant amount of research has been carried
out on synthesizing biocompatible and biodegradable hydrogels for various
biomedical applications. Hyaluronic acid (HA) has been chemically modified
with aldehyde and hydrazide groups to form covalent crosslinks. Emoto et al.
found that the covalently crosslinked gel formed from aldehyde and hydrazide
modified HAs, containing cisplatin was retained even after 28 days post IP

administration, exhibiting a significant reduction in peritoneal tumour nodules
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(231). In another study, Cho et al. prepared a covalently cross-linked HA
hydrogel, incorporating cisplatin containing HA nanoparticles. They have
observed to be retained by the gel for up to 4 weeks, showing the sustained
release of platinum. They have also reported the receptor mediated endocytosis
of cisplatin containing HA particles into tumour cells. This hydrogel met all the
desired properties of a sustained release drug delivery system for IP delivery.
Unfortunately, in a mouse model of IP tumour, this formulation did not show
desired anti-tumor efficacy. In fact, authors have reported a slight increase in
tumour burdens at a later time point, which was attributed to degradation
products of the formulation (130). Similarly, another hydrophilic, biocompatible
polymer, poly(ethylene glycol) (PEG) has been chemically functionalized to
undergo covalent crosslinking to form hydrogels. Three different strategies have
been employed to obtain covalently crosslinked PEG gels. They include photo-
irradiation of linear or branched PEG polymers, free radical polymerization of
PEG acrylates, and specific chemical reactions such as Michael addition, click
chemistry, condensation and enzymatic reactions (232). Although covalently
crosslinked PEG gels were widely explored for biomedical applications, to our
knowledge they have not been explored to incorporate nanoparticles for IP

delivery of chemotherapeutic agents.

In this chapter, we have developed and screened two different types of
covalently cross-linked PEG gels, prepared by UV crosslinking and Michael
addition reactions for IP delivery of model chemotherapeutic agent, docetaxel
(DCX). DIiR NCs that were prepared as described in section 3.2.1.1, were
incorporated into both types of PEG gels. A suitable PEG gel that provides DiR
photostability was selected, which was then characterized for gelation kinetics,
resistance to dilution, electron microscopy and in vitro release studies. We have
also evaluated the in vivo local residence and biodistribution of a selected PEG
gel using IVIS® imaging upon IP administration. Additionally, docetaxel
(DCX), a model chemotherapeutic agent, was also incorporated into NCs and
then loaded into the selected covalently cross-linked hydrogel. The ability of
this composite hydrogel to gradually release DCX was evaluated in vitro.
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Aim

Development and evaluation of covalently cross-linked hydrogel containing

DCX NCs for longer retention in the IP cavity and establish its potential

application for IP chemotherapy.

Hypotheses

1.

Covalently cross-linked hydrogels could entrap DCX and DiR NCs and
prolong their release

Covalently crosslinked system would show in vitro release and resistance
to dilution superior to enzymatically or physically crosslinked hydrogels
Covalently crosslinked hydrogel would be biodegradable, biocompatible
and demonstrate prolonged residence in the IP cavity after in vivo

administration

Objectives

1.

To synthesise a thiol-functinalized PEG crosslinker that can form
covalently cross-linked hydrogels with chemically modified, branched PEG
polymers.

To synthesize PEG based hydrogels that can incorporate DiR NCs

To characterize DiR NCs loaded PEG hydrogels in vitro and identify a
potential hydrogel that can be evaluated in vivo

To perform in vivo local residence and biodistribution study of the selected
hydrogel containing DiR NCs

To incorporate DCX, a model chemotherapeutic agent, into NCs and load
them further into the selected hydrogel

To evaluate the in vitro performance of DCX NCs loaded hydrogel and

hence establish its potential for treatment of peritoneal cancers
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4.1 Materials

DCX (98% purity) was purchased form Acros Organics, Thermo Fisher
scientific, UK. PEG (molecular weight (MW): 3350) and fluorescent label, 1,1”-
dioctadecyl-3,3,3”,3”-tetramethylindotricarbocyanine  iodide (DiR) was
purchased from Thermo Fisher Scientific, UK. 4-arm PEG maleimide (PEG-
MAL, MW: 10 kDa) was purchased from Advanced BioChemicals, LLC, USA,
while 4-arm PEG norbornene (PEG-NB, MW: 10 kDa), p-toluenesulfonic acid,
dithiothreitol (DTT), 3-mercaptopropionic acid, sodium chloride (NaCl),
sodium azide, calcium chloride dihydrate (CaCl,. 2H,0), potassium chloride
(KCI), magnesium chloride (MgCly), sodium phosphate dibasic (Na2HPOa),
potassium phosphate monobasic (KH2PO4) was purchased from Sigma-
Aldrich®, UK. Phosphate buffer saline (PBS, 0.01 M) tablets were also procured
from Sigma-Aldrich®, UK. 1 M Tris buffer (pH 8.0) was purchased from
Thermo Fisher Scientific, UK. Photoinitiators, Lithium phenyl-2,4,6-
trimethylbenzoylphosphinate (LAP) and 2-Hydroxy-4'-(2-hydroxyethoxy)-2-
methylpropiophenone (Irgacure® 2959) were purchased from Sigma-Aldrich®,
UK. Pancreatin powder produced from exocrine cells of porcine pancreas and
lyophilized powder of esterase from porcine liver (> 15 units/mg solid) were
also purchased from Sigma-Aldrich®, UK. All organic solvents used were
HPLC grade. In-house ultrapure (Milli-Q) or endotoxin-free water was used
throughout the experiments. Laboratory glassware was previously sterilized in
autoclave (Systec, Germany) prior to in vivo experiments.

4.2 Methods

4.2.1 Preparation and optimization of covalently crosslinked
hydrogels

4.2.1.1 Synthesis of mercaptopropionate PEG crosslinker

PEG (MW: 3350) (1 g, 2 mmol), 3-mercaptopropionic acid (0.424 g, 40 mmol),
p-toluenesulfonic acid (7.6 g, 0.4 mmol) and DTT (15.4 g, 1 mmol) were
dissolved in toluene (20 mL) in a reaction flask. This mixture was refluxed under
nitrogen and stirring for 24 h. Toluene was then evaporated under vacuum and
the polymer was precipitated thrice in cold acetone, which was kept at —20 °C

for at least 15 min. Precipitated product was then dried, under vacuum at room
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temperature, for 2 days to remove the acetone and the weight was recorded to
determine the yield. Formation of thiol-functionalized PEG-SH was confirmed
by running H nuclear magnetic resonance (NMR) spectrum on a Bruker 400
Ultrashield at 400 MHz at 25 °C in deuterated water (D20).

4.2.1.2 Preparation of UV crosslinkable PEG-NB — thiol gel

A thiol-ene hydrogel was prepared by radical-mediated photopolymerization
between 4-arm PEG-NB and PEG-SH (molar ratio of thiol:ene was 1:1) (Table
4.1). LAP or Irgacure® 2959 was used as a photoinitiator under bench-top
ultraviolet (UV) light source (365 nm, 5 mW/cm?). Gels were prepared in a
customized injection mould, prepared by cutting-off the tip of a 1 mL disposable
syringe having a 5 mm diameter. The syringe barrel acts as the wall, while top
surface of the piston acts as the base of the mould. PEG-NB, PEG-SH and LAP
were first dissolved separately in PBS (0.01 M, pH 7.4). These solutions were
then mixed in respective proportions in a mould, along with the suspension of
previously prepared DiR NCs as described in section 3.2.1.1, to achieve a
concentration of 30% w/w of NCs. UV light was then irradiated onto this
mixture to form a hydrogel. Unless specifically mentioned, gel volume was
fixed at 50 pL (table 4.1).

4.2.1.3 Optimization of UV crosslinkable PEG-NB — thiol gel

Photoinitiators that were used for UV crosslinking are highly reactive and might
interact with the fluorophore, DiR. Hence, optimization of PEG-NB — thiol gel
was performed by evaluating the percentage recovered of DiR after hydrogel
preparation. Based on the pilot studies performed to identify the optimum DiR
concentration for 1VIS® imaging, a successful hydrogel should recover > 80%
of DiR after preparation (section 3.3.4.1). Hydrogels were prepared at different
UV exposure times, ranging from 30 s to 5 min, using LAP or Irgacure® 2959
as photoinitiators. These hydrogels were then dissolved in different solutions -
ethanol, acetonitrile, dimethyl sulfoxide, 1M hydrochloric acid, 1M sodium
hydroxide and pH 3 citrate buffer and the percentage DiR recovered was
determined using fluorimetry as described in section 3.2.1.3. Pancreatin (50
mg/mL in 0.01 M PBS, pH 7.4) and esterase (5 mg/mL in 1M Tris buffer, pH
8.0) were also evaluated as alternative media for degradation of the hydrogel

enzymatically.
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After the identification of a suitable media for degradation of PEG-NB - thiol
gel, compatibility study was also performed to determine the potential
degradation of DiR with different gel components. The fluorescent intensity of
DiR NCs was first measured in PBS (0.01 M, pH 7.4), which was taken as a
reference. Different mixtures were then prepared by mixing DiR NCs with
various gel components in the same proportions as used for gel preparation and
then exposed them to a UV light source (365 nm, 5 mW/cm?) for 5 min. These
mixtures included DiR NCs + LAP, DiR NCs + LAP + PEG-NB, DiR NCs +
LAP + PEG-SH, DIR NCs + PEG-NB + PEG-SH. Finally, a mixture of DIR
NCs + LAP + PEG-NB + PEG-SH was also prepared, which was not exposed
to UV light. The fluorescence intensities of all these mixtures were measured,
which were then compared to the reference value obtained from DiR NCs in
PBS (0.01 M, pH 7.4). Mixtures that showed drastic reduction in fluorescent

intensity were considered to be incompatible.

Table 4.1 Composition of PEG-NB - thiol gel, prepared by mixing the solutions of individual
gel components in PBS under bench-top UV light exposure (365 nm, 5 mW/cm?) in a syringe
mould

Ingredients Amount (mg) COI(I(;S lx;‘;t)ion
PEG-NB 5.00 10.00
PEG-SH 3.63 7.26

LAP or Irgacure® 2959 0.01 0.02
DiR NCs 15.00 30.00
PBS (0.01 M, pH 7.4) g.s to 50 uLL q.s

4.2.1.4 Preparation and optimization of PEG-MAL — thiol gel

PEG-MAL - thiol gel was prepared by Michael addition reaction initiated by
simple mixing of aqueous buffer solutions of PEG-MAL and PEG-SH (molar
ratio of maleimide:thiol was 1:1). pH of the buffer was optimized to obtain a
rate of reaction that can ensure uniform mixing of gel components and maintain
the colloidal stability of DiR NCs. As the rate of reaction is slower at lower pH,
colloidal stability of DIR NCs was screened by suspending the DIR NCs in

various low pH buffers, followed by determination of particle size and PDI
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using the method described in section 3.2.1.2. A buffer that ensures colloidal

stability was selected for the preparation of the hydrogel.

After the pH optimization, PEG-MAL - thiol gel was prepared at 5 and 10%
w/w concentrations of PEG-MAL. PEG-MAL and PEG-SH were separately
dissolved in the buffer. A suspension of DiR NCs was then diluted in the buffer
and added to PEG-SH solution. This mixture of DiR NCs and PEG-SH solution
was added into the injection mould and PEG-MAL solution was added to it.
This whole mixture was then mixed through 3-4 syringe piston stokes and left
undisturbed at room temperature for at least 2 h to form the hydrogel. Table 4.2
shows the composition of PEG-MAL - thiol gel at 5 and 10% w/w
concentrations of PEG-MAL.

Table 4.2 Composition of PEG-MAL — thiol gel, prepared by mixing the solutions of individual
gel components in citrate buffer, 0.1 M, pH 5.0 in a syringe mould

Gel prepared at 5% w/w |Gel prepared at 10% w/w|
PEG-MAL concentration |PEG-MAL concentration
Ingredients
Amount | (% w/w) Amount
% wiw
CowW) 1 (mg) (mg)
PEG-MAL 5.00 2.50 10.00 5.00
PEG-SH 3.63 1.82 07.26 3.63
DiR NCs 30.00 15.00 30.00 15.00
(Oc_lltﬁe;ﬁfge'(r)) q.s g.s to 50 uL q.s g.s to 50 pLL

4.2.2 Characterization of covalently crosslinked hydrogels

4.2.2.1 Stability of DiR in PEG gels

Stability of DiR after the incorporation of DiR NCs in PEG gels was determined
by dissolving the hydrogel, followed by estimation of DiIR content using
fluorimetry. As per the optimization studies performed in section 4.3.1.2,
porcine esterase was selected to dissolve both the PEG gels. In order to estimate
the DIR content, first gels were incubated in an aqueous buffer solution of
porcine esterase (5 mg/mL in 1M Tris buffer, pH 8.0) at room temperature for
12 h. Appropriate dilutions were then made in ethanol to estimate the DiR
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content against calibration standards using fluorimetry as described in section
3.2.1.3.

4.2.2.2 Determination of gelation kinetics through rheology

Viscoelastic properties of PEG gel were determined using modular compact
rheometer (MCR302, Anton Paar GMBH, Austria). A parallel plate assembly
(25 mm diameter rotating shaft, PP25) at 25 °C was used for all the
measurements. Gelation Kinetics were characterised by monitoring the increase
of storage modulus (G") and loss modulus (G") with time at fixed 0.5 mm gap,
0.5 Hz frequency and 0.5% strain. PEG-MAL - thiol gel prepared at 10% w/w
PEG-MAL concentration was used for the study. 21.78 mg of PEG-SH and 90
mg of NCs that corresponds to 300 puL of PEG-MAL - thiol gel, was added to
120 pL of citrate buffer (0.1 M, pH 5.0) to form a mixture of PEG-SH and NCs.
A solution of PEG-MAL was then prepared by dissolving 30 mg of PEG-MAL
in 90 uL of citrate buffer (0.1 M, pH 5.0). The viscoelastic properties were
recorded after addition of the mixture of PEG-SH and NCs to the bottom plate
of the rheometer. It was then programmed to record the G' and G" every 15 s,
until 1800 s. The solution of PEG-MAL in citrate buffer was added after 60 s
from the start of experiment. The gelation time was considered to be the
crossover point of G' and G", and the maximum G' achieved during the study

was used to compare the mechanical properties.

4.2.2.3 Resistance to dilution

The ability of PEG gels to withstand dilutions was observed by incubating the
gels in SIPF at 37 °C. PEG-MAL - thiol gels prepared at 5% and 10% w/w PEG-
MAL concentrations were used for the study. Three dilutions were considered
at gel: SIPF ratios of 1:3, 1:9 and 1:25. Integrity of gels after incubation was

evaluated by visual observation.

4.2.2.4 Cryogenic focussed ion beam scanning electron microscopy (cryo-FIB-
SEM)

Cryo-FIB-SEM was used to observe the presence of NCs after incorporation in
PEG-MAL - thiol gel. PEG-MAL - thiol gel was first plunge frozen in liquid
nitrogen using a metal mirror freezer. This was then transferred under liquid

nitrogen to the sample shuttle of a cryo-SEM system (Quorum PPT 2000,
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Quorum Technologies). The sample was then Pt coated in the preparation
chamber using a sputter for 60 seconds, which was later introduced into the FIB-
SEM (FEI Quanta 3D, FEI). The sample was initially milled using a current of
1-3 nA to obtain a rough cut. Further milling was performed at lower currents
(0.3 nA - 50 pA) to avoid milling artefacts. To improve the image acquisition,
Pt precursor was deposited onto the milled segments using a gas injector (set to
27 °C) whenever required. To further resolve the interference obtained from
amorphous ice, samples were sublimed by raising the temperature to -90 °C

whenever required.

4.2.2.5 In vitro DiR release studies

Invitro release of DiR from PEG-MAL - thiol gel was determined by incubating
the DiR NCs loaded gel with SIPF at 37 °C. 50 uL gels were incubated in 1.25
mL of SIPF, yielding 1:25 dilution. At each time point, 50 pL samples were
collected and diluted with ethanol accordingly. Fluorescence intensity was
recorded with the same procedure as described in section 3.2.1.3. Three repeat

samples were undertaken at each time point.

4.2.3 In vivo local residence and biodistribution studies

4.2.3.1 Animals and image acquisition

All experiments were performed on immunodeficient BALB/c nude mice
(Janvier laboratories, France) under the animal protocol no.
15005AE/07/FUNO01/FIS02/JACP1. Mice were housed in specific pathogen-
free (SPF) conditions, according to Federation of European Laboratory Animal
Science Associations (FELASA) guidelines.

Images were acquired after inducing sedation with isoflurane from XGI-8 Gas
Anesthesia Unit (Caliper Life Sciences, USA). Fluorescence (Aexc = 745 nm/ Aem
= 820 nm) was acquired with 1VIS® spectrum imaging system (Caliper Life

Sciences, Perkin-Elmer, USA) at different time intervals.

4.2.3.2 Determination of local residence and biodistribution

Local residence and biodistribution were evaluated in 20 mice, dividing them
into 2 sets. The first set of 7 mice were randomized into one of the following
groups (n = 2 animals per group): DiR alone, DiR NCs and DiR NCs + PEG-
MAL - thiol gel groups, while 1 mouse acts as a negative control, which
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received isotonic trehalose solution. Second set of 13 mice were randomized
into one of the following groups (n = 4 animals per group) DiR alone, DiR NCs
and DiR NCs + PEG-MAL - thiol gel groups, while 1 mouse acts as a negative
control (isotonic trehalose solution). Whole body images were captured at 0, 4
and 24 h for the first set, while images for the second set were captured at 0, 4
and 24, 48, 96 h and 1 week after administration. Animals were sacrificed and
organs were collected after 24 h for the first set, while it was performed after 1
week for the second set. DiR alone, DiR NCs and negative control (isotonic
trehalose solution) were administered through IP injection (100 pL/mice, 5 ppm
DiR concentration), while DiR NCs + PEG-MAL - thiol gel was implanted after
making a surgical incision of approximately 1 cm over the peritoneal cavity,
which was further closed by stainless steel wound clips.

4.2.4 Incorporation of DCX into NCs

4.2.4.1 Optimization of DCX loading

DCX was incorporated into HA NCs as a model chemotherapeutic agent. A
stock solution of DCX in ethanol (100 mg/mL) was first prepared. This was then
added to the mixture of Tween® 80, Labrafac, Lipocol™ and ethanolic solution
of BZT. After thorough mixing for 5 min, purified water was added to form a
nanoemulsion. Further steps to prepare NCs were as described in section 2.2.1.1.
Optimum DCX loading was identified by preparing NCs at DCX final
concentrations of 3, 7.5 and 12 mg/mL, followed by microscopic evaluation of

NCs for any traces of recrystallization.

4.2.4.2 Determination of colloidal properties of DCX NCs

Particle size, PDI and zeta potential of DCX NCs were determined using the
same method as mentioned in section 2.2.1.2. Entrapment efficiency was
determined by isolating the NCs using centrifugation at 18,000 for 1 h at 15 °C
(Harrier 18/80 refrigerated centrifuge, MSE centrifuges Ltd., UK).

4.2.4.3 Determination of entrapment efficiency of DCX NCs

The amount of DCX in supernatant (isolated NCs), liquid underneath and the
non-isolated (before centrifugation) NCs were quantified by HPLC after
extraction of DCX from respective samples. To extract DCX from each of these

samples, a pre-weighed quantity (approx. 20 mg) of the respective sample was
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diluted to 1mL with ethanol, followed by vortex mixing for 3 min. The HPLC
consisted of an Agilent system equipped with a UV detector set at 227 nm and
a reverse phase Zorbax, Eclipse XDB- C8 column (4.6 ID x 150 mm, pore size
5 um), Agilent, UK. The mobile phase was a mixture of ultrapure water and
acetonitrile, each containing 0.1 %v/v orthophosphoric acid (55:45), isocratic,
with the flow rate of 1 mL/min. The column was set at 25 °C and the injection
volume was 20 pL. The standard calibration curves of DXM were linear in the
range of 1-1000 pg/mL (r? = 0.999). The concentration of DCX obtained from
these samples was used to calculate the % EE and drug loading using equation

4.1 and 4.2 respectively.

Amount of DCX in isolated destructed NCs "

0 = .

%o EE Towl DCX added 100 .............Equation 4.1
. Amount of DCX in NCs .

Drug loading = AMOURt of NG (mg) *" """ e erwewseeeseesees Equation 4.2

4.2.4.4 Preparation of DCX NCs loaded PEG-MAL - thiol gel

DCX NCs loaded PEG-MAL — thiol gels were prepared at 5% and 10% wi/w
concentrations of PEG-MAL. DCX NCs that contain 3 mg/mL of DCX were
selected to incorporate into the gel. The method of incorporation of DCX NCs
and preparation of the gel are similar to the incorporation of DiR NCs as
described in section 5.2.1.4. Once the gel was prepared, percentage DCX
recovery was determined by incubating the PEG-MAL - thiol gel in a solution
of porcine esterase in 1 M Tris buffer (pH 8.0), followed by estimation of DCX
concentration using HPLC as mentioned in section 4.2.4.3. Additionally,
samples were centrifuged after addition of ethanol at room temperature,
18000xg for 10 min to remove any unwanted precipitate and clear supernatant

was collected and injected into the HPLC.

4.2.4.5 In vitro release of DCX from DCX NCs loaded PEG-MAL — thiol gel

In vitro release studies of DCX was determined by incubating the hydrogel with
SIPF containing 0.5 %w/v Tween® 80 at 37 °C. Being a hydrophobic molecule,
poor aqueous solubility of DCX might be a rate-limiting step to release the drug
into the medium. Hence, Tween® 80 was added to the medium to maintain sink
condition. 50 pL of PEG-MAL - thiol gel was placed in a glass vial and 1.25

mL of media was added to achieve 1:25 dilution. At each time point, the whole
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volume of media was collected and replaced with fresh media. DCX was then
extracted from these samples by evaporating the water from 1 mL of sample
using a nitrogen evaporator, followed by addition of 1 mL of ethanol to dissolve
the DCX. This ethanolic solution was then centrifuged at room temperature,
18000xg for 10 min to remove any unwanted precipitate and clear supernatant
was collected and injected into the HPLC as descibed in section 4.2.4.3, to

determine DCX released at each time point.

4.3 Results and discussion

4.3.1 Preparation and optimization of covalently cross-linked
hydrogels
PEG based covalently crosslinked hydrogels were optimized to incorporate DiR

NCs. First, the PEG-SH crosslinker was synthesized, which was then used to
synthesize PEG-NB — thiol and PEG-MAL - thiol hydrogels.

4.3.1.1 Synthesis of PEG-SH crosslinker

PEG-SH crosslinker was synthesized by modifying a linear PEG (MW: 3350)
to incorporate a thiol-end group, linked to PEG chain via a propionate linkage.
Free thiol-end group is expected to react with PEG-NB polymer to undergo a
thiol-ene photoclick reaction to form a covalently cross-linked hydrogel.
Alternatively, it can react with PEG-MAL polymer to undergo a Michael
addition reaction to form another covalently cross-linked hydrogel. Chemical
structure of PEG-SH is represented in Figure 4.1. Hydrogels that are formed by
these thiol-ene photoclick and Michael addition reactions have found multiple

applications in tissue engineering and drug delivery (233).

The role of propionate group in PEG-SH is to favour hydrolysis driven in vivo
degradation of PEG gel, which would render biodegradability of the
formulation. Modification of covalent cross-linker in order to tune the
hydrolysis and degradation rate of hydrogels is widely reported in the literature.
For example, Schoenmakers et al. have conjugated a model drug, paclitaxel, to
PEG via hydrolysable crosslinker, which controlled the release of active through
gradual degradation of the ester bond. Moreover, they were able to tune the rate

of degradation by changing the carbon chain length of the cross-linker (234).
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In this study, we have modified the linear PEG based on the protocol reported
by Nie et al., (235). p-toluene sulfonic acid acts as a catalyst in the reflux
reaction of hydroxy-functionalized linear PEG with mercaptopropionic acid in
toluene. DTT was used as a reducing agent to prevent disulfide bond formation.
After the completion of reaction, the formation of PEG-SH was confirmed by
1H NMR, where chemical shifts were observed to be: 6 = 4.32 (4H, CH,-O-
C(0)), 3.92 - 3.52 ((CH2-CH>-O)n), 2.83 - 2.72 (8H, CH.-CH.-SH). After
isolation and drying, 90 % yield was observed, which was similar to Nie et al.
Thus formed PEG-SH was further used to prepare PEG-NB — thiol and PEG-
MAL - thiol gels through UV-photoinitiation and Michael addition reactions

respectively.

(@]
PEG (linear) 3-Mercaptopropionic acid
.
‘.)
OH
HS
SH
OH
&Hs Dithiothreitol (DTT)
p-Toluenesulfonic acid Toluene,
A70°C

P PPN

PEG-SH

Figure 4.1 Schematic representation of chemical reaction involved in the synthesis of PEG-SH
crosslinker. The linear PEG (MW: 3350, n = 74.7 repeating units) was refluxed with
mercaptopropionic acid, in presence of p-toluenesulfonic acid and DTT in toluene.
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4.3.1.2 Preparation and optimization of UV crosslinkable PEG-NB — thiol gel
UV crosslinkable PEG-NB - thiol gels have been explored for tissue
engineering and other biomedical applications (236, 237). Incorporation of
fluorescently labelled nanoformulations into this hydrogel is a challenge.
Nanoparticles and fluorophores should be chemically stable in the presence of
highly reactive photoinitiators and UV light. Freitas et al. reported the alteration
in colloidal properties of solid lipid nanoparticles (SLN) after UV irradiation.
They have observed that poloxamer 188 stabilized Compritol solid lipid
nanoparticles (SLN) showed accelerated particle growth and destabilization of
the formulation after being irradiated with high energy UV radiation (< 390 nm)
(238). Hence, in this study, colloidal stability of NCs and chemical stability of
DiR in presence of UV were considered as the primary criteria during the
optimization of PEG-NB - thiol gel to incorporate DIR NCs. A suspension of
DiR NCs in PBS (0.01 M, pH 7.4, 20 mg/mL) was exposed to UV light as
described in section 4.2.1.2. The suspension showed a similar particle size and
PDI, after exposure to UV light, as compared to prior to UV exposure, as
reported in Table 4.3.

Table 4.3 UV stability of NCs, as determined by incubating the suspension of DiR NCs in PBS,

followed by exposing them to UV for 5 min at 25 °C. No significant changes in colloidal
properties ensures the UV stability of NCs. Data represented as Mean £ SD (n = 3)

Media for DIR NCs | UV exposure | Size (nm) PDI

Milli-Q water No 243 + 15 0.1
PBS (0.01 M, pH 7.4) No 230+ 20 0.1
PBS (0.01 M, pH 7.4) Yes 230+ 25 0.1

Once the colloidal stability of DiR NCs after UV exposure was confirmed, the
stability of DiR after the incorporation of DiR NCs into the PEG-NB - thiol gel
was determined by fluorimetry. This was performed by first identification of an
appropriate solvent or media that can dissolve the hydrogel, followed by
estimation of DiR released into the media after dissolution of the hydrogel. 50
uL of PEG-NB - thiol gel was immersed in 1 mL of ethanol or acetonitrile or
dimethyl sulfoxide or pH 3 citrate buffer or 1 M HCl or 1 M NaOH. NaOH, was
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the only solvent that dissolved the gel. In addition, it was observed that DiR was
not detectable in the dissolved gel mixture as determined by fluorimetry. This
could be due to its degradation either during the manufacture or its interaction
with dissolving media, NaOH.

To identify if NaOH contributes to the degradation of DiR, DiR NCs were
incubated in 1 M NaOH (15 mg/mL) for 30 min and fluorescence intensity was
evaluated. It was observed that DiR only showed 30 % of initial fluorescence
after suspending in NaOH. This indicates that NaOH has contributed to the
degradation of DiR. Liu et al. reported that the fluorescent properties of DiR
loaded nanocarriers was influenced by pH. They observed that stearic acid
grafted polyethyleneimine and HA nanoparticles containing DiR showed stable
fluorescence emission in the pH range of 5-9, while the intensity was reduced
at higher pH (239).

To identify an alternative media that can dissolve the gel without degrading the
DiR, enzyme mediated degradation was chosen. Porcine esterase, which is
isolated from livers of pigs, is an enantioselective serine hydrolase with wide
specificity to ester hydrolysis (240). Pancreatin is a lyophilized powder of
various enzymatic components that include trypsin, amylase, lipase,
ribonuclease and protease, produced by exocrine cells of pancreas. Although
non-specific, pancreatin might also contribute to the hydrolysis of ester bonds.
Hence, esterase and pancreatin obtained from porcine liver and pancreas were
evaluated for their potential to breakdown the propionate bonds to dissolve the
PEG-NB - thiol gel. Gels were incubated in the buffer solutions of esterase and
pancreatin as discussed in section 4.2.1.3. It was found that porcine esterase
dissolved the gel completely in 1 M Tris buffer, pH 8 at room temperature, while
pancreatin did not dissolve the gel.

Raghupathi et al. have used porcine esterase for understanding the release of
fluorescent hydroxycoumarin derivative, 4-methylumbelliferone, from their
amphiphilic dendrimer system. The guest molecule, 4-methylumbelliferone,
was non-covalently sequestered within an enzyme responsive dendrimer
system. The extent of release of fluorescent molecule was directly proportional
to enzymatic activity of porcine esterase (241). We have also observed that
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porcine esterase was able to degrade the hydrogel, which might be due to the
cleavage of propionate linkage on PEG-SH. Similar phenomenon could also
occur in vivo due to the presence of indigenous esterases in the peritoneal and
ascites fluids. Hence, porcine esterase was selected as an alternative to NaOH.

Further, DIR NCs loaded PEG-NB - thiol gel was prepared and dissolved in
porcine esterase, to determine the percentage recovery of DiR. In contrast to
NaOH, a suspension of DiR NCs incubated with porcine esterase had 99 % DiR
recovery. This indicates that porcine esterase was successful in dissolving the
gel without the degradation of DiR. Hence, we can conclude that this DIR
degradation might have happened during the preparation of PEG-NB — thiol gel.

To understand DiR’s degradation further, a compatibility study was performed
to trace any potential interactions of DiR with other gel components, which
might lead to its degradation. Different gel components were mixed in the same
proportions as used for gel preparation. Table 4.4 shows the results of the
compatibility study. A suspension of DIR NCs in PBS did not show any
degradation after UV exposure (mixture 1). Similarly, a mixture of PEG-NB and
PEG-SH with DiR NCs did not show any degradation of DiR after UV exposure,
in the absence of LAP (mixture V). However, mixtures containing LAP led to
strong degradation of DiR after UV exposure, as seen by reduction in
fluorescence intensity values (mixtures Il, 11l and 1V). Mixture VI that contains
LAP did not show degradation of DiR as this mixture was not exposed to UV.
Hence, it can be concluded that LAP in presence of UV is responsible for DiR

degradation.
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Table 4.4 Compatibility study to determine the photostability of DiR NCs with individual gel
components before and after exposure to UV. Each mixture was prepared in same proportions
as present in the gel, at 25 °C (n=1). Incompatibility was evaluated by reduction in fluorescence
intensity units after exposure to UV. (*Composition indicates respective mixtures prepared in
0.01 M PBS, pH 7.4)

Mixture Composition* epr(J):]ure FL‘L‘ZISS(%?})C ¢
I DiR NCs Yes 55324
II LAP + DiR NCs Yes 1481
I PEG-NB + LAP + DiR NCs Yes 3026
v PEG-SH + LAP +DiR NCs Yes 2722
A" PEG-NB + PEG-SH + DiR NCs Yes 48065
VI PD];:IE}IEI\I(I?S + PEG-SH + LAP + No 50014

To minimise the DiR degradation, concentration of LAP and UV exposure time
were reduced. An alternative photoinitiator, Irgacure® 2959 was also evaluated.
Table 4.5 shows various concentrations of LAP and Irgacure® 2959 at different
UV exposure times that were evaluated to minimise DiR degradation.
Unfortunately, in all the cases DiR degradation was observed. In principle, both
LAP and Irgacure® 2959 produce free radicals in presence of UV, which favours
the formation of hydrogels through step-growth thiol-ene photoclick reactions
(242). DIR is a near IR carbocyanine fluorophore, rich in conjugated double
bonds, as seen in its chemical structure (Figure 4.2). These conjugated double
bonds are susceptible to cleavage in presence of free radicals. Cleavage of these
conjugated double bonds might lead to the loss of its fluorescence activity.
Moreover, chemotherapeutic agents, which contain double bonds might also act
as potential targets for these photoinitiators. The ability of LAP and Irgacure®
2959 to generate free radicals that can potentially degrade chemotherapeutic

agents such as doxorubicin was observed by Fairbanks et al. (243).

Based on these observations it can be concluded that photocrosslinkable PEG-
NB — thiol gel was not be suitable for incorporation of DIR NCs, as the
photoinitiators were incompatible with DiR, leading to loss of its fluorescence
activity. Moreover, these photoinitators might not guarantee successful
incorporation of chemotherapeutic agents in future as they could potential
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interact with double bonds. Hence, an alternative covalently cross-linked

hydrogel that can be prepared without the use of photoinitiators was required.

H.C CH
37, CHy Hg 3
/—(CH =CH) .~ CH
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Figure 4.2 Chemical structure of fluorescent dye, DiR, showing the conjugated double bonds,
which are susceptible to degradation by photoinitiators, LAP and Irgacure® 2959 in the presence
of UV

Table 4.5 Experimental parameters evaluated to determine the influence of nature and
concentration of photoinitiators and UV exposure times on photostability of DiR NCs

Photoinitiator ((f,/‘;“vcv?;tzif‘ggg uv exposure
LAP 0.02 5 min
LAP 0.05 2 min
LAP 0.05 30

Irgacure® 2959 0.05 2 min

Irgacure® 2959 0.05 45 s

4.3.1.3 Preparation and optimization of PEG-MAL — thiol gel

Covalently crosslinked hydrogels prepared by Michael addition reaction do not
require photoinitiators or any external stimuli. Maleimides, acrylates, vinyl
sulfones and methacrylates react with thiols to form covalent bonds through a
Michael addition reaction (233, 244). PEG has been modified with these groups
to form functionalized polymers that can react with thiol crosslinkers to form
hydrogels. Phelphs et al. have prepared and evaluated various polymers that can
crosslink through Michael addition, to encapsulate and support cellular activity
of murine myoblast cells. They have found that PEG-MAL hydrogels have
improved cross-linking and encapsulation efficiencies, and higher cell viability
in comparison to vinyl sulfone and acrylate equivalents (244). Similarly, PEG-

MAL hydrogels have found various applications in protein and cell delivery in
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regenerative medicine (245). These hydrogels have also been explored for local
drug delivery. Yu et al. incorporated Avastin® into a covalently crosslinked
hydrogel prepared from 4-arm PEG-MAL (MW: 10 kDa) and 4-arm PEG-SH
(MW: 20 kDa) for controlled drug delivery. They have achieved a sustained
drug delivery up to 14 days in vitro with no apparent cytotoxicity found in L-
929 cell cultures (246). Despite multiple applications of PEG-MAL — thiol gels,
incorporation of nanoparticle formulations in these hydrogels to further prolong
the release for local drug delivery has not been explored extensively. In this
study, we have used PEG-SH crosslinker to form covalently crosslinked
hydrogel with PEG-MAL and incorporate DiR NCs. Figure 4.3 shows the
schematic representation of this reaction to form a hydrogel.

Optimization of this hydrogel was performed to identify the appropriate
concentration of PEG-MAL that can incorporate DiR NCs and show slow
release of DiR. 5% and 10% w/w PEG-MAL concentrations at equimolar PEG-
SH were explored in this study. It was known from the literature that the rate of
maleimide — thiol reaction is strongly influenced by the pH of the medium.
Indeed, Jansen et al. have evaluated various parameters that control the reaction
kinetics of PEG-MAL (MW: 20 kDa) hydrogel networks. They explored a range
of crosslinkers, which include PEG-SH (MW: 1 kDa) and a number of different
dithiol terminated peptide sequences. They observed that lowering the pH of
reaction medium, reducing the polymer weight percentage and buffer
concentration reduces the reaction kinetics. This was due to the base catalysis
of nucleophilic addition onto alkene group of maleimide, which favoured the
formation of stable polymeric networks. They found that strong bases such as
triethanolamine (pKa 7.76) catalyzes the reaction much faster than weak acids
such as a citrate buffer (pKa 6.40) (247). In addition, Darling et al. observed
that faster reaction kinetics of PEG-MAL gel might lead to heterogeneity. They
have suggested that lower pH reduces the rate of reaction, which is favourable
to ensure homogenous incorporation (248). Hence, a lower pH was considered
for gel preparation. However, colloidal stability of NCs and photostability of
DiR at lower pH must be ensured. Riehl et al. found that the fluorescence
emission of DIR was stable at pH 4 and 7, while further reduction in pH has

shown significant loss of fluorescence with time (249). As it was known that
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DiR was stable at pH > 4, DiR NCs were incubated in different low pH buffers
to identify the impact of pH on colloidal stability. Table 4.6 shows the particle
size and PDI of DiR NCs incubated with different buffers. It was found that the
particle size did not change significantly from pH 7.4 until pH 4.0. Further
reduction to pH 3.0 lead to increased particle size and PDI. As pH 4.0 is the
lowest threshold, pH 5.0 was chosen as an optimum pH for preparation of the
PEG-MAL - thiol gels.

Table 4.6 Determination of colloidal stability of DiR NCs up on incubation in buffers with
different pH, at 25 °C. Data is represented as mean + SD (h = 3)

Media to incubate NCs Size (nm) PDI
Milli-Q water 243 £ 18 0.1
PBS (0.01 M, pH 7.4) 230+ 15 0.1
Citrate buffer (0.1 M, pH 6) 228 + 38 0.1
Citrate buffer (0.1 M, pH 5) 221 +20 0.1
Citrate buffer (0.1 M, pH 4) 226 +£28 0.1
Citrate buffer (0.1 M, pH 3) 449 + 80 0.3
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PEG-MAL — thiol gel

Figure 4.3 Schematic representation of Michael-type addition reaction involved in formation of
PEG-MAL - thiol gel (MW of PEG-MAL = 10 kDa, n = 53.3 repeatiting units; MW of PEG-
SH = 3350, n' = 74.7 repeating units)

145



Once optimum pH was identified, PEG-MAL - thiol gels were prepared at 5
and 10% w/w concentrations of PEG-MAL and equimolar concentrations of
PEG-SH, incorporating 30% w/w DiR NCs. Gel formation was observed at both
the concentrations, without any visual leakage of NCs. To determine the
percentage recovery of DiR, gels were incubated in porcine esterase medium as
described in section 4.2.1.3. Unlike PEG-NB - thiol gel, 99 % of DIiR was
recovered after preparation and degradation of the gel. Hence, we achieved a
covalently crosslinked PEG-MAL - thiol gel that can incorporate 30 % w/w
DiR NCs.

4.3.2 Characterization of PEG-MAL - thiol gels

4.3.2.1 Cryogenic focussed ion beam scanning electron microscopy (cryo-FIB-
SEM)

FIB-SEM is an advanced electron microscopy, which involves use of finely
focussed ion beams to acquire images at low current while samples can be
milled at high currents to reveal the internal structures (250). Operation of FIB-
SEM in cryogenic mode favours the imaging of hydrogels in its native state to
identify essential structural features (251). It is known that cryo-TEM offers
better resolution to image hydrogels and NCs in comparison to SEM techniques.
However, sample preparation for cryo-TEM is not suitable to handle preformed
hydrogels with high mechanical strengths. Cryoplunge®, which is used to obtain
thin frozen samples for cryo-TEM was unable to hold the preformed PEG-MAL
— thiol gel. Hence, FIB-SEM was chosen, which offered better sample
processing than cryo-TEM. Samples were prepared with slight modification of
the protocol developed by Parmenter et al., which involves freezing the samples
in metal mirror freezer as explained in section 4.2.2.4 (252). Figure 4.4 shows
the FIB-SEM images of frozen PEG-MAL - thiol gel. NCs were found to be
entrapped in the hydrogel matrix, in clusters. These images provide an idea
about distribution of NCs within the hydrogel. However, because of lower
resolution, better contrast was not achieved to differentiate aggregates versus
individual NCs. Hence, to elucidate further on the nature of incorporated NCs,
cryo-TEM analysis in combination with better sample processing techniques

such as microtoming is required.
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Figure 4.4 FIB-SEM images of (a) PEG-Mal —thiol gel frozen under liquid nitrogen using metal
mirror freezer (b) PEG-MAL - thiol gel milled at higher beam currents, showing the clusters of
NCs. Scale bar indicates 10 um

4.3.2.2 Determination of gelation kinetics through rheology

The kinetics of gelation was performed on PEG-MAL — thiol gel containing DiR
NCs using rheology, as mentioned in section 4.2.2.2. Gelation kinetics are
conventionally evaluated by following the change in storage (G') and loss
modulus (G") with time. Darling et al. reported the gelation kinetics of PEG-
MAL gels at different temperatures, and concentrations of maleimide and thiol,
as observed by increasing G'and G" (248). Similarly, Holmes et al. also reported
the gelation kinetics of thiol-ene photoclick PEG gel through the increase of G'
and G" as a function of time (253). In our study, G' and G" was found to
gradually increase with time as shown in Figure 4.5 (a). No crossover point of
G' and G' was observed, which is generally considered to be the point of
initiation of gelation. As the gels were prepared at pH 5.0, gelation kinetics are
expected to be rapid (247). Hence, the initiation of gelation might be too fast,
which made it difficult to trace during the study. Further reduction in pH of the
preparation buffer could reduce the gelation time. However, colloidal properties
of NCs would be compromised at lower pH as seen in section 4.3.1.3. Highest
G'and G" were seen at 30 min, indicating the complete gelation. These values
are comparable to 2'-dC-Ns-Csg gel, but higher than Fn-HA gel, as shown in
Figure 4.5 (b).

Higher mechanical properties would help to withstand dynamic environment in

IP cavity. Similar observations were made by Yeo et al., where poly(lactic-
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coglycolic acid) (PLGA) nanoparticles were incorporated in covalently cross-
linked HA hydrogel designed for prolonged retention in IP cavity. The reported
G' obtained from osciallatory amplitude sweep test was approximately 420 Pa,
which was comparable to PEG-MAL - thiol gel and it favoured the prolonged
retention in IP cavity (254). Another covalently crosslinked hydrogel prepared
by crosslinking N, O-carboxymethyl chitosan and aldehyde HA was found to be
retained up to 2 weeks in rats after IP administration. G'and G" of this hydrogel,
as observed from gelation kinetics experiments, were found to be approximately
10 fold lower than PEG-MAL - thiol gel (255). Based on these data, we can
consider that PEG-MAL gel has appropriate mechanical properties suitable for

IP administration.
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Figure 4.5 (a) Gelation kinetics of PEG-MAL - thiol gel as determined by oscillatory rheology
performed on parallel plate assembly at 0.5 Hz frequency, 0.5% strain, 0.5 mm gap and 25 °C,
showing the increase of G' and G" with time. (b) A comparison of Fn-HA, 2’-dC-N4-C8 and
PEG-MAL - thiol gels, showing a significant difference of G' (p < 0.05, Tukey’s multiple
comparison test). Data represented as mean + SD (n = 3)
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4.3.2.3 Resistance to dilution

Resistance to dilution is one of the important parameters to be evaluated for
hydrogels directed to IP cavity. DIR NCs loaded PEG-MAL - thiol gels
prepared with 5% and 10% w/w concentrations of PEG-MAL were incubated
with SIPF at 37 °C. As observed visually, both 5 and 10% w/w gels were
swollen initially. Interestingly, gels containing 10% w/w PEG-MAL were
remained intact up to 3 weeks, while gels containing 5% w/w PEG-MAL were
intact up to 2 weeks at 1:25 dilution. This is in contrast to the observations made
in section 3.3.3.3, where Fn-HA and 2'-dC-N4-Cg gels did not tolerate dilutions
higher than 1:3 and 1:9 respectively. Higher resistance to dilution would be
favourable for retention longer in the IP cavity, as it would help the formulation
to withstand the high fluid turnover rates. Physically assembled hydrogels
dissociate rapidly through dissolution in aqueous environments (256). In
contrary, covalently cross-linked systems cannot be diluted and instead swell.
A covalently cross-linked HA gel containing cisplatin was reported to retain
after 28 days of IP administration, exhibiting a significant reduction in
peritoneal tumour nodules (231). With being chemically cross-linked, PEG-
MAL - thiol gel would have a high potential to be retained longer in the IP

cavity.

4.3.2.4 In vitro DiR release studies

Once resistance of PEG-MAL - thiol gel to high dilution was ensured, in vitro
release of DiR was determined from DiR NCs loaded gels, prepared at 5% and
10% w/w PEG-MAL concentrations. Figure 4.6 shows the release profiles of
DiR at both concentrations. The in vitro release obtained from PEG-MAL-thiol
gels at both 5 and 10% w/w PEG-MAL concentrations was more sustained in
comparison to Fn-HA and 2'-dC-N4-Cg gels. As described in section 3.3.3.4,
Fn-HA gel showed a 40% release in 48 h at 1:3 dilution, whereas 2'-dC-N4-Cg
gel showed 100% release in 24 h at 1:9 dilution. In contrast, PEG-MAL - thiol
gels containing 5 and 10% w/w PEG-MAL showed a cumulative release of
approximately 80% and 45% after 5 days respectively. Gels were physically
retained after the study, showing > 85% recovery of DiR, as determined by
dissolving the gel in porcine esterase, followed by fluorescence measurements.

It should be noted that the release profile is an indicative of the sum of free DiR
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and DiR NCs released into the media, as it was difficult to isolate NCs from free
DiR as described in section 2.3.2.1. Presence of DiR NCs in the release media
was confirmed by obtaining DLS measurements of the media after incubation
with PEG-MAL — thiol gel.

The high concentration of PEG-MAL would naturally provide higher
crosslinking density of the hydrogel, which would further control the release
from the hydrogel. Fu et al. studied the influence of extent of higher crosslinking
density in PEG-MAL - thiol gels. They incorporated gelatin into PEG-MAL —
thiol gel, prepared from PEG-maleimide (MW: 2 kDa) and PEG-dithiol (MW:
2 kDa), to achieve higher crosslinking density as a result of semi-
interpenetrating networks. The in vitro release profile of fluorescein
isothiocyanate (FITC)-labelled dextran showed that the gels with higher
crosslinking density did not show burst release, whereas gels with regular
crosslinks showed a burst release up to 80% in 1 h (257). Release of NCs occurs
in tandem with the degradation of the hydrogel. As discussed earlier, PEG-MAL
— thiol gel has higher probability to degrade via ester hydrolysis (234). SIPF is
an aqueous media, which was under constant stirring and replacement during
the study. Such fluid dynamics might favour ester hydrolysis, eventually
degrading the gel. Gradual degradation might lead to pore formation, which
further releases NCs into the media. In vitro release of self-emulsifying NCs
from a hydrogel was studied by Staka et al. They evaluated the release of nile
red loaded HA NCs (80 nm and 40 nm particle size) from self-assembling 2'-
dC-N4-Cg gel and found that gels with 8% w/v NCs showed 80% release in 48
h, while gels with 4% w/v NCs showed 60% release in 48 h (205). Interestingly,
the release profile obtained with PEG-MAL - thiol gel containing 10% w/w
PEG-MAL showed only 40% release in 5 days.

Based on resistance to dilution and in vitro release studies, the PEG-MAL —
thiol gels containing 10% w/w PEG-MAL concentration have shown better
control over the release in comparison to its 5% w/w equivalent. Hence, 10%
w/w PEG-MAL concentration was chosen to evaluate the in vivo local residence
in the IP cavity and biodistribution of NCs from the PEG-MAL - thiol gel.
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Figure 4.6 In vitro release study showing the release of DiR from PEG-MAL - thiol gels, as
estimated by fluorescence analysis from each time point. Gels were prepared at 5 and 10% w/w
concentrations of PEG-MAL and equimolar concentrations of PEG-SH, followed by incubation
under 1:25 dilution in SIPF at 37 °C. Data represented as mean £ SD (n=3)

4.3.3 In vivo local residence and biodistribution studies

In vivo local residence and biodistribution was evaluated in immunodeficient
nude mice through IVIS® imaging. In contrast to the IVIS® experiments
performed in chapter 4, animals were classified into two sets in order to obtain
biodistribution data at an earlier time points after administration. The first set of
animals were sacrificed after 24 h, while the second set were sacrificed after 1
week. Sacrificing the animals at an earlier time point, 24 h, was helpful to
understand the earlier events related to biodistribution. Moreover, the method
of administration was also different from the protocol described in section
3.2.4.3. PEG-MAL - thiol gel is a preformed hydrogel in contrast to Fn-HA gel,
which was an in situ forming system. Hence, PEG-MAL - thiol gel was
administered through surgical intervention, opening the peritoneal cavity of the
mice, followed by physically placing the hydrogel in the cavity. While, negative
control (isotonic trehalose solution), DiR alone and DiR NCs were administered
as IP injections as performed in section 3.2.4.3. Although, the method of
administration is more complicated than in situ forming system, this approach

finds clinical relevance. PEG-MAL - thiol gel can be placed as an implant after
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tumour resection in the cavity after cytoreductive surgery, aiming at targeting
microscopic, metastatic remnant tumour nodules. Clinical findings have
evaluated the benefit of IP chemotherapy in conjugation with cytoreductive
surgery (92, 93). Hence, this composite hydrogel can be suitable for highly
dissociative cancers such as ovarian and peritoneal carcinomatosis, which are

associated with peritoneal cavity.

Figure 4.7 (a) shows the compilation of images of first set of mice, captured
from the ventral side. Fluorescence was observed from the site of administration
up to 24 h. Further, sacrificing the mice after 24 h showed the presence of
hydrogel in the peritoneal cavity, which showed significant fluorescence (Figure
4.7 (b)). This indicates that the hydrogel not only withstands the dynamic IP
environment, but also retained the DiR NCs. The biodistribution pattern of DiR
NCs, as seen in Figure 4.9, indicates that they were preferentially taken up by
the liver as expected. It is well known in the literature that nanoparticles tend to
escape from the peritoneal cavity through both lymph duct and capillary
openings. Doxorubicin loaded poly(butyl cyanoacrylate) nanoparticles
administered through IP route rapidly distributed into blood and to the organs
of reticuloendothelial system (258). However, tissue concentrations of IP
administered doxorubicin nanoparticles were significantly higher than IV
administered equivalent. This has also signified the higher bioavailability and
therapeutic efficacy through IP administration. Kohane et al. compared the
retention of 250 um and 265 nm particles made of PLGA after IP administration.
They have found that microparticles were retained in the peritoneum up to 2
weeks, while nanoparticles were cleared and accumulated in the liver and spleen
within 2 days of IP administration (114). In another study, IP administration of
superparamagnetic iron oxide nanoparticles have also shown accumulation in
liver, spleen and omentum (259). This paper also reported the influx of

macrophages as an indication of sequestration and clearance of nanoparticles.

As the retention of PEG-MAL - thiol gel was confirmed after 24 h, it was
interesting to assess whether the gel was retained in the cavity up to 1 week.
Figure 4.8 (a) shows the compilation of set 2 images, sacrificed after 1 week.
Interestingly, no traces of hydrogel were found in the IP cavity, indicating that

the hydrogel has completely degraded between 24 h and 1 week. Degradation
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of the gel signifies the biodegradability of the system. The dynamic, fluid rich
IP cavity might have degraded the gel through ester hydrolysis and enzymatic
degradation. Moreover, the succimidyl thioether formed by the Michael addition
might undergo degradation in vivo. Fontaine et al. worked on understanding and
stabilizing the maleimide-thiol conjugates in vivo. They explained that
succimidyl thioether could undergo thiol-exchange reaction or ring-opening
hydrolysis in the biological environments. The rate of thiol-exchange and
hydrolysis reactions was determined and found that thiol-exchange reaction is

more predominant than ring-opening hydrolysis (260).

Biodistribution after 1 week showed a similar pattern to 24 h, showing average
radiance from the liver (Figure 4.9). However, no traces of hydrogel were
observed in the peritoneal cavity. Based on this data, it can be concluded that
the hydrogel was retained in the IP cavity between 24 h to 1 week, while NCs
escaped from the cavity and accumulated in the liver after being released from
the hydrogel. It was observed that the radiant efficiency from the liver after 1
week was similar to 24 h time point, which further supported the liver
accumulation. No significant fluorescence was observed from kidneys, which
indicated that neither DIiR nor DiR NCs were eliminated through urine.
Schédlich et al. reported the excretion of DIR and DiR-loaded PEG-PLA
nanoparticles through bioconjugation in liver, followed by excretion via gall
into intestine, eventually clearing through faeces. They confirmed the faecal
excretion through presence of fluorescence in the intestine (261). Interestingly,
fluorescence was also seen in the lungs after 24 h, as observed with DiR NCs +
PEG-MAL - thiol gel group (Figure 4.7 (b)). This might be due to macrophage-
assisted migration of NCs to the lung tissue, after IP administration. Parayath et
al. demonstrated the macrophage specific targeting of HA nanoparticles through
CDa4 residues, which favoured the accumulation of nanoparticles in lung tissue
after IP administration. They exploited this phenomenon of lung accumulation
to transfect microRNAs to tumour-assisted macrophages in nonsmall cell lung

cancer model after IP administration (262).

This study also demonstrates the tolerability of PEG-MAL gel in the IP cavity
of mice within the experimental timeframe. As explained earlier, covalently

crosslinked HA gel containing cisplatin was retained even after 28 days of IP
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administration, exhibiting a significant reduction in peritoneal tumour nodules
(231). This formulation was a hydrogel which contained a chemotherapeutic
agent in solution state in contrast to PEG-MAL — thiol gel which contains NCs.
Presence of NCs might alter the extent of crosslinking at a sub-microscopic
level of the hydrogel. However, presence of NCs opens further possibilities of
functionalising the NCs with tumour targeting ligands. Further optimization of
PEG-MAL - thiol gel is also possible to alter molecular weights and
crosslinking sites of PEG-MAL and PEG-SH. Alternatively, the number of
hydrolysable groups on the cross-linker chains could also be manipulated to

reduce the rate of hydrolysis in order to further enhance the in vivo residence.
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Figure 4.7 In vivo IVIS® imaging study performed on mice (set 1) (a) Compilation of images
acquired after 0, 4 and 24 h of administration, showing the fluorescence obtained from DiR
alone, DiR NCs and DiR NCs + PEG-MAL —thiol gel groups. Mouse administered with isotonic
trehalose solution as negative control is also represented in the image (b) Compilation of images
acquired from organs obtained after sacrificing the mice at 24 h time point, showing the
fluorescence prominently from liver in case of DiR NCs and DiR NCs + PEG-MAL - thiol gel
groups. Gels retrieved from the peritoneal cavity after 24 h, indicating the fluorescence, are also
shown here.
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Figure 4.8 In vivo IVIS® imaging study performed on mice (set 2) (a) Compilation of images
acquired after 0, 4, 24, 48, 96 h and 1 week of administration, showing the fluorescence obtained
from DiR alone, DiR NCs and DiR NCs + PEG-MAL - thiol gel groups. Mouse administered
with isotonic trehalose solution as negative control is also represented in the image (b)
Compilation of images acquired from organs obtained after sacrificing the mice at 1 week time
point, showing the fluorescence prominently from liver in case of DiR NCs and DiR NCs +
PEG-MAL - thiol gel groups.
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Figure 4.9 Biodistribution obtained from IVIS® imaging study after administration of negative
control, DiR alone, DiR NCs and DiR NCs + PEG-MAL - thiol gel after IP administration. (a)
Average radiance obtained from various organs acquired after sacrificing the mice up on 24 h
of IP administration. IP cavity has shown remnants of DiR NCs + PEG-MAL — thiol gel, whose
average radiance is also represented here. Data represented is mean + SEM (n = 2). (b) Average
radiance obtained from various organs acquired after sacrificing the mice up on 1 week of IP
administration. Data represented is mean £ SEM (n = 4).
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4.3.4 Incorporation of DCX into NCs

As the IP residence of PEG-MAL - thiol gel was established, it would to
interesting to incorporate DCX as a model chemotherapeutic agent in order to
establish its clinical application for the treatment of peritoneal tumours. In this
section, DCX was incorporated into NCs and these DCX NCs were further
loaded into PEG-MAL - thiol gel to characterise and evaluate their in vitro

release.

4.3.4.1 Preparation and optimization of DCX loaded NCs

DCX was incorporated into NCs to achieve the final drug loading of 3, 7.5 and
12 mg/mL, using the procedure described in section 4.2.4.1. Entrapment
efficiency and drug loading were determined by isolating the NCs through
centrifugation. It was found that the formulations incorporated with 7.5 and 12
mg/mL have shown recrystallization of DCX after centrifugation, as seen by the
presence of precipitate. Moreover, microscopic images have shown presence of
birefringence, an indicator of recrystallization (Figure 4.10). Hence, DCX NCs
containing 3 mg/mL of DCX were only characterized to determine colloidal
properties, % EE and drug loading. Incorporation of DCX in the NCs was not
found to influence its colloidal properties. Table 4.7 shows the colloidal
properties, % EE and drug loading of DCX NCs.

DCX NCs have shown a % EE of 45 £ 5, while drug loading was found to be
3.0 £ 0.3 mg/mL. Based on the achieved drug loading of DCX NCs, the
concentration of DCX that can be obtained with PEG-MAL - thiol gel was
found to be 0.9 mg/mL (30% w/w NCs in the gel). Rivera-Rodriguez et al.
reported the % EE of 75 — 90 % in poly-L-asparagine NCs (263). In another
study, % EE of 90 % was observed by Lollo et al. in polyglutamic acid-PEG
NCs (264). Both these studies have reported higher % EE than DCX NCs.
However, it should be noted that the method of preparation of those NCs was
solvent evaporation in contrast to self-emulsification that was used for
preparation of the DCX NCs. Unlike self-emulsification, solvent evaporation
technique involves repeated evaporation cycles, which concentrates the NCs.
Self-emulsification is a simple manufacturing technique where evaporation is
not required. Considering the maximum amount of hydrogel that can be
administered to IP cavity of mice as 200 pL, the dose of DCX that can be
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administered to mice (approx. 25 g body weight) through PEG-MAL - thiol gel
was 7.2 mg/kg. Shimada et al. administered 8 mg/kg of DCX IP and
demonstrated the pharmacokinetic advantage over IV administration (98). In
another study by Yonemura et al., DCX was IP administered at 8, 2 and 0.5
mg/kg doses to investigate the therapeutic effect on peritoneal dissemination of
gastric cancer (265). They have reported median survival times of 90, 63 and
49.5 days in comparison to 32 days of control group. These studies suggest that
the dose of DCX that can be delivered through PEG-MAL - thiol gel is

sufficient to elicit significant therapeutic effect.

Table 4.7 Colloidal properties, % EE and drug loading of DCX loaded NCs. Data represented
asmean = SD (n =3)

Zeta Drug
Sample | Size (nm) PDI potential % EE loading
(mV) (mg/mL)
DCX
235+ 20 0.2 -17+2 45+ 5 3.0x0.3
NCs
a) g > b C) m
(@) e ( ):y (©) 5

Figure 4.10 Optimization of DCX loading in NCs. Incorporation of DCX at (a) 12 mg/mL and
(b) 7.5 mg/mL has shown recrystallization as seen by birefringence, while (¢) 3 mg/mL did not
show any recrystallization
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4.3.4.2 In vitro release of DCX from DCX NCs

Once DCX NCs were optimized, in vitro release of DCX from DCX NCs loaded
PEG-MAL - thiol gel was determined by incubating the gels in SIPF as
described in section 4.2.4.5. 0.5 %w/v Tween® 80 was used to attain sink
conditions in the media. Figure 4.11 shows the release profile of DCX from
DCX NCs loaded PEG-MAL - thiol gel. Approximately 45 % of DCX was
released from the gel within 48 h. However, as explained with DIiR, the
estimated release of DCX is the sum of free DCX and DCX bound to NCs.
Isolation of DCX NCs from free DCX in the release media was not possible
because of the instability of NCs upon centrifugation of media and binding
tendency of DCX to dialysis membranes as explained in section 2.3.3.1.
Hydrogels were still present in swollen state after 48 h, containing the remaining
amount of DCX, as recovered by dissolving the gel in porcine esterase. Hence,
it can be concluded that PEG-MAL - thiol gel has a control over the release of
DCX also. Fan et al. explored the thermosensitive hydrogels prepared with
polylactic acid (PLA)-Pluronic L35-PLA, containing DCX loaded nanoparticles
for IP chemotherapy. This hydrogel was designed to form in situ through sol-
gel transition. The nanoparticles were 100 — 140 nm diameter containing a
tumour cell penetration enhancing peptide, LL37. The in vitro release profile
obtained from this hydrogel has shown a cumulative release over > 20 days
(129). However, they have employed dialysis tubing to determine the release of
free DCX in contrast to our estimations, where the sum of free DCX and DCX
NCs released from the hydrogel was reported. In our case, use of dialysis tubing
has shown very high variation in release profile because of adherence of DCX
to the dialysis tubing, yielding poor recovery (< 30 %). Although the techniques
used to evaluate the in vitro release are different, we can still find that the PEG-
MAL - thiol gel has a potential to control the release of chemotherapeutic agent
DCX.
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Figure 4.11 In vitro release study showing the release of DCX from PEG-MAL - thiol gel, as
determined by extracting the DCX from the media, followed by HPLC analysis from each time
point. Gels contain 10% w/w PEG-MAL and an equimolar concentration of PEG-SH, incubated
under 1:25 dilution in SIPF at 37 °C. Data represented as mean £ SD (n = 3)

4.4 Conclusions

In this chapter, covalently crosslinked hydrogels were developed to incorporate
NCs. Branched 4-arm PEGs, PEG-NB and PEG-MAL were cross-linked with a
linear PEG with thiol-end groups (PEG-SH). The reaction between PEG-NB
and PEG-SH was a photocrosslinking reaction, mediated by a photoinitators
LAP or Irgacure® 2959 in presence of UV. Alternatively, PEG-MAL and PEG-
SH undergo Michael-type addition reaction to form covalent crosslinks through
simple mixing. Both PEG-NB - thiol and PEG-MAL - thiol hydrogels were
optimized to incorporate fluorescent DIR NCs. However, it was found that
photoinitiators used to prepare PEG-NB — thiol gel were incompatible with DiR,
as they reduced the fluorescence activity of the molecule. Hence, it was
concluded that PEG-NB - thiol gel was not suitable to incorporate DiR NCs.

Alternatively, PEG-MAL —thiol gel successfully incorporated DiR NCs without
degradation of DiR at pH 5. Hydrogels formed at two concentrations of PEG-
MAL, 5 and 10% w/w, were initially evaluated for stability upon dilution at 1:25
in SIPF, which was found to be for 2 and 3 weeks respectively. An in vitro
release study showed that 10% w/w PEG-MAL concentration showed better

control over the release in comparison to its 5 %w/w equivalent, showing 45%
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cumulative DiR release in 5 days. Hence, 10% w/w PEG-MAL concentration
was selected to evaluate in vivo local residence and biodistribution of NCs from
the PEG-MAL hydrogel.

IVIS® imaging study performed on immunodeficient nude mice, showed that
PEG-MAL - thiol gel resided in the IP cavity between 24 h and 1 week, after
implantation in the cavity through a surgical procedure. Complete degradation
of the hydrogel was observed within a week highlighting the biodegradability
of the formulation. Biodistribution of NCs has shown preferential accumulation
in the liver, which is in accordance with the published literature. This in vivo
study also demonstrated the tolerability of PEG-MAL hydrogel within the

experimental timeframe.

As the IP residence of PEG-MAL - thiol gel was confirmed, DCX, a model
chemotherapeutic agent was incorporated into NCs first, followed by
incorporation of these NCs into the gel, which gave a therapeutically relevant
final DCX concentration of 0.9 mg/mL. In vitro release study showed a
cumulative DCX release of 45 % in 2 days, indicating that the hydrogel has
shown control over the DCX release. In summary, this data establishes the
potential residence of PEG-MAL - thiol gel in the IP cavity, and proves the
capability of controlling the release of DCX. This opens the possibility of
performing an in vivo efficacy study to evaluate the performance of DCX NCs
loaded PEG-MAL — thiol gel in a peritoneal cancer bearing animal model.
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5. Conclusions and Future work

5.1 Conclusions

Local drug delivery, achieved through administration of pharmacologically
active compounds within a restricted area of the body or specific tissue, is
advantageous for better drug accessibility and reduced side effects. The focus
of this thesis is the local delivery in the management of osteoarthritis (OA) and
peritoneal malignancies, using intra-articular (1A) and intra-peritoneal (IP)

injections.

IA injections are not first-line treatments for OA. They are preferred as the last
non-operative alternatives when oral or topical medications have failed to
manage the pain or joint degeneration. Currently approved IA injections are
either corticosteroids or hyaluronic acid (HA) injections. Despite the long
history of clinical use and cost-effectiveness, 1A administered corticosteroids
are rapidly clear from the joint. The residence times of commonly used
corticosteroids in the joint range from hours to a few days. Hence, various
formulation strategies such as suspensions, hydrogels, nano, and microparticles
have been employed to achieve longer retention and sustained release of 1A
injections. The particle size of the delivery system has been reported as one of
the crucial factors for determining the extent of retention in the joint after 1A
injection. Smaller particles tend to escape from the cavity faster than the larger
particles. Synovial macrophages tend to phagocytose the particles < 10 pum
without eliciting neutrophil response, whereas microparticles > 10 pm tend to
reside longer in the joint. However, efficacy of microparticles is limited by the
release of the drug from the formulation, which is again dependent on the
degradation of the polymer matrix. Once released, the drug molecules must
penetrate into the local tissues such as synovium and cartilage in order to interact
with local inflammatory cascade to elicit anti-inflammatory action.
Microparticles cannot dictate the further interaction of drug molecules with the
inflammatory cascade in the tissues. However, nanoparticles have the capability
to penetrate into the synovial membrane and interact with tissue-associated
inflammatory reactions. Hence, nanoparticles have also gained importance for

IA drug delivery despite their relatively higher clearance rates. To overcome the
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rapid clearance, nanoparticles have been incorporated into hydrogels to form
composite systems for sustained release. Hence, in this study, we aimed to

formulate a composite system of nanocapsules (NCs) loaded into a hydrogel.

In contrast to 1A delivery, IP delivery is not routine practice in the clinic for
peritoneal malignancies. Routine strategy for the treatment of these peritoneal
malignancies is a cytoreductive surgery of macroscopic tumours, followed by
perioperative or postoperative IV chemotherapy. It has been demonstrated that
IP administration of chemotherapeutic drugs offers pharmacokinetic advantages
in comparison to the IV route. Although no chemotherapeutic products are
approved for IP administration, many compounds including, doxorubicin,
fluorouracil, paclitaxel and platinum-based compounds have been explored for
IP therapy. In the current clinical practice, IP administration is achieved by
repeated instillation through catheters. These procedures involve perfusion of
chemotherapeutic agents under hyperthermic conditions or pressurized aerosol
pumps. It is extremely challenging to provide long-term repeated
administrations through indwelling catheters, due to pain and infection-related
problems for the patient. Moreover, peritoneal cavity is highly dynamic with
high fluid turnover rates, which clears the small molecules rapidly from the
joint. This challenge poses a need for developing sustained release
chemotherapeutic formulations for IP delivery, which can avoid installation of
catheters. Novel drug delivery systems, aimed at prolonging the duration of
action of these agents were developed as hydrogels, micro or nanoparticles.
Microparticles show relatively slow dissolution than nanoparticles because of
their lower surface area to volume ratio. Moreover, they do not undergo
phagocytosis and hence clearance from the cavity because of their relatively
larger size. However, microparticles pose potential risks to form adhesions and
inflammation in the peritoneal cavity. In contrast, nanoparticles do not cause
peritoneal adhesions and they are relatively tunable to offer higher tumour
penetration. However, nanoparticles can be rapidly cleared from peritoneal
cavity through phagocytosis and fluid driven convective transport.
Incorporation of nanoparticles in the hydrogel delays their clearance from the

IP cavity, as the rate of release of nanoparticles into the cavity depends on the
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degradation of the hydrogel. Hence, there is a need for exploring composite

systems incorporated with nanoparticles, aiming for prolonged IP delivery.

5.1.1 Development of NCs-loaded hydrogel for 1A delivery

To develop a composite formulation, polymeric nanocapsules (NCs) were first
developed with hyaluronic acid (HA). Dexamethasone (DXM) was used as a
model anti-inflammatory agent to incorporate into NCs. Two different
approaches for the development of NCs, solvent displacement and self-
emulsification, were evaluated for development and optimization of DXM NCs.
Solvent displacement led to precipitation of DXM, while self-emulsification
method yielded a DXM loading up to 6 mg/mL. During the optimization, the
influence of molecular weight and concentration of HA on the particle size and
drug loading of DXM NCs was studied. HA (40 kDa) was evaluated at 0.1, 0.25
and 0.5% wi/w concentrations, while HA (700 kDa) was evaluated at 0.1% wi/w.
It was identified that HA (40 kDa) at 0.25% w/w formed relatively stable NCs
in terms of particle size and drug loading. These DXM NCs were found to have
a particle size, PDI and zeta potential of 250 £ 30 nm, 0.2 and -17 £ 3 mV
respectively. DXM NCs were further characterized for in vitro release through
centrifugation, gel chromatography columns and dialysis bags. However, none
of these approaches were successful to reflect the release profile because of the
instability of NCs during the experimental procedures or adherence of DXM to
the dialysis membrane.

Once prepared and characterized, DXM NCs were incorporated into a hydrogel.
Fn-HA gel, which was previously developed in our group, was selected to
incorporate DXM NCs. The concentrations of fibrinogen and thrombin were
optimized to incorporate at least 34% w/w of DXM NCs in order to meet the
anti-inflammatory dose requirement of DXM (1 mg/kg). Further, DXM NCs-
loaded Fn-HA gel was characterized for rheology and in vitro release studies.
Oscillatory amplitude and frequency sweep tests performed on Fn-HA gel
showed a viscoelastic behaviour. A crossover point of storage modulus (G') and
loss modulus (G") was observed in osciallatory amplitude sweep study, at
approximately 10% strain, indicating the mechanical breakdown of the gel. An
in vitro release study performed on DXM NCs-loaded Fn-HA gel exhibited a

DXM release of up to 70% in 48 h. However, the release obtained was an
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additive of free DXM and DXM NCs, as isolation of DXM NCs from the media
was not feasible. Hence, this release study was found to be reflective of gel

degradation, rather than estimation of the release of free DXM.

After the development, characterization and in vitro evaluation, Fn-HA gel
containing DXM NCs was evaluated for in vivo local residence and
biodistribution studies using a radiolabel marker, *In. The radioactivity
obtained from the knee joint with time showed that Fn-HA gel did not retain
11InNCs as there was no difference in % ID values between *InNCs group and
Fn-HA gel + 11InNCs group. Biodistribution of **InNCs to the popliteal lymph
nodes was observed after 6 h of IA administration, which indicated their
preferential clearance through lymph duct openings in the synovial cavity.
Further, a long and short-term anti-inflammatory efficacy study was performed
in antigen induced arthritis (AlA) rats. We found that DXM did not show any
beneficial anti-inflammatory activity, as observed from knee diameters and
synovial histology. Failure to show anti-inflammatory activity was consistent
with marketed DXM formulation, DXM NCs and Fn-HA gel containing DXM
NCs. Developed formulation did not overcome the current challenge associated
with ineffective steroid anti-inflammatory IA injections. However, its role in the
management of prevention of disease progression and chronic arthritis is yet to

be evaluated in suitable chronic and preventive care OA models respectively.

5.1.2 Development of NCs-loaded hydrogel for IP delivery

To further explore the potential of this formulation, another route of
administration, IP delivery, was evaluated. Chapters 3 and 4 describes the
development, optimization, and evaluation of NCs-loaded hydrogels for IP
delivery. To evaluate the in vivo local residence and biodistribution of these
hydrogels, 1VIS® fluorescence imaging was chosen. Hence, a fluorescent dye,
DiR, was incorporated into HA NCs. The incorporation of DiR reduced the size
of NCs as a function of its concentration, which was attributed to its amphiphilic
properties. As described in chapter 3, two different hydrogels, Fn-HA, and 2'-
dC-N4-Cg gels were optimized to incorporate 30% w/w of DiR NCs. Both Fn-
HA and 2'-dC-N4-Cg gels were not resistant to rapid dissolution at higher
dilutions in SIPF. Rheology of 2'-dC-N4-Cg gel has shown higher G' and G"

values, indicating its higher mechanical properties over Fn-HA gel. However,
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G' values of 2'-dC-N4-Cg gel containing 30% w/w NCs were significantly lower
than previously reported gels, which contain 2-8% wi/v of NCs. Reduction in
mechanical properties was attributed to the interaction between gelator and NCs.
In vitro release studies suggest that the release of DiR was rapid from 2'-dC-N4-
Cs gel, showing a complete release in 24 h. Based on its proven in vivo
tolerability, Fn-HA gel was chosen for in vivo study for the determination of in
vivo local residence and biodistribution upon IP administration. Two pilot
studies were performed in immunodeficient BALB/c nude mice to determine
the optimum concentration of DiR for IVIS® imaging, which was found to be 5
ppm. A pivotal local residence and biodistribution study performed in 20 mice
showed a strong fluorescence signal from the mice which have received DiR
NCs and Fn-HA + DiR NCs up to 2 weeks, in contrast to DiR alone which was
not traceable after 24 h. Upon sacrificing the mice after 2 weeks, the liver
showed the highest fluorescence amongst the organs that were imaged. As
IVIS® is a qualitative technique, where it was difficult to differentiate the
fluorescence between the peritoneal cavity and the liver. However, based on the
results obtained from in vitro release and resistance to dilution studies, it was
highly unlikely that the Fn-HA gel could retain up to 2 weeks in the IP cavity.
Hence, the fluorescence signal at 2 weeks time point was considered majorly
from the liver, which was the most probably the uptake of NCs. Therefore, it
was understood that combating the dynamic IP environment requires a robust
hydrogel that is resistant to high dilutions and retains NCs for longer. Hence,
hydrogels formed by covalent crosslinking were further developed and
evaluated.

In chapter 4, covalently crosslinked hydrogels were developed with branched
poly(ethylene glycol) (PEG) polymers, PEG-NB and PEG-MAL. A linear PEG
(MW: 3350) was chemically modified to incorporate thiol-end groups to form
PEG-SH, which can interact with PEG-NB and PEG-MAL to form covalent
crosslinks. The reaction between PEG-NB and PEG-SH was a
photocrosslinking reaction, mediated by photoinitators LAP or Irgacure® 2959
in presence of UV. Alternatively, PEG-MAL and PEG-SH undergo Michael-
type addition reaction to form covalent crosslinks through simple mixing. Both
PEG-NB — thiol and PEG-MAL - thiol hydrogels were optimized to incorporate
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fluorescent DiR NCs. However, it was found that photoinitiators used to prepare
PEG-NB - thiol gel were incompatible with DIiR, as they reduced the
fluorescence activity of the molecule. The reduction of UV exposure time from
5 min to 30 s did not prevent degradation of DiR. Hence, it was concluded that

PEG-NB - thiol gel was not suitable to incorporate DiR NCs.

Alternatively, the PEG-MAL - thiol gel successfully incorporated DIR NCs
without degradation of DiR. However, the formation of this hydrogel was
influenced by pH of the media. Lower pH favoured the slower rate of reaction,
which allowed homogeneous mixing of gel components, which would not
happen at neutral or higher pH. Based on the colloidal stability of DiR NCs, pH
5.0 was selected as the optimum pH for the preparation of the hydrogel. Two
concentrations of PEG-MAL, 5 and 10% w/w, were initially evaluated for
stability upon dilution and NCs’ release studies. Both 5 and 10% w/w
concentrations were stable at 1:25 dilution in SIPF for 2 and 3 weeks
respectively. In vitro release studies showed that 10% w/w PEG-MAL
concentration had better control over the release in comparison to its 5 %w/w
equivalent, showing 45% cumulative DiR release in 5 days. Hence, 10% w/w
PEG-MAL concentration was selected to evaluate the in vivo local residence
and biodistribution of NCs from the PEG-MAL hydrogel.

IVIS® imaging study performed on immunodeficient BALB/c nude mice
showed that PEG-MAL — thiol gel resided in the IP cavity between 24 h and 1
week, after implantation in the cavity through a surgical procedure. Complete
degradation of the hydrogel was observed within a week highlighting the
biodegradability of the formulation. Biodistribution of NCs has shown
preferential accumulation in the liver, which is in accordance with the published
literature. This in vivo study also demonstrated the tolerability of PEG-MAL

hydrogel within the experimental timeframe.

As the IP residence of PEG-MAL - thiol gel was confirmed, DCX, a model
chemotherapeutic agent was incorporated into NCs first, followed by
incorporation of these NCs into the gel. Incorporation of DCX NCs into the
PEG-MAL - thiol gel yielded a final DCX concentration of 0.9 mg/mL, which
would be sufficient to elicit a significant therapeutic effect. The in vitro release
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study showed a cumulative DCX release of 45 % in 2 days, indicating that the
hydrogel has shown control over the DCX release. In summary, this data
establishes the potential residence of PEG-MAL — thiol gel in the IP cavity and
proves the capability of controlling the release of DCX.

5.2 Future work

5.2.1 Further development & evaluation of DXM NCs-loaded
Fn-HA gel

It was observed that DXM NCs loaded Fn-HA gel did not show expected anti-
inflammatory efficacy against the AIA rat model. However, the nature of the
animal model also influences the study outcomes. AlA is an acute inflammation
model, which is considered to be highly aggressive on rat knees. Alternative
models such as anterior cruciate ligament transection (ACLT) model and
mechanical knee injury model are considered to be less aggressive than AIA
(28, 266). These models might yield positive outcomes, as IA DXM is usually
recommended for moderate stage rather than severe stage of OA. Another
approach for further efficacy evaluation is through using the preventive care
model, where IA therapy is administered along with the disease-inducing agent.
This model represents the role of 1A corticosteroids in prevention of disease
progression. The clinical relevance of this model is the use of 1A corticosteroids

before advancing to moderate stage of the disease (267, 268).

Another possible development is to evaluate in situ forming covalently
crosslinked hydrogels to incorporate DXM NCs. The knee joint is the weight-
bearing joint characterized by high fluid turnover. Covalently cross-linked
hydrogels are usually stable to high dilution caused by fluid turnover and
mechanical forces provided by the body weight, as proven by commercial HA
injections (269). Hence, we can expect a slow degradation profile and controlled
release of NCs from these hydrogels. For example, covalently cross-linked HA
gel can be synthesized by chemically modifying HA to attach aldehyde (HA-
CHO) and dihydrazide (HA-ADH) functionality. HA-CHO and HA-ADH can
form an in situ covalently cross-linked hydrogel upon mixing and 1A

administration (270). Molecular weights and concentrations of HA can be
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optimized to incorporate DXM NCs. Being an HA hydrogel, it could also act as

a viscosupplement to the joint.

5.2.2 Further development & evaluation of DCX NCs-loaded
PEG-MAL - thiol gel

From chapter 5 it was observed that PEG-MAL - thiol gel retained in the
peritoneal cavity between 1 — 7 days. It was implanted through surgical
procedure, which is clinically relevant, as it is possible to implant the hydrogel
after the tumour resection from the peritoneal cavity by the surgeon. However,
further optimization of the hydrogel is feasible to further enhance the residence
time in the cavity. For example, the molecular weights and concentrations of
PEG-MAL and PEG-SH can be modified in order to obtain various mesh sizes
that could control the release of chemotherapeutic agent from the hydrogel.
There is a possibility to modify the cross-linker by altering the functional
groups. For example, PEG-SH has two ester functionalities on either side of
linear PEG, which could act as potential sites for degradation of the hydrogel
through hydrolysis. The number of ester groups on the linear PEG-SH could be
reduced to one, which could prolong the residence time in the cavity. Alteration
of molecular weights, concentration and functional groups of the polymer and
cross-linker would be helpful to customize the swellability and degradation rates
of the resulting hydrogel.

As DCX NCs-loaded PEG-MAL - thiol gel showed its potential to control the
release of DCX in vitro, it can be tested in a suitable peritoneal cancer-bearing
animal model. Orthotropic cancer models are available for ovarian (271), gastric
(272), pancreatic (273) and colon cancers (274). These cancers are generally
highly dissociative and metastasize very rapidly. DCX NCs-loaded PEG-MAL
— thiol gel could be surgically implanted in the peritoneal cavity of one of these
models to evaluate the rate of tumour progression and survival. Moreover, a
pharmacokinetic study can also be performed after IP administration in order to
evaluate the area under curve of DCX in the peritoneal cavity and plasma. This
study would be helpful to understand the potential of IP administration to reduce
the systemic side effects of DCX. Moreover, the rate of clearance from the IP
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cavity can also be estimated from this pharmacokinetic study, which would be

helpful to identify the therapeutic window upon IP administration.
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