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Chapter 1

Background and purpose



1. Introduction to inflammation and fibrosis

Inflammation is the body's initial response to invading pathogens or endogenous signals such
as damaged cells, involving the activation of the immune system to clear the damaged tissue
and prevent the spread of infection®. Prolonged or chronic inflammation in the affected organ
can lead to fibrosis, a progressive condition characterized by the deposition of extracellular
matrix. Fibroblasts and other mesenchymal cell types across the body, including hepatic stellate
cells, undergo activation and differentiation in response to chronic inflammation, laying down
scar tissue?. While scar tissue can help support damaged tissue, it can also impede organ

function and ultimately lead to organ failure.

Inflammation is recognized as a major cause of disease, with chronic infection and
inflammation contributing to about 15% of human cancers®. Organ fibrosis is responsible for
around 45% of deaths in industrialized countries®, with about 800,000 deaths per year, and this
number is expected to increase with the rise in life expectancy®. There is a significant clinical
need for new treatments without severe systemic side effects, as only two drugs have been
approved as antifibrotics in Europe and the US, both for the management of idiopathic

pulmonary fibrosis®.

The targeting of inflammation and fibrosis at the site of tissue damage through drug delivery
systems holds significant promise for the development of effective treatments for chronic
inflammatory diseases. This thesis focuses on developing drug delivery systems that can
effectively target inflammatory and fibrotic diseases by exploiting the mucosal surfaces.
Mucosal surfaces are protective barriers that prevent the entry of harmful pathogens and toxins
into the body, while also playing a critical role for maintaining immune homeostasis. When
chronic inflammation occurs in these surfaces, it can cause significant tissue damage and
contribute to the development of chronic diseases, such as inflammatory bowel disease (IBD)

and intestinal fibrosis.

2. Mucosal drug delivery

Mucosal drug delivery refers to the delivery of drugs through mucosal surfaces, which are

highly specialized tissues that line various body cavities, including the mouth, lung,
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gastrointestinal tract, and reproductive organs. These surfaces are characterized by a rich
supply of blood vessels, lymphatic vessels, and easy access, making them attractive targets for
drug delivery’. Despite these advantages, one of the major challenges to mucosal delivery is
the presence of a mucus layer lining the mucosal epithelium. Mucus is a viscous hydrogel
secreted by the intraepithelial cells that lines on the surface of mucosal tissues®. Due to its steric
barrier and adhesion properties, mucus acts as a dynamic semipermeable barrier and its main
functions include lubrification and hydration of the epithelia, exchange of nutrients, water,
gases, and hormones while preventing pathogen and foreign particulate entry®. A functioning
mucus barrier is essential for health, protecting the body’s surface from pathogens, irritants,
and drying out. Dysregulation of mucus production or composition can impair its barrier
function and increase the risk of infection and disease. Examples of diseases related to mucus
dysregulation include cystic fibrosis'®!!, IBD*?13 and colorectal cancer!*. Therefore, while it
is essential in protecting the underlying epithelium, it may represent a barrier to drug delivery.
Indeed, the drug carriers must overcome environmental cues such as ionic strength, mucus
mesh, pH, and mucus clearance, and reach the underlying cell layers of the mucosal tissue®®.
Understanding the mechanisms by which mucus acts as a selective barrier as well as the
mechanisms of mucoadhesion is of great value in the design of effective systems for mucosal

drug delivery.

3. Mucus as critical barrier to drug delivery

While exerting protective functions, mucus acts as a barrier, reducing the permeation of drugs
and potentially affecting their efficacy. Indeed, the bioactive molecules must overcome
multiple barriers that can be classified as steric, dynamic, and interactive'® (Figure 1). Mucus
is composed primarily of water (95%), glycoproteins (2-5%), and a small amount of lipids,
electrolytes, cell components, and immune factors (1-5%)'"-?°.-The network generated by the
mucins, the major functional components of the extracellular mucus, forms a size exclusion
filter which regulates the diffusion of molecules; especially, it has been shown that small
molecules are capable of freely diffusing the mucus layer, while larger compounds - like
proteins - did not penetrate the network??. Furthermore, the intrinsic viscosity and the unstirred
water layer may contribute to the generation of a steric barrier as well. Mucus acts as
physicochemical interactive barrier, whereby multiple low-affinity interactions are formed

between mucus and bioactive molecules. For example, hydrophobic interactions may occur



between the protein of mucin or the lipidic components of the mucus and bioactive molecules,
thus limiting their diffusion especially for hydrophobic compounds?. Additionally, mucus acts
as a dynamic barrier as it is constantly cleared and renewed. This turnover time sets a limit to

the diffusion of molecules through the barrier, thus restricting their mucosal absorption.
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Figure 1: Representation of the dynamic, steric and interactive barrier of mucus. Drug particles (blue) interact
with the outermost layer of mucus (a), drug particles being cleared due to the mucus turnover (b). Steric barrier:
small particles can freely diffuse through the mucus network while blocking the entry of larger drug particles.

Interactive barrier: drug particles interact with mucus components.

4. Considerations for developing mucosal drug delivery

The development of mucosal drug delivery requires the considerations of several key factors.
One crucial factor is the compatibility of the delivery system with the specific mucosal
environment to ensure effective and safe delivery. For example, pH and viscosity of the mucus
can impact the adhesion and stability of the delivery system. Additionally, the drug delivery
system must adhere for an adequate period of time to guarantee efficient delivery. The release
profile of the drug must be carefully controlled to minimise toxicity, and the drug carrier must
be biocompatible and well-tolerated by the patient. Moreover, the approval process for mucosal
drug delivery involves demonstrating that the system meets relevant regulatory requirements
and guidelines, including safety, efficacy and quality control. Overall, the design and
development of drug delivery systems require a multi-disciplinary approach, involving

expertise in drug delivery, materials science, pharmacology, and regulatory affairs.

Mucoadhesive polymers, surface modification of nanoparticles, manipulation of zeta potential

and self-nanoemulsifying drug delivery systems are some of the strategies used to enhance
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drug permeation across mucus®. In the upcoming section, | will share the guiding principles |
followed for materials selection during my doctoral studies and examine the interaction

between polymer and mucus.

Mucoadhesive polymers

A mucoadhesive polymer is a type of polymer that has the ability to adhere to mucosal surfaces,
such as the digestive or reproductive tract. The specific mechanism of adhesion depends on
several factors, including the chemical composition of the polymer, the viscoelastic properties
of mucus, and the surface properties of the polymer. Some of the common mechanisms of
adhesion are listed below:

1. Hydrogen bonding: the polymer contains functional groups that can form hydrogen
bonds with mucus components. This mechanism is common in polysaccharides such as
polyacrylic acid?*.

2. Electrostatic interaction: the polymer and mucus have opposite charges. This
mechanism is common in polymers such as the positively charged polyelectrolyte
chitosan?(vide infra, Figure 3).

3. Van der Waals forces: this involves weak non-covalent interactions between the
polymer and mucus molecules. This mechanism is common in hydrogels?.

The mechanism of adhesion of mucoadhesive polymers is complex and depends on several

factors, but the goal is to achieve strong and long-lasting adhesion to the mucosal surface.

Surface modification of nanoparticles

Among the various strategies of surface modification, nanoparticles as drug carriers can be
functionalised with mucoadhesive polymers. These nanoparticles are designed to improve the
bioavailability and therapeutic efficacy of drugs, by increasing the residence time and reducing
systemic exposure of the drug. Some examples of mucoadhesive polymer-coated nanoparticles
include (1) chitosan-coated nanoparticles for ocular delivery?’-%, used to deliver drugs such as
anti-inflammatory agents and antibiotics for the treatment of eye diseases (2) polyethylene
glycol (PEG)-coated nanoparticles, which are used for vaginal delivery®! (3) alginate-coated
nanoparticles, used for oral delivery3? and are effective in treating digestive tract disease such
as IBD%*, and (5) polyvinyl acetate (PVA)-coated nanoparticles which are strongly

immobilized in human cervicovaginal mucus34, thus increasing the retention time.

Altering zeta potential



Dispersion of particles in a liquid medium leads to the functional groups on their surface
interacting with the surrounding medium, resulting in the development of a surface charge.
This surface charge attracts oppositely charged ions, resulting in the formation of two layers of
ions on the particle's surface in a colloidal system: the stern layer, consisting of ions tightly
bound to the surface, and the diffuse layer, consisting of ions loosely bound to the surface. The
Zeta potential refers to the electrical potential at the slipping plane where the diffuse layer
meets the surrounding liquid. In the context of mucosal delivery, altering the zeta potential of
drug carriers can influence their ability to penetrate the mucus barrier. For example, positively
charged particles can interact with the negatively charges mucus — due to sialic acid and
sulfonic acid- which can result in immobilization of particles in the mucus due to ionic
interactions®®. Conversely, negatively charged nanoparticles may diffuse more freely in mucus
compared to positively charged nanoparticles due to repulsive interaction®. However, the
diffusion of particles through the mucus can depend on a number of other factors and may not

always be a guarantee of improved mucus penetration.

Self-nanoemulsifying drug delivery systems

The term ‘self-emulsifying’ refers to the ability of systems to spontaneously form a stable nano
emulsion upon dilution in an aqueous environment, such as the gastrointestinal tract®’. In
mucosal delivery, these systems can disrupt the structure of mucus, reducing its viscosity and
improving the permeation of drugs. It has been hypothesized that the core mechanism relies on
the reduced interactions between the hydrophobic surface of the emulsion and the hydrophilic
regions of mucin fibers®. Furthermore, the emulsion can also increase the solubility and
stability of the drug, enhancing its bioavailability as well®. Overall, self-nanoemulsifying
systems offer a promising solution for improving the delivery and efficacy of drugs, especially

for those with low solubility and permeability through the mucosal surfaces.

5. Materials for mucosal drug delivery

My doctoral studies involved an extensive exploration of three types of materials for their
potential as mucosal drug delivery systems: hydrogels, liposomes, and liquid crystals. The
primary objective of this research was to enhance the bioavailability of drugs both locally (as

discussed in Chapters 2 and 3) and systemically (as discussed in Chapter 4).



The mucoadhesive properties of hydrogels are attributed to the combination of surface and
diffusional phenomena that contribute to the formation of interchain bridges between the
polymer and the biological medium, resulting in strong adhesion to mucosal surfaces*°. This
technology has undergone significant evolution, leading to the development of numerous
multifunctional hydrogels, including nanocomposites. Specifically, Chapter 3 of this
dissertation details the development of a hybrid liposome-hydrogel nanocomposite. In contrast,
lipid lyotropic liquid crystals rely on mucus dehydration for mucoadhesion, and the strength of
the mucoadhesive joint is dependent on the material’s ability to absorb water from the
mucosa®l. In the following paragraphs, | introduce each material used in my research and

contextualize their utility as drug delivery systems.

5.1 Hydrogels

Hydrogel is a hydrophilic three-dimensional polymer network that has the ability to absorb and
retain large amounts of water or biological fluids, making it swell and form a gel-like
materials*?. The high-water content (ranging from 70-99%) provides excellent biocompatibility
while the presence of a polymer network gives mechanical properties. The stiffness can be
tuneable, matching the desired consistency of the material. Similarly, the crosslinked network
protects the encapsulated material from the penetration of various proteins*, and it is thus
believed to protect molecules from degradation by diffusing enzymes. This characteristic is
particularly appealing for macromolecules — proteins or antibodies — which represent an

increasing percentage of new drugs approved#*.

Depending on their ionic charge (neutral, anionic, cationic or ampholytic), their method of
preparation (e.g., homo- or multi-polymers) or their source, hydrogels may be classified in
different categories. For example, based on their source, they are classified into two broad
categories: natural and synthetic. Natural hydrogels are made from naturally occurring
polymers, such as chitosan or alginate. Synthetic hydrogels are made from synthetic polymers,
such as PVA, polyethylene glycol (PEG), or polyacrylamide. These hydrogels have well-
defined mechanical properties and can be designed to meet specific requirements, as
degradation rate or on demand release profile. Each type of hydrogel has its own unique
advantages and limitations, and the choice of hydrogel type depends on the specific application

and requirements.
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Natural hydrogels Alginate is an anionic polymer generally extracted from brown algae
(Phaeophyceae). It is a linear polysaccharide comprising of B-D-mannuronate (M) and its C5-
epimer a-L-glucuronate (G) residues (Figure 2). The G residues contribute to intermolecular
cross-linking in presence of divalent cations (e.g., Zn?%) to form an egg-box structure,
responsible for the formation of the alginate hydrogel. The distribution of these two residues
within the alginate chain play a key role in determining the

properties of alginate hydrogels, such as elasticity, stiffness, —[‘O ﬂiogﬁ)il |
and degradation rate®>6. Generally, the mechanical HC; A o ] HO -
properties are improved as the G-block length and molecular Figure 2: Structure of alginate.

weight increase?®.

Chitosan is a cationic polymer obtained by partial deacetylation (about 50%) of chitin in

CHs3

alkaline conditions*’. It is a linear polysaccharide O=< on
composed of randomly distributed B-(1-4)-linked D- ,...o.“%‘f‘ ’é,;, '1%7‘ " cnitin
glucosamine and N-acetyl-D-glucosamine units*(Figure o

3). Chitosan can be crosslinked both covalently and Chitin-Deacetylase

Al

ionically when in contact with specific polyanions®. The

. . . . NH;
advantage of using chitosan is not only restricted to the o H’Oé& # Chitosan

intrinsic biodegradability, but also to the antibacterial
properties and presence of the polar groups able to form H Figure 3: Structure of chitosan.

bonding with other compounds.

Synthetic hydrogels PVA is a biocompatible polymer made from the hydrolysis of polyvinyl
acetate. It is extensively used in biomedical applications including the production of contact
lenses or artificial joints. Furthermore, modifying the surface of drug carriers with PVA can
provide particles with the ability to penetrate through mucus'®. However, PVA has restricted
application in drug delivery as it lacks the ability to efficiently load drugs and control their
release in a controlled manner®®. PEG is another synthetic polymer extensively used in the
biomedical field for its hydrophilicity and relative inertness®?, particularly used as a 3D scaffold

for tissue engineering.
Applications of hydrogels

Hydrogels have demonstrated great utility across many branches of biomedical applications,
especially in the areas of drug delivery, in vitro cell culture and regenerative medicine - where

their excellent biocompatibility and biodegradability play a major role. Hydrogels can be

11



designed to evoke both systemic and local drug delivery of various therapeutic agents,
including small molecules, biomolecules, and cells. Indeed, they can serve as drug delivery
platform able to respond to the microenvironments via in situ assembly, controllable
degradation®?, and on demand drug release from encapsulated nanocarriers®®. However, a
continuing challenge is represented by the fast and uncontrolled release of drugs from the 3D
network, which may lead to undesired side effects and toxicity. Different approaches are used
to minimise this effect, for example the use of liposome hydrogel systems®*°°. In this approach,
liposomes encapsulate the bioactive agent, and the drug-liposome system is further integrated
within the hydrogel matrix, which provides a physical barrier that facilitates both the protection
of liposomes from degradation and increases their stability. The combination of these two
components, liposome hydrogel systems offer a way to achieve both targeted drug delivery and
controlled release. In conclusion, these features make hydrogels a versatile material for the

development of drug delivery systems for a variety of therapeutic applications.

5.2 Liposomes

Amphiphilic lipids can spontaneously self-assemble into a wide range of structures, including
for example liposomes and micelles. This self-assembly is driven by the hydrophobic effect,
which originates from the tendency of the hydrophobic tails to avoid water by clustering
together, thus minimizing their exposure to the aqueous environment®. In the case of
liposomes, the hydrophabic tails of the phospholipids associate together to form the inner core
of the bilayer, while the hydrophilic heads remain in contact with the aqueous environment.
The type of self-assembled structure formed depends primarily on the structure of the
amphiphiles. For monopolar, amphiphilic molecules such as phospholipids, it is possible to
estimate the expected type of structure via the packing parameter (CPP). CPP can be calculated
from the area of the headgroup, the length of the alkyl chain and its volume®’. The structures
formed range from spherical or ellipsoidal (CPP< 1/3), cylindrical simple (CPP < 1/2), or
lamellar (CPP = 1). Liposomes are formed when the packing parameter is between 0.5 and 1.
The concentration of the amphiphile (critical aggregating concentration), the temperature of
the dispersion, the ionic strength and pH of the solution also play a major role.

The main steps involved in the preparation of liposomes, according to the classical dry lipid
film method, are the dissolution of phospholipids in organic solvents and the further hydration.
After the evaporation of the organic solvent, the phospholipids molecules rearrange into

bilayers that separate very slowly upon hydration. During the hydration step, it is possible to
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obtain liposomes of different shapes and size. Depending on how fast the bilayers separate, it
is possible to differentiate slow bilayer separation and fast bilayer separation leading to
multilamellar and unilamellar vesicles, respectively (Figure 4)%8-%°, The liposomes’ size is
mainly determined by the kinetics of membrane size growth; however, there is a minimum
membrane size for each phospholipid below which liposome formation is energetically

unfavourable®?,

) ., .. 3 \\.»’ g 5%
Phospholipids \‘\ ot

Hydration of lipid bilayers Unilamellar liposomes

Figure 4: Formation of multilamellar and unilamellar liposome.

Liposomes can be classified based on their size and number of lamellae in small unilamellar
vesicles (SUV) when the vesicles are unilamellar with a size is less than 100 nm, whereas they
are defined large unilamellar vesicles (LUV) when liposomes are larger than 100 nm. Lastly,
giant unilamellar vesicles are known as GUV with a size range greater than 1000 nm. Vesicles
with an onion-like structure are referred to as oligolamellar when the number of lamellae is
between 2-5, while those with more than 5 layers are called multilamellar vesicles (MLV).
Vesicles consisting of multiple non-concentric bilayers are known as multivesicular vesicles
(MVV)2, The liposomal classification is schematically represented in Figure 5. Vesicle size
and lamellarity affect the pharmacokinetic profile, stability, and bioavailability of liposomes.

Therefore, the amount of drug encapsulated is determined by both size and number of lamellae.
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Figure 5: Schematic overview of liposomes’ classification.

Applications of liposomes

Amphiphilic molecules’ ability to self-organise can offer advantages such as increased
solubilisation, sustained release, and protection against enzymatic degradation and hydrolysis
of the drug. Liposomes, with their biocompatibility and biodegradability, were the first drug
delivery system approved for clinical use®. They are well-investigated nanocarriers for
targeted drug delivery with the potential to improve drug stability and solubilization and to
increase the drug’s half-life along with overcoming resistance against chemotherapeutics®*. As
a drug delivery system, liposomes can encapsulate both lipophilic and hydrophilic drugs.
Lipophilic drugs are entrapped in the lipid bilayer while the hydrophilic and water-soluble
molecules can be incorporated into the aqueous core. Additionally, a variety of
macromolecules such as DNA and proteins can also be incorporated into the inner corg®®6,
Once injected in the bloodstream, conventional liposomes are subjected to opsonization with
serum components and uptake by the mononuclear phagocyte system resulting in rapid
clearance®’. To improve the therapeutic efficacy, liposomes were first modified with a
hydrophilic polymer, PEG. While the steric stabilization strongly resulted in prolonged
circulation times, PEGylated liposomes lack specificity. To increase their selectivity, the
liposomal surface can be modified with specific ligands, such as antibodies, receptors, or cell
adhesion molecules®. In conclusion, liposomal drug delivery systems represent a versatile and

dynamic technology with the potential of improving therapeutic treatments for various
diseases.
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5.3 Liquid crystals

To minimize water-oil interactions, lipids spontaneously self-assemble into a wide range of
structures, as described above. The ensuing architectures can be as simple as for the spherical
liposomes, but they can result also in more complex liquid crystalline phases with different
geometries. The specificity of each structure is directly dependent on external perturbation,
such as changes in temperature or pH®°.

In this paragraph, we focus on lipidic lyotropic liquid crystals. These systems are constituted
by molecules derived from fatty acids, which are amphiphilic in nature and capable of self-
assembly in the presence of solvents. The lipid molecules in these systems are dynamic and
behave like a viscous liquid, yet they nonetheless maintain a level of overall order like that of

a crystalline solid.

Lamellar Inverse bicontinuous Inverse hexagonal Inverse micellar cubic
Ly Hy

Primitive (P)
(Q,f or Im3m)

J

Schoen gvrolg (G)

! l .
Schwarz diamond (D) (Q,© or la3d) Fm3m (fcc)
(Q,° or Pn3m)

Figure 6: Examples of lipid mesophases structures. Figure is adapted from Adv Mater 31, 1-19 (2019) with
permission.

Upon the addition of water, phospholipids, monoglycerides and galactolipids form lyotropic
liquid crystals®. As shown in Figure 6, typical lipid liquid crystalline phases are lamellar (Lc),
inverse micellar cubic, inverse hexagonal (H) and inverse bicontinuous (Q). At the left of the
diagram is the lamellar phase, consisting of a two-dimensional stack of amphiphilic bilayers
separated by water. In the hexagonal phase, the lipids form cylindrical inverse micelles packed
in a hexagonal lattice. Three types of bicontinuos cubic phases are Schoen gyroid (1a3d) with
threefold connectivity of aqueous channels, the Schwarz double diamond (Pn3m) with fourfold
connectivity and the double primitive (Im3m) with sixfold connectivity. Typically, as the water
content increases, the sequence of bicontinous cubic phases go in the order 1a3d-Pn3m-Im3m?.
This pattern is generally observed, although it is rare for all three cubic phases to be present in

a single pure lipid-water system’®. Lastly, the inverse micellar phase consists of spheroidal
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micelles arranged in Fd3m or Fm3m symmetry. Typically, majority of the lipids exhibit these
phases only in presence of oil-based components, such as tocopherol or limonene™.

Scientists have generated a variety of phase diagrams for a specific lipid or a mixture of lipids,
which describe the presence of various phases in relation to parameters such as the content of
solvents, temperature, and pressure®®. For example, within the monoacylglycerol family,
monolinolein (MLO) is one of the most well-known. MLO is formed by a single linoleoyl chain
linked to a glycerol head group by an ester bond (Figure 7a). Commercially available, MLO
may be obtained in two forms, as mixed glyceride or as distilled lipid; the latter is preferred for

pharmaceutical applications owning to the high purity’3.

a b
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™ OH &= 354 L L,
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Figure 7: (a) Chemical structure of monolinolein; b) the phase diagram of MLO for different water content or
temperature values. Panel b is reproduced from Simone Aleandri, Raffaele Mezzenga; The physics of lipidic
mesophase delivery systems, Physics Today 2020; 73 (7): 38-44. https://doi.org/10.1063/PT.3.4522, with the

permission of the American Institute of Physics.

Figure 7b shows the phase diagram of MLO as an example of a monoglyceride-water mixture.
At room temperature and upon addition of water, the lamellar crystalline phase of MLO shows
first a transition to an la3d and later to a Pn3m phase. Indeed, the addition of water is
responsible for a reorganization of the geometry which starts from lamellar to a 3D
bicontinuous cubic phase following the order 1a3d - Pn3m phase, the latter stable also in excess
of water. On the other hand, starting from a water content of 19% and increasing the
temperature, the system undergoes a transition from la3d to hexagonal phase (H). As for the
pn3m phase, the excess of water remains confined outside the H structure and the resulting
phase is in a thermodynamic equilibrium with the bulk water’. The ability to change phase -
while remaining thermodynamically stable - makes these systems particularly suitable for

several applications such as drug delivery??.
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Applications of liquid crystals

Liquid crystals, particularly lipidic lyotropic liquid crystals, have generated considerable
interest in drug delivery, as biocompatible and thermodynamically stable material with
outstanding controlled release properties of certain phases’™. Crucial to the benefits of
mesophases is that many of the lipids are nontoxic and classified as GRAS (generally
recognized as safe) compounds. Due to the amphiphilic nature, they represent a versatile
material able to incorporate bioactive molecules with different size and polarity including
biologicals and nucleic acids while protecting them from hydrolysis or oxidation’®78, The
release of such bioactive molecules is diffusion-based therefore strictly dependent on the
structure of the specific phase, and on the size and lipophilicity of the drug. Hydrophilic
compounds and small water-soluble proteins are located in the aqueous channels, consequently
their mobility is related to the dimensionality of the lipidic mesophase’. On the other hand,
the hydrophobic encapsulants must partition out of the bilayer into the agueous compartment
and travel via the channels in order to be released from the structure’?®, It is therefore
important to understand the self-assembled structures to relate them to the diffusion of the
encapsulated drugs. At present, Camurus, a Swedish pharmaceutical company, is working on
several technologies that utilize a lipidic precursor capable of transforming into lipidic
mesophase when it comes in contact with water. Moreover, lipidic lyotropic liquid crystals are
being investigated for intravenous®-82and topical®38* application. They are bioadhesive
materials able to adhere to the wet mucosa thanks to a mucus dehydration-based mechanism®,
thus they are used for mucosal®® 8384applications, too®. Furthermore, they can be formulated
as long-lasting injectable depots for example subcutaneously®”# or spray-dried to produce

solid oral dosage forms®,

6. Aim of the thesis

The aim of this thesis was to identify lipid-based drug delivery systems for the treatment of

inflammatory and fibrosis diseases. The thesis can be divided into three main parts.

Ulcerative colitis is a chronic inflammatory bowel disease, and it strongly affects patients’
quality of life. The harsh side effects of the current therapies call for new treatment strategies
that could maximize the drug concentration at the site of inflammation with minimal systemic
exposure. Capitalizing on the biocompatible and biodegradable structure of lipid mesophases,

in Chapter 2, we developed a temperature-triggered in situ forming lipid gel specifically for
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topical treatment of ulcerative colitis. The lipid mesophase can host and release drugs of
different polarity, tofacitinib or tacrolimus, in a sustained manner and adheres to the mucosal
colon wall for more than 6 h, an ideal time to avoid leakage and to improve bioavailability.
The developed formulation can be self-administered and overall can improve patient
compliance, ameliorating colitis and minimizing adverse effects associated with a systemic

therapy.

Inflammatory bowel disease is the main cause of intestinal fibrosis and strictures, major
contributors to morbidity and healthcare cost. Therefore, a pharmacological treatment to
prevent fibrosis and strictures in the gastrointestinal tract would be transformational for patient
care. Local fibrotic diseases, such as intestinal fibrosis and endometriosis, have few effective
therapeutic options available. While there has been some progress in developing
pharmacological treatments for fibrosis, only two drugs, pirfenidone, and nintedanib, have been
approved, both for the treatment of idiopathic pulmonary fibrosis (IPF). Except for IPF, there
are no antifibrotic drugs for any other indication. However, exploratory studies have shown
that pirfenidone has the potential to be repurposed for other fibrotic pathologies in multiple
organs. To this aim, in Chapter 3, our research focuses on developing a liposome-based system
to deliver pirfenidone, specifically for the treatment of intestinal fibrosis and endometriosis.
By surface capping liposomes with commercially available biopolymers, we obtained ultrahigh
drug loading and tunable release profiles over a time range compatible with intestinal and
vaginal delivery. Furthermore, to improve the topical applicability of such system and the long-
term physical stability, the liposome-based system was homogeneously incorporated into a zinc

alginate hydrogel.

Lipid-based formulations offer an attractive approach for enhancing the oral bioavailability of
lipophilic and water insoluble drugs. However, their use in solid oral tablet form has proven
challenging due to the lack of flexibility of lipids required to produce stable and uniform tablets.
Our focus in Chapter 4 was on developing a 3D printable lipid mesophase that enables the
production of oral dosage forms with high lipid content for the effective delivery of water-
insoluble drugs through self-emulsification. Our approach involved selecting a lipid mixture
called S80, which is rich in polyenylphosphatidylcholines (>75%) and has demonstrated ability
to deactivate profibrogenic hepatic stellate cells, the primary collagen-producing cells in
hepatic fibrogenesis. We developed lipid matrices with specific material and self-

emulsification properties by exploring the relationship between nanostructure and mechanical
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properties. Further, we evaluated the ability of these matrices to enhance the solubility of

obeticholic acid, a semi-synthetic analogue of bile acid known for its poor water solubility.
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1. Introduction

Ulcerative colitis (UC) is a chronic remitting-relapsing inflammatory disorder of the large intestine,
involving the colonic and rectal mucosa?. Clinically, 75% of patients suffer from left-sided colitis or
proctitis but the inflammation can spread upward in a continuous manner and involves the colon
partially or entirely?. There is no known cure for UC and the chronic relapse and remission often
result in patient disability*?.

All treatments currently recommended by the European Crohn’s and Colitis Organization (ECCO)
and American Gastroenterological Association (AGA) struggle to deliver the desired remission rates,
and many patients must cycle through several different therapies to achieve remission“. Following
a step-up approach, the first line treatment of mild to moderate left-sided UC or pancolitis is 5-
aminosalicylic acid (5-ASA, combined topical and oral administration) for the induction of remission.
For refractory patients and in severe disease cases, systemic corticosteroids, azathioprine, 6-
mercaptopurine, monoclonal antibodies (such as infliximab, an anti TNF-a; vedolizumab, an anti 0437
integrin; and ustekinumab, IL-12/IL-23 blockade) and ozanimod (a sphingosine 1-phosphate receptor
modulator) are the treatments of choice to obtain remission*2. Biological-based therapies may have
considerable side effects including systemic toxicity, resulting in recurrence of opportunistic
infections, psoriasis, a lupus-like syndrome, and loss of response to therapy over time®*2,

Recently, tofacitinib (TOFA), a small-molecule inhibitor of the enzymes Janus kinase 1 and 3 (JAK3
and JAK1, respectively)'4, was approved by European and US regulators for the oral treatment of UC
in patients who had intolerance or a loss of response to biologic drugs. Its oral administration is
preferred by many patients as compared to biologics in maintenance of remission and endoscopic
improvement!®18, In steroid-refractory UC, the use of tacrolimus (TAC) — a macrolide that inhibits
T-lymphocyte activation — is recommended?’. TOFA and TAC, however, showed dose-dependent
adverse effects when administered systemically (e.g., nephrotoxicity, thromboembolic complications,
headache, metabolic disorders) in a significant fraction of patients®®2%, which may require
discontinuation of the treatment in some cases and limits the dosages that can be administrated 2.
Taken together, the side effects of these systemically administered drugs must be weighed in patient
management against the potential benefits of UC treatment. If not for the limiting side effects, higher
drug concentrations would likely have a higher efficacy. The specific localization of the disease to
the colon encourages the use of topical therapies®?. Indeed, delivery via the rectal route is a safe
therapeutic approach that can maximize the drug concentration directly at the site of inflammation
while minimizing systemic exposure. 5-ASA or budesonide in rectal preparations as enema or foam

are routinely used as first-line treatment for UC 2324, The rectal administration of 5-ASA in UC
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patients has been shown to be significantly more efficient than oral administration?>-%, The efficacy
of rectal administration is further supported by the finding that steroid-refractory ulcerative proctitis
has been managed by topically administered TAC as ointment?’:3!, suppository®?> or enema
20,2130 Although clinical studies have shown that rectal 5-ASA preparations are more effective than
oral preparations, these treatments are still rarely prescribed®3. The efficacy of conventional enema-
based formulations is intrinsically limited by their insufficient retention in the colon®* and faecal
urgency associated with the large volumes administered®. The required retention time — at least 20
minutes — together with frequent dosing negatively affect patient compliance®.

To address these drawbacks, and to improve either the performance of the topical formulation or the
therapeutic outcome of the delivered drug, we propose, herein, a gel platform that employs rectal
temperature as a trigger for the formation of a highly viscous adhesive depot system (TIF-Gel). TIF-
Gel is a lipidic mesophase (LMP) based formulation, a versatile delivery system able to protect and
release the incorporated drugs slowly in vivo®”3, Upon hydration, monoacylglycerol lipids such as
monolinolein (MLO, generally recognized as safe for human and/or animal use by the FDA) can self-
assemble in different arrangements. By increasing the water content, the less viscous lamellar (L)
phase transforms first to an 1a3d and then to a Pn3m cubic phase (Q) which are similar in appearance
and rheology to a high viscous cross-linked hydrogel®®. To overcome the hurdle of administering a
highly viscous gel, not only water“® but also temperature can be used as a trigger to tune the viscosity
of the system. Increasing the system’s temperature, indeed, induces a transition from the L phase to
a Q phase (with 1a3d symmetry)®°4, Considering the peculiarity of the rectal milieu, characterized
by a low volume and with a composition highly affected by age, biological sex and pathology*?, water
is not the most suitable trigger for an in-situ gelation. Thus, rectal temperature is the ideal condition
to activate the transformation of the precursor L phase into the cubic phase gel. The TIF-Gel was then
loaded with the hydrophilic TOFA, or hydrophobic TAC and the therapeutic suitability of the drug-
loaded TIF-Gel was tested and validated in vivo in the contexts of chemically and T cell transfer
induced colitis in mice—two established models of inflammatory bowel disease (IBD)**44. Results
demonstrate that our TIF-Gel provides a valuable approach to effectively administer these drugs
locally to the inflamed colonic mucosa resulting in sustained drug release. Furthermore, our findings
suggest that the TIF-Gel may enhance the localized activity of these anti-inflammatory drugs while
potentially reducing the risk of side effects. Thanks to the higher viscosity that the gel develops in
the rectal environment, we observed a low leakage of the gel after administration in mice.
Overall, we expect that our TIF-Gel may translate to a topical mucosal therapy with high patient
friendliness, concomitantly decreasing problems with retention, bloating, and urgency, and therefore

increasing medical adherence.
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2. Materials and methods

Materials

Monolinolein (MLO) was purchased by NU-Check Prep, Inc. (MN, USA). Ultrapure water of
resistivity 18.2 MQ.cm was produced by Barnstead Smart2pure (Thermo scientific) and used as the
aqueous phase. Methanol, acetonitrile, and tetrahydrofuran were analytical grade supplied by Fisher
Scientific (Schwerte, Germany). Ethanol absolute >99.5 wt% was obtained from VWR chemicals
BDH (London, UK). Tofacitinib citrate (TOFA) was purchased by LC laboratories (Woburn, MA)
and tacrolimus (TAC) was obtained from R&S Pharmchem Co., Ltd (Shangai, China). The lipase
from porcine pancreas and methyl cellulose (viscosity 25 cp) were obtained from Sigma Chemical
Co. (St. Louis, USA). Caffeine (Ph. Eur. Quality) was purchased from Hanseler Swiss Pharma.
HEPES salt was obtained from Carl Roth (Karlsruhe, Germany).

Gel preparation

MLO was used as the lipid component of the mesophases and mixed with TOFA (5 % w/w; 5 mg/100
mg) or TAC (1% w/w; 1 mg/100 mg). Lipid/drug mixtures were prepared by dissolving the
appropriate amounts of lipid and drug stock solutions together in ethanol. The solvent was then
completely removed under reduced pressure (freeze-drying for 24 h at 0.22 mbar) and the dried lipid
mixture was hydrated by mixing weighed amounts of water in sealed Pyrex tubes and alternatively
centrifuging (10 min, 5000 g) several times at room temperature until a homogenous mixture was
obtained. The mesophase was then equilibrated for 48 h at room temperature in the dark. For in vivo
studies, after 48 h equilibration (as described above) the formulation was loaded into a 1-mL syringe
(Injekt-F, Braun) and the dead volume of the animal feeding needle (20G, L x diam. 1.5 in. x 1.9
mm) for rectal administration was calculated so that exactly 100 mg was applied (in the Appendix,
Al.1).

Small angle X-ray scattering

SAXS measurements were used to determine the phase identity and symmetry of the produced LMPs.
Measurements were performed on a Bruker AXS Micro, with a microfocused X-ray source, operating
at voltage and filament current of 50 kV and 1000 pA, respectively. The Cu Ka radiation (ACu
Ko = 1.5418 A) was collimated by a 2D Kratky collimator, and the data were collected by a 2D Pilatus
100K detector. The scattering vector Q= (4n/A) sin 6, with 20 being the scattering angle, was
calibrated using silver behenate. Data were collected and azimuthally averaged using the Saxsgui

software to yield 1D intensity vs. scattering vector Q, with a Q range from 0.001 to 0.5 A~L. For all
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measurements, the samples were placed inside a stainless-steel cell between two thin replaceable
mica sheets and sealed by an O-ring, with a sample volume of 10 uL. and a thickness of ~1 mm.
Measurements were performed at 25, 30, 34, 36 and 38 °C. Samples were equilibrated for 10 min
before measurements whereas scattered intensity was collected over 30 min and over 60 min in case
of lamellar phase. On the other hand, for the kinetic study, the sample was pre equilibrated at 25 °C
and inserted in the sample holder kept at 38 °C and the scattered intensity collected over 5 min. To
determine the structural parameters such as the size of the water channels, SAXS data information on

the lattice were combined with the composition of the samples®,
Rheology experiments

A stress-controlled rheometer (Modular Compact Rheometer MCR 72 from Anton Paar, Graz,
Austria) was used in cone-plate geometry, 0.993° angle, and 49.942 mm diameter. The temperature
control was set either at 25 or 38 °C. First, a strain sweep was performed at 1 Hz between 0.002 and
100% strain to determine the linear range. Then, oscillatory frequency sweeps were performed at
0.1% strain between 0.1 and 100 rad/s. Frequency sweep measurements were performed at a constant
strain in the linear viscoelastic regime (LVR), as determined by the oscillation strain sweep
(amplitude sweep) measurement performed for each sample. Within the linear viscoelastic region, in
fact, the material response is independent of the magnitude of the deformation and the material
structure is maintained intact; this is a necessary condition to accurately determine the mechanical

properties of the material.
Release experiments: in vitro and ex vivo set-up and HPLC drug quantification.

Formulations and free drug enema were tested in vitro and ex vivo with vertical diffusion cells
(PermeGear, Pennsylvania, USA) using a 3000 nm polycarbonate membrane (Sterlitech Corporation,
USA). HEPES buffer (8 mL) with a pH 7.4 or HEPES buffer enriched with 10% (v/v) of EtOH was
used as the release medium for TOFA and TAC, respectively and the device was placed in a shaking
incubator at 100 rpm and 37 °C. To investigate the effect of lipase on drug release, porcine pancreatic
lipase (1000 U/mL,) was added to the sample in the donor chamber. Ex vivo experiments were
performed using rat intestinal tissue to evaluate the drug release of our TIF-Gel. Briefly, fresh
intestinal tissue was obtained and cut into suitable samples (2mm*1mm*1mm) for Franz cell
apparatus. Tissue was placed on the polycarbonate membrane for tensile loading. At designated time
points (0.5, 1, 1.5, 2, 3, 4, 5, 6, 7, 8 h), the release medium (HEPES buffer with a pH 7.4 in case of
TOFA or HEPES buffer enriched with 30% (v/v) EtOH in case of TAC) was completely replaced
with 8 mL of fresh medium, and 1 mL aliquot was taken for lyophilization. Each sample was
resuspended with internal standard in the mobile phase and the drug content was analysed by HPLC
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(in the Appendix, Al.2). The same experimental design was used for both formulations. Moreover,
samples of TIF-Gel containing drug were stored at room temperature and 4 °C for 30 days. The drug

stability was determined by HPLC analysis. The same experimental design was used for both drugs.
In vivo investigation
Chemically induced colitis based on application of DSS

Female 6-8 week-old C57B/6J mice were ordered from Charles River Germany and maintained under
specific and opportunistic pathogen-free (SOPF) microbiota conditions at the animal facility of the
University of Bern. Mice were ear-marked, randomly assigned to different cages and treatment
groups, and bedding mixed between all cages to avoid potential cage effects on microbiota. All
methods used were approved by the Bernese animal welfare authority (permission no. BE 20/18).
One day prior to the start of DSS supplementation, mice were intra-rectally injected with 100 pL of

empty gel, TOFA in 1% methylcellulose, or gel loaded with drug (5 mg /100 pL).

The next day, drinking water was supplemented with 2% w/v dextran sodium sulfate (DSS; MP
Biomedicals, 160110). Every other day, the different compounds were applied intra-rectally until the
end of the experiment. During the experiment, the mice were constantly monitored, and the weight
and disease scores were recorded when appropriate. Disease score was determined by grading of 1-4
of the following criteria (with grade 4 corresponding to most unhealthy/abnormal): posture, mobility,
fur appearance, weight, stool consistency, and stool color, as previously described*. At the
termination of the experiment, mice were euthanized by asphyxia with carbon dioxide, and organs
were collected and used as described in the results. Swiss rolls*® were made from the colons, fixed
overnight with 10% formalin in PBS, then washed with PBS, embedded in paraffin, and sectioned
with H&E staining. Histopathology scoring was performed by board-certified pathologist, in a
blinded manner, using the following criteria: loss of goblet cells, crypt abscesses, epithelial erosions,

hyperemia, thickness of mucosa, and cellular infiltration (maximal score for each criterion: 3)%’.
Flow cytometry and quantification of single cells

The gating strategy was adapted from previously published work®, Briefly, mouse spleens (after
weighing) and mesenteric lymph nodes were homogenized through a 70 um cell strainer, after which
point the red blood cells were removed from the spleen by re-suspending the cell pellet in ACK lysing
buffer (150mM NH4Cl, 10mM KHCOs3, 0.1mM; pH: 7.4) at room temperature for 5 min. Splenocytes
were quantified using a CASY cell counter (Omni Life Sciences) and the following populations were
quantified following single cell and live/dead selection (Thermofischer, L34961). T cells (defined as
CD3¢+ cells; antibody used: eBioscience, 25-0031-82); dendritic cells (CD11c+, CD11b+; Biolegend
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117324 & 101241); neutrophils (CD11b+; Ly6G+; Biolegend, B156884), macrophages (CD11b+,
CDl11c-, Ly6G-, Ly6C-), and inflammatory monocytes (CD11b+, Ly6C+; Biolegend, 128024).

Stained cells were analysed on a BD BioscienceLSR 1l SORP flow cytometer.
T-cell transfer colitis

Toinduce T cell mediated colitis, CD4+ T cells were isolated from the spleen of C57/BL6 mice using
the CD4 T cell isolation kit from Stemcell Technologies (# 19852; Cologne, Germany) and
subsequently naive T helper cells (CD3+, CD4+, CD25low, CD6Lhigh, CD44low cells) were sorted
on a FACS Aria Il (Becton Dickinson; Eysins, Switzerland). 12—15-week-old male and female Rag
" mice in the C57/BL6 background (originally purchased from Taconic from which a local colony
was maintained in our vivarium) were injected intraperitoneally with 2.5 x10° naive T helper cells.
Mice (6 animals/group) were randomly assigned to different cages and treatment groups and bedding
mixed between all cages to avoid potential cage effects on microbiota. All methods used were
approved by the animal welfare authority (permission no. ZH043/2021). Starting on day 3 post T cell
injection, mice received rectal instillations (100 pL) of empty TIF-Gels, TAC-loaded TIG-Gels or
TAC in vehicle solution (1% nitrocellulose in distilled water) once per day until the end of the
experiment. Weight development and disease activity scores were measured daily. On the last day of
the experiment (day 18), the mice were anaesthetized using a mixture of ketamine 90-120 mg/kg
bodyweight (Vétoquinol, Bern, Switzerland) and xylazine 8 mg/kg bodyweight (Bayer, Lyssach,
Switzerland) and subjected to mouse endoscopy to assess the extent of endoscopic colitis as described
previously*® using the following parameters: 1) thickening of the colon wall, 2)
vascularization/bleeding, 3) extent of fibrin deposits, 4) granular appearance of the colon wall, 5)
stool consistency. Each parameter was given a score from 0 (normal) to 3 (most severe appearance),
resulting in a maximal total score of 15. After colonoscopy, the mice were sacrificed, and colon tissue
harvested for histology and isolation of lamina propria immune cells. Immune cells were isolated
from the colon, mesenteric lymph nodes and the spleen, and analyzed for immune cell subsets as

described previously®°.
H&E staining and histological analysis of colitis severity

To assess the microscopic extent of colitis, formalin-fixed, paraffin embedded sections of the most
distal 1.5 cm of the colon were subjected to hematoxilin and eosin (H&E) staining using standard
protocols #°. The sections were analyzed by two blinded scientists for the extent of epithelial damage
(score 0-4) and infiltration of immune cells (score 0-4) resulting in a maximal possible score of 8.
Images were taken using a Zeiss Axio Imager.Z2 microscope (Zeiss), equipped with an AxioCam
HRc (Zeiss, Jena, Germany) camera and ZEN imaging software (Zeiss, Germany).
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Pharmacokinetics (PK)

The PK studies in healthy animals were performed by the Platform of Biopharmacy of the University
of Montreal in accordance with local animal welfare committee of the University of Montreal and in
agreement with regulations of the Canadian Council on Animal Care (CCAC). Healthy mice (female
C57/BL6 mice; 5 animals/group) received under anesthesia a single administration (100 mL) of either
drug-loaded TIF-Gel (TIF-Gel-TOFA and TIF-Gel-TAC) or free drugs (TOFA and TAC in
suspension). All the formulations contain 5 mg of TOFA and 1 mg of TAC and they were applied
once at t=0 rectally and plasma levels were determined after 0.25, 1, 2, 4, 6, 12, 24 and 48 h. Animals
were euthanized after the last sampling point with CO2 (slow fill rate and organ harvesting performed
after confirmation of death). Blood was collected and stored in K2-EDTA BD-Microtainer™ (Fisher
Scientific AG, Switzerland), centrifuged at 4 °C, at 3000 g for 5 min and the obtained plasma (15
mL) stored at -20 °C. Drugs were extracted from plasma and their concentration was determined in
the obtained clear supernatant using LC-MS/MS analysis (in the Appendix, A1.3) and AUCo-4sh Were

calculated according to the trapezoid method.

3. Results and discussion

Since the potential benefits of parenteral drug administration must always be weighed against
concomitant side effects, due to systemic circulation of the drug, the management of UC does not
simply rely on the choice of a timely pharmacological treatment®. The localization of the disease
should indeed encourage the pursuit of a rectal administration through which the drug directly reaches
the site of inflammation with minimal systemic exposure 3. Among the various acy! glycerol lipids
capable of forming lipidic mesophases in water via self-assembly, we selected MLO. MLO is an acyl
glycerol lipid extensively used for drug encapsulation due to its ability to form lipidic mesophases in
water via self-assembly. It has unique phase diagrams that lack coexistence of mesophases at any
temperature and water content®, and it has been affirmed as Generally Recognized as Safe (GRAS)

by the US FDA for human and animal use.
Physico-chemical characterization of TAC- and TOFA-loaded TIF-Gel

We designed and developed a gel formulation based on the concept that at 25 °C, and in the presence

of a low percentage of water, MLO forms a lamellar (L) phase with a lower structural strength with
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respect to the cubic phase (Q), resulting in a formulation easier to administer and more able to treat

remote tissue areas, as depicted in Figure la.

As a first step, we used small angle X-ray scattering (SAXS) measurements to determine the optimal
amount of water needed to obtain a lamellar phase which provides a transition to the cubic phase at
38 °C (Figure 1b and 1c). The X-ray beam directed at the gel results in a scattering pattern with a
set of maxima that correspond to sharp Bragg reflections characteristic of the long-range positional
order. The sequence of Bragg reflections (and their ratio; listed in Figure 1a) identifies the symmetry

of the mesophase studied 2.
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Figure 1: In vitro characterizations of the TIF-Gel: a) schematic depiction of the in vitro characterization and the
mechanism of the gel formation. b) SAXS spectra acquired at different temperatures (25, 30 and 38 °C; bottom, middle
and top spectra, respectively) on gels containing increasing amount of water (12%, 14%, 16% and 18 % w/w) and (c)
SAXS spectra acquired at different times (5, 10, 20 and 30 min) after incubation at 38 °C; (d) frequency sweep at the end
(purple symbols) and beginning (grey symbols) of the release experiments. (e) Flow and yield points obtained for lamellar
phase (grey bars) and for cubic gel (purple bars). (f) SAXS before (1) and after incubation of LMPs in HEPES buffer (2)
and in HEPES buffer enriched with 1000 U/mL of lipase (3). The LMPs cartoons (L; cubic ia3d, cubic pn3m and

hexagonal) are adapted for Aleandri et al.8.
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As shown in Figure 1b, with 12% water the Bragg reflections characteristic of L phase were present
at 25 and 38 °C. Hydrating the MLO to 14% water led to a lamellar structure at 25 °C and a
coexistence of L and Q structures (with an 1a3d geometry) at 38°, whereas increasing the amount of
water up to 18% wi/w induced the L-> Q transition already at 30 °C. On the other hand, a mesophase
composed by 16% w/w of water and 84% w/w of MLO gives Bragg reflections characteristic of the
lamellar structure at 25 °C and a transition to a Q structure (with a la3d geometry) at 38°, i.e. the
rectal temperature. The reflections characteristic of this L phase (containing 16 % water) adopt those
characteristic of a Q phase after only 5 min of incubation at 38 °C (Figure 1c), indicating a rapid
conversion of the lamellar precursor into the 1a3d cubic structure %, making it particularly suited for
rectal administration. The transition is reversible if the temperature is brought back to 25 °C (in the
Appendix, Al.4). While this information is not relevant for rectal applications per se, it is an
important property for the storage conditions of TIF-Gel. In comparison to the available liquid crystal
technology® developed by the Swedish company Camurus®>°¢, which consists of an alcoholic lipid
solution that transforms to a gel upon contact with water, TIF-gel is not only dependent on water
content, but also uses temperature as a trigger for an in situ gelation. This aspect is of particular
relevance since the volume of rectal fluid is low and highly affected by age, biological sex and

pathology.

The diverse topologies of the mesophases were confirmed by the different viscoelastic regimes
identified by rheological (frequency sweep) measurements. Specifically, the precursor L phase had a
low structural strength, as indicated by the lower value of storage modulus and loss modulus (G’ and
G’’, respectively) with respect to the viscoelastic Q phase. This resulted in a less viscous
pseudoplastic gel characterized by extensive energy dissipation mechanisms associated with the
parallel slip of the lamellae. In simulated administration conditions, increasing the temperature and
water availability resulted in swelling of the structure corresponding to a Q phase transition (where
both G” and G’’ are higher than those obtained for L phase—Figure 1d). Moreover, either the flow
or the yield points (both representing the shear limit above which a material starts to behave like a
fluid) better determine the differences between our low viscous lamellar precursor and the high
viscoelastic cubic gel and they might identify a threshold above which a formulation is too elastic to
be rectally applied (Figure 1e). Since the sliding of a lamellae can occur along any possible direction,
a low shear is required to be applied to this gel so that it starts behaving like a fluid and it can be
forced to pass easily through a canula for enema, a syringe or a colon pipe. This translates into a low
viscosity material with a low structural strength easier to administer compared to the fully hydrated
cubic gel owing to its high flow and a yield point (in the Appendix, A1.5). On the other hand, the

pseudoplastic precursor has a higher viscosity than commercially available enemas such as Asacol®,
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Pentasa® and foam-containing 5-ASA and budesonide. Once applied, our TIF-Gel adheres to the
colon wall and it is retained for at least 6 hours, a time needed to avoid loss of material 35" (in the
Appendix, Al.6).

To prove the occurrence of the expected transition, a series of SAXS experiments was carried out
after the gel was soaked in 1 mL of HEPES (or, alternatively, in a buffer solution containing lipase)
and incubated at 38 °C for 8 h. As shown in Fig. 1f, the L phase absorbed heat and water during the
release experiments reaching a cubic (pn3m) phase with a lattice parameters (a= 8.7 nm) and a water
channel (dw=4 nm) comparable with those obtained for a Pn3m phase at its maximum hydration level
%9 These transitions were also confirmed in vivo where, after rectal application, the gel excreted and
collected with the stool after 30 min had an la3d phase identity, whereas the residual gel present in
the colon after 6 h was determined to be in the pn3m cubic phase (in the Appendix, A1.7). The
presence of lipase (100 U/mL) hydrolysed the ester group of MLO inducing a transition from
Q->Hexagonal phase (H) €, with the latter not linked to a burst release phenomenon (Figure 2).
Based on this initial characterisation, we chose an 84% MLO and 16% water formulation for
subsequent in vitro and in vivo studies, which had suitable rheological properties to pass through a
small diameter animal feeding needle (size 20 G) to further expand into a sponge-like system once

injected into the rectum.
Drugs are efficiently encapsulated and released from TIF-Gel

In order to properly use TIF-Gel as a treatment option, the thermal characteristics of the LMP should
not be perturbed by the guest drug. To evaluate the influence of the active principles on the phase
identity, TOFA (a hydrophilic inhibitor of the JAK 1 and 3) and TAC (a hydrophobic
immunosuppressive drug) loaded-mesophases were independently prepared and analyzed with
SAXS. Notably, the entrapment of drugs (5 mg of TOFA or 1 mg of TAC in 100 mg of gel —5 or 1%
wi/w, respectively) (Figure 2a and 2b) did not affect the phase identity and thermal behaviour of the
carrier gel and the rectal temperature still induced a transition from L->Q phase (in the Appendix,
A1.8). When hydrated with water, the lipid/drug mixtures form the lamellar structure and the totality
of the drugs are embedded in the gel with a 100% encapsulation efficacy, differently from the recently
developed hydrogel for local drug delivery in IBD in which a low proportion of dexamethasone was
encapsulated®!. These drug concentrations are higher than those contained in the commercially
available enemas for UC treatment, which contain only 4% w/w of 5-ASA (in case of Asacol®) or
2% w/w of budesonide (for Budenofalk® and Entocort®). Moreover, both drugs do not form crystals
once embedded in the 3D gel structure, as proven by the absence of reflections associated with a drug

crystallization in the wide-angle X-ray scattering (WAXS) spectra. The drugs were also
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homogeneously distributed in the gel matrix (in the Appendix, A1.9) and both - the tested drugs and
the TIF-Gel - exhibit long-term stability (in the Appendix, A1.10 and A1.11).

In the in vitro release experiments, drug-loaded TIF-Gel formulations were placed in the donor
chamber of a vertical Franz cell (a commonly used apparatus to assess the drug release from a
semisolid dosage formulation in preclinical studies; depicted in  Figure 2).
Contrary to the small intestine, for which different in vitro models are established 6264, for colon
tissues only animal models are available and are mostly used in pre-clinical studies %%, To bypass
this limitation, we employed an ex vivo approach in which tissues isolated from healthy rat colon
were used as natural membrane ¢, replacing the polycarbonate membrane detailed above. The 3D
gel network retains the TOFA (hydrophilic drug) and slowly releases it in both the in vitro and an ex
vivo setups (Figure 2b and 2c, respectively). The same sets of experiments were also carried out for
the TAC-loaded gel. Results for this hydrophobic drug mirrored those of the hydrophilic TOFA in
both in vivo and ex vivo experiments, reflecting the flexibility of this vehicle (Figure 2e and 2f).
Notably, the presence of lipase in our experimental conditions did not induce disassembly of the gel
with consequent burst release of the drug, as reported for another lipid-based gel, developed to
topically treat UC 68, In this study, addition of the enzyme (Thermomyces lanuginosus lipase) induced
a responsive release (+20% of drug released) from the hydrogel only after 24 h. In comparison, TAC
and TOFA were released from our TIF-Gel within only 8 h, a time span more compatible with the
retention time of rectally administered dosage forms. In 2015, Martiel et. al. developed the structural
control efficiency index (SCEI)®, which provides an estimate of the kinetics of drug release for
various phases. However, in our case, the phase identity of the gel changes dynamically during the
release experiment. Thus, we cannot use the above-mentioned paradigm to describe the release
profile. Indeed, our hydrophobic drugs do not follow a Fickian diffusion profile and, consequently,
the release profile cannot be modeled using the Higuchi equation. We did not observe any gel erosion
(no weight loss was recorded either in vitro or in ex vivo experiments) and we can, therefore, reject

the hypothesis that the release process is driven by gel dissolution.

34



4--+ " TIF-Gel in donor chamber <~ -+ 5 TIF-Gel in donor chamber

X-ray beam is directed at the TIF-Gel 3 o.e----- Polycarbonate membrane Ey----- Colon tissues
incubated at different temperature Q ¥ N

_____ Drugs quantification in | £ Drugs quantification in
acceptor chamber J | [N - == acceptor chamber
. In vitro Ex vivo
2 100 o S s 100
= ¥ TOFA 2
C(l. 8°c £ 80 s 80
i . B 2
= 36 °C : 60 TIF-Gel-TOFA [\lfase} . £ 60 TOFA
1 e - @
- 34°C £ 40| e P 2 2 5 e | S
Q °C 2 T F L
! E 2 i TIF-Gel-TOFA E 2 ¥
|__|_ H4 :'_1 e 3 i ' TIF-Gel-TOFA
E 25°C & Y = L N —‘_*
010 015 020 025 030 035 040 0 1 2 3 4 5 6 7 8 ua 12 3 4 5 & 7 8
q@ah Time (h) Time (h)
d e In vitro f Ex vivo
@ 100 e 2 100
s 0 } ) TAC Ed
O BCc = 3 ®
b 2 60 o 60 T"‘C. =
[~ 38°C T 4 S 4
o - 4
& 34 C ‘_g 20 TIF-Gel-TAC (lipase) R
v 30°C E g TIF-Gel-TAC g TIF-Gel-TAC
Ll:L 25°C E i 'gr_.-.——-——f—*;i—'. 3 1'[ P .
° b 0 2
010 015 020 025 030 035 040 0 1 2 3 4 5 6 7 8 ° 2 3 4 5 6 T 8
an) Time (h) Time (h)

Figure 2: In vitro and ex vivo characterizations of the drug loaded TIF-Gel: (a) TOFA-loaded gel (TIG-Gel-TOFA) SAXS
spectra acquired at different temperatures; (b) in vitro release of free drug (TOFA, blue line) and TIF-Gel-TOFA in
HEPES buffer (black line) and in the presence of lipase (green line); (c) ex vivo release of free drug (TOFA, blue line)
and TIF-Gel-TOFA (black line); (d) TAC loaded LMPS (TIF-Gel-TAC) SAXS spectra acquired at different temperatures;
(e) in vitro release of free drug (TAC, blue line), TIF-Gel-TAC (black line) and in the presence of lipase (green line); (f)
ex vivo release of free drug (TAC, blue line) and TIF-Gel-TAC in HEPES buffer (black line). Results in panels b, c, e and
f are reported as mean + STDV (n=3).

Effect of TIF-Gel-TOFA on dextran sulfate sodium (DSS)-induced acute colitis

To test the potential efficacy of the gel in treating an acute UC flare-up, we applied TIF-Gel loaded
with TOFA to a mouse model of acute colitis induced by dextran sulfate sodium (DSS). DSS is toxic
to epithelial cells and its application compromises the integrity of the intestinal barrier, thereby
leading to an erosion of the epithelium and activation of submucosal immune cells by intestinal
microbes "°. Through experimentation, we determined that application of the gel every other day

yielded robust mitigation of local and systemic inflammation.
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Figure 3: TIF-Gel-TOFA effectively mitigates intestinal inflammation and disease induced by DSS treatment in mice.
Mice were prophylactically treated rectally with either empty gel (TIF-Gel), tofacitinib in vehicle (TOFA), or TOFA
loaded-gel (TIF-Gel-TOFA) and thereafter challenged with 2% DSS in the drinking water. Treatments were then applied
every other day until the end of the experiment. Weights (a) and disease score (b) were recorded throughout the
experiment. At the end of the experiment, spleens, mesenteric lymph nodes (mLNSs) and colons were removed from the
mice. The spleens were weighed (c) and single splenocytes were enumerated (d). The tissue concentrations of various
cytokines were measured (e). The mouse colon length was measured (f), and the colon was opened transversally, cleaned,
and prepared for histology (g). Colon histopathology scores were determined by a blinded pathologist and aggregated
(H). *: p<0.05, **: p<0.01, ***: p<0.001, ****: p<0.0001, and actual value is provided for values less than 0.1 but not
meeting significance threshold as determined by 2-way ANOVA (a), multiple Student’s- tests with Holm-Sidak correction
for multiple comparisons (b), and one way ANOVA with multiple comparisons and Tukey correction (c, d, €, f, h). All
tests were performed using Prism (GraphPad) and applying default settings for the above-mentioned analyses; naive

values were excluded from analyses; all error bars are £SEM.
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Mice treated with this regimen of TIF-Gel-TOFA displayed decreased weight loss and disease
severity when compared to mice treated with an empty TIF-Gel (Figure 3a and 3b). In contrast, drug
in vehicle solution (TOFA), while improving weight loss, did not improve the disease score in these
mice (Figure 3b). Of note, daily application of the compounds did not yield as robust results, and the
differences between free TOFA and TIF-Gel-TOFA were less apparent under this regimen (in the
Appendix, A1.12). Signs of systemic inflammation, determined by spleen size and cellularity, were
also alleviated in mice treated every other day with the TIF-Gel-TOFA (Figure 3c and 3d).
Furthermore, local pro-inflammatory cytokine levels were reduced in TOFA and TIF-Gel-TOFA-
treated mice, and anti-inflammatory IL-10 levels were increased only in the TIF-Gel-TOFA group
(Figure 3e). Local inflammation was also mitigated by the TIF-Gel-TOFA as determined by a
reduction in colon shortening and pathology (Figure 3f, 3g, and 3h). For colon shortening, but not
for histopathology, TIF-Gel-TOFA was more effective than the drug in vehicle, and no differences
were detectable in the proportion of immune cell populations of the spleens or mesenteric lymph
nodes of the different treatment groups (Fig. S7). Overall, these data indicate that a topically applied
temperature-dependent in situ-forming gel carrying TOFA represents a valuable tool to mitigate acute

intestinal inflammation.
Effect of TIF-Gel-TAC on T-cell transfer colitis

TIF-Gel acts as a platform able to host and release molecules with different polarities (Figure 2).
Thus, we also assessed the ability of the TIF-Gel loaded with the hydrophobic drug TAC to reduce
colitis severity using a model of T cell-mediated colitis, namely the T cell transfer colitis model L.
In this model, naive CD4 + T cells are transferred into B and T cell-deficient Rag™ recipient mice,
which results in the development of T helper cells that react against luminal antigens and
subsequently induce a strong colon inflammation 4%7273, Three days after naive T cell transfer into
Rag™- hosts, mice were treated with 100 pL i) TAC-loaded TIF-Gel (TIF-Gel-TAC), ii) empty TIF-
Gel (TIF-Gel) or iii) TAC in vehicle solution (TAC) via daily rectal instillation (Figure 4a). Weight
development and monitoring of disease activity demonstrated that mice that received empty TIF-Gel
or TAC in vehicle solution started to develop the first signs of colitis around day 10 post T cell transfer
as evidenced by progressive weight loss and signs of diarrhoea (Figure 4b and 4c). Of note, mice
that were treated with TIF-Gel-TAC did not lose weight and diarrhoea scores were lower than in the
other two groups (Figure 4b and 4c). Moreover, all mice receiving TAC (either in TIF-Gels or
administered in vehicle) showed longer colons and reduced spleen weight (Figure 4d), indicating

reduced disease in these two groups when compared to mice treated with empty TIF-Gels.
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Figure 4: Assessment of the effect of TAC-loaded TIF-Gel on T cell-mediated colitis. 12—15-week-old Rag” mice
develop colitis via transfer of 2.5 x10° naive CD4+ T cells. Starting on day 3 after T cell transfer, mice received daily
rectal instillations with TIF-Gel without drug (TIF-Gel), TAC-loaded TIF-Gels (TIF-Gel-TAC) or TAC in vehicle (TAC).
(a) Schematic overview on the experimental set-up; (b) weight development over the course of the experiment; (c)
cumulative disease activity score; (d) colon length and spleen weight; (e) representative pictures and respective scoring
from mouse colonoscopy on day 19 post T cell transfer and from H&E-stained sections of the terminal colon collected
on day 19 post T cell transfer. *p<0.05, **p<0.01 as determined by 2-way ANOVA (b+c) and one way ANOVA with
multiple comparisons and Tukey correction (d+e). All tests were performed using Prism (GraphPad) and applying default

settings for the above-mentioned analyses; all error bars are +SEM.

On day 19 after T cell transfer, all mice were subjected to colonoscopy to evaluate macroscopic signs
of colitis. Interestingly, TAC-administration via TIF-Gels as well as TAC administration in vehicle
reduced endoscopic signs of colitis. Although there was a clear trend towards further reduction of
endoscopic scores in mice that received TIF-Gel-TAC, this was not significant (Figure 4e). In
contrast, and in line with disease activity scores, mice that received TIF-Gel-TAC did not only show
clearly reduced colitis severity when compared to mice that were treated with empty TIF-Gels, but
also when compared to mice that received TAC in vehicle solution (see histology score; Figure 4e).
Taken together, these data clearly indicate that TAC administration via TIF-Gels is superior in
reducing colitis severity than TAC-administration in vehicle. T cell transfer colitis is mainly mediated
by aberrantly activated T helper cells, and especially IFN-y+ (Th1) and IL-17+ (Th17) CD4+ T cells
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contribute to the disease. To test the effect of TAC administration either in vehicle or in the TIF-Gels,
we analysed proportions of T helper cells in the colonic lamina propria (Figure 5a), mesenteric lymph
nodes (Figure 5b) and the spleen (Figure 5c). Of note, both TAC administration forms reduced the
relative abundance of T cells in the lamina propria, mesenteric lymph nodes and the spleen (Figure
5a and c). Among those, Thl and Th17 cells were reduced with TAC in vehicle as well as with TIF-
Gel-TAC when compared to the mice that received empty TIF-Gels only (Figure 5). While there was
no difference among Thl cells between mice receiving of TAC in vehicle and those receiving TIF-
Gel-TAC, the reduction in Th17 cells was significantly more pronounced in mice receiving TIF-Gel-
TAC than in those receiving TAC in vehicle (Figure 5). In general, there was not much effect on the
abundance of FoxP3+ (regulatory) T cells (Figure 5). These findings were also reflected in cytokine
measurements in colonic tissues (Figure 5d), where we found reduced levels of IFN-y and IL-17 in
mice treated with the free drug. TIF-Gel-TAC further reduced levels of these two cytokines and in
addition also significantly reduced levels of TNF-o (Figure 5d), indicating that TIF-Gel-TAC has a
stronger effect on the production of inflammatory cytokines when compared to the free drug. In
summary, these results indicate that administration of TIF-Gel-TAC is superior in reducing disease-

promoting T helper cells in the setting of T cell induced colitis.

This further confirms the results in the DSS model and supports the observation that the TIF-Gel

represents a valid option to locally deliver drugs to the inflamed mucosa.
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Figure 5: Immune cell populations and cytokine levels in the colon from TAC-loaded TIF-Gel (TIF-Gel-TAC)
treated mice. 12—15-week-old Rag”- mice develop colitis via transfer of 2.5 x10° naive T cells. Starting on day 3 post T
cell transfer, mice received daily rectal instillations with TIF-Gel without drug (TIF-Gel), TAC-loaded TIF-Gels (TIF-
Gel-TAC) or TAC in vehicle (TAC). Depicted are the relative abundance of the indicated cell populations in (a) the
colonic lamina propria, (b) mesenteric lymph nodes; and (c) the spleen on day 19 after T cell transfer, and (d) levels of
indicated cytokines in colon lysates. *p<0.05, **p<0.01, ***p<0.001 as determined by one way ANOVA with multiple
comparisons and Tukey correction. All tests were performed using Prism (GraphPad) and applying default settings for

the above-mentioned analyses; all error bars are £SEM.

Rectal drug delivery via TIF-Gel reduces systemic drug exposure

To demonstrate that rectal TIF-Gel application was indeed suitable to minimizing systemic exposure,
we analyzed drug release in vivo by longitudinally monitoring in mice drug plasma levels after TIF-

Gel application into the colon. For this purpose, naive received a single enema of either drug-loaded
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TIF-Gel (TIF-Gel-TOFA or TIF-Gel-TAC) or of free drugs (TOFA or TAC) and plasma drug
concentrations were measured at different time points (Figure 6a). Mice receiving free TOFA had
an early peak in plasma concentration at 0.25 h (Figure 6b); TOFA plasma levels rapidly decreased
thereafter, following first-order kinetics. In mice receiving TIF-Gel-TOFA, the peak concentration at
0.25 h was significantly lower. The area under the curve (AUC), a measurement of cumulative
systemic drug absorption, was also significantly reduced in the mice treated with TIF-Gel-TOFA
when compared to the group treated with free TOFA (Figure 6d). Administration of TAC, either as
free drug, or as drug loaded gel resulted in a low (and negligible) systemic drug circulation (Figure

6¢) and no difference was detected in their AUCs (Figure 6e).
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Figure 6: Drug delivery via TIF-Gel leads to a low systemic drug exposure. (a) Experimental design for the
pharmacokinetic study. Naive mice (n=5/group) received a single enema of either drug-loaded TIF-Gel (TIF-Gel-TOFA
or TIF-Gel-TAC) or free drugs (TOFA or TAC). The plasma drug concentrations were measured at the indicated time
points after administration. Plasma concentration versus time profiles of the pharmacokinetic experiment of TOFA- (b)
and TAC-treated animals (c) and Area Under the Curve (AUC)g.4sn Values of TOFA- and TAC-treated mice (d and e,
respectively). ***p<0.001, as determined by Student’s t test.

Although the drug concentrations in the TIF-Gel can reach high levels, this delivery platform also

helps to simultaneously minimize systemic circulation. The plasma concentration of the TOFA in
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TIF-Gel-treated mice was lower than in animals rectally treated with free drug within a 48h period
after application. On the other end, the pharmacokinetics of TAC either as free drug or as drug loaded
gel results in a negligible systemic drug absorption and no difference was detected in their AUCs. In
a previous reported clinical study, rectal administration of TAC via a suppository resulted in a
systemic exposure with a relative bioavailability of ~70% after 24 h in comparison to the oral
formulation’. Here, upon administration, patients were asked to remain in a semi-recumbent position
for 3 h (without defecation), practice which facilitates drug absorption. Differently from this study,
after administration our mice were left free to move and this introduced a certain external variability
in the excretion time of the stools and/or of the drug. The low residence time into the intestine could
explain the low plasmatic levels of free TAC observed, whereas the low drug absorption of TAC
released from TIF-Gel loaded could be explained by a slow and continuous drug release from the gel.
In conclusion, this reduced systemic drug concentration indicates that the use of TIF-Gel could reduce
the number and severity of systemic side effects resulting from the use of potent drugs such as TOFA

and TAC in a clinical setting.

4, Conclusions

Our formulation has the potential to reduce drug side effects associated with systemic therapy, as well
as the drawbacks associated with commercially available rectal formulations. This could be
particularly important for patients who experience fecal urgency as a result of high-volume daily
enema applications. Our research demonstrates that TIF-Gel can effectively administer anti-
inflammatory drugs TOFA and TAC locally to the colonic mucosa, resulting in sustained drug
release. This approach enhances the localized activity of these drugs, potentially reducing the risk of
side effects. We anticipate that TIF-Gel will offer a more patient-friendly drug delivery platform with
reduced leakage, retention, bloating, and urgency. This, in turn, could lead to greater patient

compliance with drug regimens and an expanded range of topical therapies.
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1. Introduction

There is an unmet medical need for the treatment of fibrosis. Fibrotic disorders can affect any organ
and has been estimated to contribute to approximately 45% of all deaths in the Global North.*-3
Currently, only two drugs —pirfenidone (PFD) and nintedanib — are approved in several countries for
the treatment of idiopathic pulmonary fibrosis'“ and their investigational use across various organs
showed promising results.>*2 Indeed, fibrotic diseases share common mechanisms and core pathways
that are of central pathophysiological relevance.'* Therefore, drug repurposing may result in an

effective approach to treat a wide range of fibrotic diseases.*®

PFD (also known as Esbriet) is approved since 2011 by the European Medicines Agency'® and 2014
by U.S Food & Drug administration'’ for the treatment of mild-to-moderate idiopathic pulmonary
fibrosis. To date, only two immediate-release hard tablets (containing 801 mg and 267 mg of PFD)
are commercially available. Beside its proven effectiveness, PFD is associated with a consistent
adverse-event profile,81° and a considerable number of patients required dose readjustments.?°2* The
main side effects include gastrointestinal and neurological complications together with
photosensitivity reactions. For these reasons, local and sustained delivery of PFD has been
increasingly evaluated as a therapeutic option for various fibrotic diseases. Indeed, this approach aims
to reduce systemic exposure and collateral or end-organ adverse effects while maintaining therapeutic
levels at the fibrotic site. At present, numerous preclinical and clinical efforts have resulted in
promising advances in the treatment of local fibrosis-related diseases with PFD,'?224 such as the
treatment of fibrotic scar following spinal cord injury,? diabetic foot,? and localized scleroderma.?’
PFD therapy has also shown to be particularly effective at preventing and reducing post-operative
fibrosis,?®2° dramatically influencing surgery outcomes, as for glaucoma.3*-3? Maximizing local
delivery to achieve high drug concentration at the fibrotic site holds promise as a valuable strategy

for patients.

Despite efforts for inflammatory bowel disease (IBD) patients, treatment of inflammation and fibrosis
in IBD still represents a challenge to most gastroenterologist.®® Indeed, IBD-associated fibrosis is a
common complication of the chronic or recurrent inflammation®* and it is characterized by an
excessive accumulation of extracellular matrix. At present, there are no specific treatment option, and
approximately 80% of patients with intestinal strictures require surgery.3*¢ Notably, results from a
previous preclinical study® confirmed the antifibrotic effect of PFD in both in vitro and in vivo model

of intestinal fibrosis. However, considering the side effect profile of the oral administration - due to
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the high dosage - we envision that the therapeutic value of PFD can be improved by exploiting the

rectal route for a targeted delivery.

Besides involving the gastrointestinal tract, fibrotic diseases may affect the female reproductive
system as leiomyomas (uterine fibroids),3” endometrial fibrosis,®® and endometriosis, which is
characterized by the presence of fibrotic adhesions in the pelvic cavity.3>40 In preclinical studies, PFD
was shown to inhibit the proliferation of leiomyoma cells in vitro** and reduce fibrosis in a rat model
of abdominal adhesions*? providing hints that PFD may have potential as a nonhormonal therapy for
fibrotic gynecological conditions. We expect that delivering PFD via the vaginal route will result in
locally elevated concentrations of PFD around the uterus due to the first uterine pass effect.*>4* To

date, no formulation for the vaginal delivery of PFD exists.

To this aim, we designed a delivery system comprising layer-by-layer liposomes (LbL-LIPS)
homogeneously incorporated into a zinc alginate hydrogel. Alginate hydrogel was chosen to ensure
a prolonged contact time at the site of treatment - not achievable with an aqueous solution of
liposomes alone — and for its negative charge that result potentially in improved inflammation-
targeting property.* PFD was encapsulated in negatively charged liposomes using a layer-by-layer
(LbL) design, enabling a tunable drug delivery system for this antifibrotic drug.

Our approach led to: (1) the development of highly concentrated PFD-loaded liposomes through one-
step film hydration method, easy to manufacture and scale-up; (2) the formation of multiple-layered
liposomes by LbL electrostatic deposition of biopolymers without purification steps; (3) the rapid
fabrication of an alginate hydrogel cross-linked by zinc chloride with a potential inflammation-
targeting property; (4) a LbL liposomal gel (LbL-LIP-Gel) releasing PFD in a sustained manner and,;
(5) a tunable PFD release ranging from hours to several days by tuning the layer thickness. Our
composite LbL-LIP-Gel laden with PFD may offer unique opportunities for local and sustained

delivery of a small and hydrophilic antifibrotic agent directly to the fibrotic site.

2. Materials and methods
Materials

The phospholipids 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) and 1,2-distearoyl-sn-
glycero-3-phospho-(10-rac-glycerol) sodium salt (DSPG) were kindly gifted by Lipoid
(Ludwigshafen, Germany). Pirfenidone (5-methyl-1-phenylpyridin-2(1H)-one) was obtained from
MedChem Express (Monmouth Junction, NJ, USA). Zinc chloride (98% purity, reagent grade),
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alginic acid sodium salt from brown algae, chitosan medium molecular weight (75-85% deacetylated)
and methyl viologen dichloride hydrate (98% purity) were purchased from Sigma-Aldrich-Merck (St
Louis, MO, USA). Caffeine (Ph. Eur. quality) was purchased from Hanseler Swiss Pharma. Sodium
Acetate (99% purity, ACS grade) and HEPES salt was obtained from Carl Roth (Karlsruhe,
Germany). 1,1’-dioctadecyl-3,3,3’,3’-tetramethylindodicarbocyanine, 4-chlorobenzenesulfonate salt
(DiD, catalog number: D7757) was bought from Thermo Fisher Scientific (Waltham, MA, USA). All
organic solvents (chloroform, methanol, acetonitrile, and tetrahydrofuran (THF)) were obtained from
Fisher Scientific (Schwerte, Germany). All chemicals were used as received. Ultrapure water of

resistivity 18.2 MQ.cm was produced by a Barnstead Smart2 pure device from Thermo Scientific

(Pittsburgh, USA).
Preparation of PFD-liposomes

PFD-liposomes were prepared by means of the film hydration method, as previously reported.*® The
stock solutions of DPPC and DSPG in chloroform were mixed at concentration 75 mol% and 25
mol% of the respective phospholipids and 0.05 mol% DiD to reach a final total lipid concentration
of 2 mM. The organic solvent was evaporated under a nitrogen stream until dry. Solvent traces were
removed by vacuum overnight. After hydration with PFD (40 mM) dissolved in acetate buffer (30
mM, pH 5.5) at different molar ratio (drug-to-lipid) and six freeze-thaw cycles, the liposome
formulation was extruded 10 times through a 200 nm polycarbonate membrane (Sterlitech

Corporation, USA) at 70 °C using a LIPEX extruder (Evonik, Canada).

Preparation of LbL-LIPs

1 LbL-LIPs
WYi7)5
Y .
SRR,
AR RS A 2N ) i
Saaiivamgn ,,‘,’,'2,,{;42/,/; 3 LbL-LIPs

.
S
ARNA R
A
R AN
AN N S

(P

e, s AN \

A AT AR R B
2 T U RS
G f 7RG ASNWN

UAQNANST

Figure 1: Schematic illustration of the preparation of LbL-LIPs. The concentration of liposomes and PFD is 2 mM and
10 mM respectively. The final volume of LbL-LIPs is 1 mL. Final concentration of CHI in 1 LbL-LIPs is 0.04 wt%; final
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concentration of CHI and ALG in 3 LbL-LIPs is 0.075 wt% and 0.04 wt% respectively; in 5 LbL-LIPs is 1.1 wt% and
0.075 wt% respectively.

Immediately after the extrusion, the first biopolymer layer was directly deposited onto the negatively
charged liposomes. For this purpose, 20 pL of 2% (w/v) chitosan (CHI) solution at pH 4.2 was added
to 1 mL of 2mM PFD-liposomes and incubated for 3 min under gentle stirring. The subsequent
alginate (ALG) layer was deposited by adding 20 pL of the 2% (w/v) biopolymer solution at pH 5.5
to the CHI-liposomes, followed by 3 min incubation under gentle stirring. The successive deposition
of layer(s) was performed with the same procedure alternating CHI and ALG (Figure 1). The
robustness of the LbL preparation was evaluated via intra-laboratory tests. The concentration of
biopolymers used to prepare the LbL-LIPs was selected based on a preliminary study (in the
Appendix, A2.1).

Drug Loading

After the production of LbL-LIPs, the unencapsulated drug was removed by dialysis with a Slide-A-
Lizer MINI Dialysis device (Thermo Scientific; MW cutoff 20 MWCO) against 45 mL of acetate
buffer 30 mM, pH 5.5 at room temperature. The dialysis time (2 h) was chosen by analyzing the
amount of drug retained by the membrane via HPLC (in the Appendix, A2.2). The PFD concentration
was determined by reverse-phase liquid chromatography using a Macherey-Nagel Nucleosil 100-5
C18 (4.0 x 250 mm; 5.0 um particle size) column. The mobile phase consisted of acetonitrile/water
(65:35 v/iv) + 0.1% trifluoroacetic acid at a flow rate of 0.7 mL/min, temperature 25 °C and UV
detection at A = 317 nm. An internal standard (caffeine, 20 pg/mL) was added to each sample to

correct for inter-injection variation.*’

Drug loading (DL) was calculated using the following equation:

amount ofdrug retained
DL% = — * 100
amount of lipid

The amount of lipid was determined via UHPLC-CAD (in the Appendix, A2.3) using a method

previously developed in our group.*®

Particle size and zeta potential

The mean hydrodynamic diameter and the polydispersity index (PDI) of the PFD-liposomes were
determined using Litesizer 500 (Anton Paar, Graz, Austria) at 25 °C with a backscatter angle of 175°

and 658 nm laser. The number of measurements were 6 while refractive index 1.3304 and viscosity
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0.89 mPa/s were set for the solvent. The samples were placed in disposable polystyrene cuvettes of 1
cm optical path length. The zeta ({) potential was determined by laser Doppler micro-electrophoresis
using the same instrument. The minimum number of measurements were 100 and Henry factor 1.50
while refractive index 1.33 and viscosity 0.89 mPa/s were set for the solvent. The samples were placed
in Omega cuvette (Anton Paar, Graz, Austria). The data evaluation was carried out using Anton Paar
Kalliope Software from the Smoluchowski equation. The samples were diluted to a concentration of
0.5 mM with distilled water.

Hydrogel preparation

To prepare the hydrogel, sodium alginate was dissolved in HEPES buffer (30 mM HEPES at pH 7.4)
to 2% (w/v) concentration. Gelation occurred when the ALG solution was mixed with zinc chloride
(4:1 alginate to zinc chloride volume ratio) with two Luer lock syringes connected with Combifix
adapter (B. Braun, Melsungen, Germany). For the LbL-LIP-Gel, LbL-LIPs loaded with PFD were
first purified to remove the free drug and later mixed with the ALG solution. The resulting solution
was mixed with zinc chloride following the same procedure as before. The final concentration of
ALG and zinc chloride was 2% w/v and 20 mM respectively. The hydrogel was immediately used

for the release studies.
Rheology

The rheological measurements were performed using an oscillatory rheometer (Modular Compact
Rheometer MCR 72 from Anton Paar, Graz, Austria) in a cone-plate geometry, 0.993° angle, and
49.942 mm diameter. The temperature of the plate was set at 25 °C. First. amplitude sweeps were
carried out to determine the linear viscoelastic region of each formulation at 1 Hz between 0.01 and
100% strain. Secondly, frequency sweeps were performed using a constant strain in the linear

viscoelastic region between 0.1 and 100 rad/s.

Fluorescence quenching experiments

Fluorescence guenching of a free PFD solution in acetate buffer 30 mM and PFD entrapped in
liposomes were performed after dialysis treatment using methyl viologen dichloride (MVD™) as a
collisional quencher. All fluorescence experiments were carried out using a microplate reader (Spark
10M, Tecan, Switzerland) at 25 °C on solutions with optical densities smaller than 0.05 to minimize
the inner filter effects. Experiments were performed by adding concentrations from 20 mM to 100

mM of MVD™ solution to the samples. Afterwards, the fluorescence intensity of PFD was monitored
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at 396 nm by exciting at 318 nm. Quenching of fluorescence is described by the Stern-Volmer

equation using the following equation:
Fo/F = Ko x [MVD"]

were Fo and F are the fluorescence intensity in absence or in presence of the quencher, respectively;*
Kb (1/M % s) is the quenching constant and [MVD?] is the quencher molar concentration. The plot of
Fo/F versus [MVD*] is expected to be linearly dependent upon the concentration of quencher and it
yields an intercept of one on the y-axis and a slope equal to the Stern-Volmer quenching constant Ko

(1/M x s) when the quenching process is dynamic.Fare clic o toccare qui per immettere il testo.

Transmission electron cryomicroscopy (Cryo-TEM)

For the morphological investigation of 1 LbL-LIPs and 3 LbL-LIPs using cryo-TEM, 3 pL of each
sample were deposited on lacey carbon films (Cu 200 mesh grid, Quantifoil Micro Tools, Germany)
and then plunge-frozen with Vitrobot (FEI, USA). The blotting chamber conditions were set to 4°C,
100% humidity and 4 s blot time. Excess of liquid was blotted automatically between two strips of
filter paper. Grids were stored in liquid nitrogen until TEM observation. Low-dose electron
diffraction was performed on a Tecnai Spirit G2 electron microscope (FEI, USA) with a Gatan 626

cryoholder. The images were recorded by an Olympus-SIS Veleta CCD camera.
Fluorescence microscopy

To investigate 5-LbL-LIPs morphology, liposomes were stained with the non-exchangeable
lipophilic dye DiD. Fluorescence microscopy images were analyzed using a Nikon Eclipse-Ti
inverted fluorescence microscope (Nikon, Mississauga, Canada) with Tx red filter. A volume of 20

pL of LbL-LIPs was placed on a slide and covered with a glass coverslip.

Release experiments

All formulations’ drug release profiles were tested in vitro with vertical diffusion cells (PermeGear,
Pennsylvania, USA) and a 3000 nm polycarbonate membrane (Sterlitech Corporation, USA).
Preliminary experiment showed that 100% of the PFD solution (in the Appendix, A2.4) passes
through the polycarbonate membrane, thus excluding any interference with the release studies. The
donor chamber contained 8 mL release medium: either HEPES buffer (30 mM) at pH 7.4 or acetate
buffer (30 mM) at pH 4.2 to mimic pH conditions in the colon and vagina, respectively. All the release
studies were carried out in sink conditions. The loaded Franz cells were placed in a shaking incubator
at 100 rpm and 37 °C. For LbL-LIPs and LbL-LIP-Gel, 200 puL and 20 mg were placed directly in
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the donor chamber respectively. At predetermined time points of 1, 2, 3, 4, 5, 20, and 24 h, the release
medium was completely replaced, and 1 mL aliquot was lyophilized. Each sample was resuspended
with the internal standard caffeine and the PFD content was analyzed by HPLC.

Statistical analysis

All experiments were carried out in triplicate and the values are represented as mean + standard

deviation. Fresh samples were used unless otherwise stated.

3. Results and discussion

PFD is an orally available anti-fibrotic drug. Although effective, its rapid clearance necessitating
dosing frequency, and its toxicity may limit the clinical application.'®* Therefore, the therapeutic
value of PFD can be improved by encapsulating it in drug delivery system which allow its targeted
and sustained release to the fibrotic site. Recently, several strategies based on various biomaterials
(e.g., nanoparticles and microparticles) have emerged as possible carriers for PFD.?32951-56 For
example, poly(lactide-co-glycolide) nanoparticles able to release the drug locally in the lungs after
intratracheal administration.?? Chitosan microspheres were also found to attenuate pulmonary fibrosis
upon inhalation.?® However, the majority of these studies focused on lung targeting delivery, and to
the best of our knowledge, no studies have been conducted toward a platform to treat fibrosis in

multiple organs locally (e.g., rectal and/or vaginal delivery).

To deliver a sufficient amount of drug providing therapeutic effect, a high drug loading is desirable.
However, due to the physico-chemical properties — mainly hydrophilicity and low molecular weight
- of PFD, this specific drug interacts weakly with many conventional drug carriers - such as chitosan
microspheres and hydrogels - leading to low drug loadings and fast release. Additionally, a clear size-
dependent difference regarding distribution of particles in the inflamed intestinal mucosa of IBD
patients was demonstrated.>” Upon rectal administration, unlike nanoparticles, which are known to
cross the epithelial barrier, potentially leading to systemic absorption, microparticles accumulate and
bioadhere to the inflamed mucosa wall. Aiming at developing a rational microparticulate system
based on earlier research of our group, °8 we selected negatively charged liposomes for the high PFD
loadings they were reported to grant>®® and for the possibility to tailor their surface properties to
improve local delivery. Nevertheless, several attempts to replicate previous studies®®° resulted in

low amount of drug encapsulated (data not shown). Here, we developed a robust and highly
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concentrated liposome-based system able to deliver the small and water-soluble PFD. Such local

delivery system is surface capped with biopolymers able to tune the drug release profile.
Size, {-potential and drug loading

The results of drug loading, size distribution and {-potential for liposomes prepared by the film
hydration method and extruded through 200 nm polycarbonate membrane are shown in Table 1. In
agreement with a previous study,*® a passive loading method resulted to be a better approach to
encapsulate PFD in the liposomes than active loading strategy. The negatively charged liposomes of
DPPC/DSPG at a molar ratio of 75/25 (mol%) was chosen to increase the drug encapsulation —owing
to the saturated acyl chains of the phospholipids — and different drug-to-lipid ratios were assessed.
The most important findings were the results of PFD content and DL. As seen in the Table 1
increasing the drug-to-lipid ratio improved drug loading efficiency. The formulation with the highest
drug loading (507.2%, which corresponds to 1.89 + 0.3 mg/mL PFD concentration and total lipid

concentration of 2 mM) was used in all further experiments.

Table 1: Average particle size (nm), polydispersity index (PDI), ¢ potential (mV), drug loading (DL, %) with different
drug-to-lipid ratio combinations. The concentration of liposomes (2 mM) is constant while the PFD concentration varies

according to the drug-to-lipid ratio. Data shown are the mean + SD (n>3).

Drioliig [ patesie T ooy | ool [ o1 g
1:20 120.6 + 1.90 0.15+0.02 | -30.13+5.79 2.6
1:10 126.05+6.49 | 0.12+0.02 | -32.16 +6.99 15
1:1 116,26 £1.10 | 0.11+£0.01 | -41.63+0.80 23.7
10:1 127.43+0.80 | 0.06 £0.02 | -42.96 +0.16 205.8
20:1 122.21+£2.71 | 0.05+0.02 -34.5+0.86 507.2

Fluorescence quenching experiments

The PFD location in the liposome after drug loading was studied with fluorescence quenching
experiments. To gather information about the liposomal surface, we chose the collisional quencher
MVD®*. The quencher does not penetrate the bilayer and the electrostatic interaction with the
negatively charged liposomes would immobilize it on the surface.’* Thus, by measuring the
guenching of the PFD fluorescence emission in presence of MVD®, it is possible to assess the
accessibility of the drug to the quencher. As shown in the Figure 2, the quenching of fluorescence is

described by the Stern-Volmer equation in the case of free PFD and PFD-liposomes. Thus,
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fluorescence quenching data, presented as plot of Fo/F versus [MVD*], show in both cases a linear
behavior. This indicates that PFD can be homogeneously approached by the quencher, implying that
the drug is located close to the liposome surface. These findings suggest that PFD included in
DPPC/DSPG liposomes is adsorbed on the surface of the liposomes as also indicated by the extremely
fast release of the drug loaded in plain liposomes (in the Appendix, A2.5). PFD may be in a location,
driven by H-bond and w-interactions, close to the phospholipid headgroups and hence more accessible

to the cation quencher (Figure 2).
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Figure 2: Fluorescence quenching release of free PFD drug in comparison with PFD liposomes and LbL-LIPs. Data are

shown as mean +SD.

Due to the nature of drug encapsulation and the fast drug release, we hypothesized that a polymer-
based layer-by-layer approach could have modulated PFD release via surface capping. The initially
negative charge of the liposomes makes them suitable for the subsequent build-up of biopolymers.
The latter was monitored with -potential (vide infra). To facilitate clinical translation, we based our
preliminary considerations on biocompatible and commercially available biopolymers. We thus
selected ALG®? and CHI®3 for the further coating.

Layer-by-Layer

After having screened a series of conditions (in the Appendix, A2.1), a concentration of 0.04 wt% of

the biopolymers was selected for the layer formation, since this was slightly above the required
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saturation concentration as indicated by the - potential. Upon addition of CHI (Figure 3a), the (-
potential of liposomes reaches +19 mV which rapidly decreases to -24 mV in addition of ALG.
Furthermore, we observed visible aggregate formation in 2+ layered liposomes. Simultaneously, the
Cryo-TEM observations revealed that the aggregation was present in all formulations and their size
became increasingly larger when polymers were repeatedly added (Figure 3b-d). Due to the extent
of the aggregation, 5 LbL-LIPs could not be analyzed using Cryo-TEM. To this aim, 5-LbL-LIPs
were stained with the lipophilic fluorescent dye DiD and visualized through fluorescent microscopy
(Figure 3e). Since the electrostatic interaction is the dominant factor in the deposition, we
hypothesized that the biopolymers would approach each other as a consequence of the strong
electrostatic force. Hence, the attraction between oppositely countercharged biopolymers would drive
the interaction despite the fact that their chain may not be optimally rearranged. The failure of optimal
reorientation of the chain may result in non-homogeneous coating which would trigger the
aggregation process. Interestingly, we observed that the extent of aggregation does not affect the

reproducibility of the drug release.

Zeta potential (mV)

Number of layer(s)

5 LbL-LIPs

ALG + CHI




Figure 3: In panel a) changes in {-potential of coated liposomes using CHI and ALG alternatively. Data shown are
shown as individual measurements. Representative cryo-TEM images of b) PFD-liposomes; ¢) 1-LbL-LIPs; d) 3-LbL-
LIPs; e) 5-LbL-LIPs.

To improve the topical applicability of such system and to enhance its long-term physical stability,
we integrated the aggregated liposomes into zinc alginate hydrogel. During the study design, we
selected alginate and zinc for their inflammation-targeting and anti-inflammatory properties,
respectively. Here, we propose a synergistic combination of the tunable aggregated liposomes and

instantaneously cross-linked zinc alginate hydrogel as mucosal drug delivery system for PFD.
Rheological measurements

The production of LbL-LIP-Gel was successfully obtained via ionotropic gelation and the rheological
properties were further investigated. Frequency sweeps are proven methods for gathering information
on the behavior and inner structure of polymers as well as on the long-term physical stability of
hydrogels. High frequencies are used to simulate fast motion on short timescales, whereas low
frequencies simulate the behavior on long timescales or at rest. Prior to the test, it was confirmed by
amplitude sweep (in the Appendix, A2.6) that the amplitude value selected was within the linear
viscoelastic region (LVE) region. By varying the frequency, all hydrogels showed the characteristic
rubber plateau where storage modulus (G’) is higher than the loss modulus (G*’) particularly with
reference to the high frequency range - thus prevalence of elastic properties (Figure 4). The addition
of LbL-LIPs does not result in significant modification of their rheological characteristics. Long-term
storage behavior is evaluated in the lower frequency range. The G’>G’’ indicates a stable network

meeting the precondition for physical long-term stability- thus avoiding precipitation.

57



1000+ 1000+
g $AAAMMAAAAAMMALARRARALALL, = AAAAAAAAAAAAAAAAAAAAAAAL,,
— =" A
i 100 i 100-
- ** - .
- ..00’. - ‘...00
[L] cossseedttT L] Y2 L g aniiinin
seesssssee 2 G lesssssssssess? N
. G . G
10 T ! 10 T 1
1 10 100 1 10 100
Angular Frequency, o (rad/s) Angular Frequency, o (rad/s)
c d
1000+ 1000+
= AAAAAAAAAMAAAAAAAALLL, —_ AAAAAAAAAAAAAAAAAAAALAL
A [
o o
b e
: 100~ H 100+
o Y LA Q L A
. 21204 - sosed
o sosesensees L) PP 2 A e
A G A G
¢ G + G
10 T 1 10 T 1
1 10 100 1 10 100
’ )
Angular Frequency, o (rad/s) Angular Frequency, o (rad/s)

Figure 4: Frequency sweep of a) ALG hydrogel 2% crosslinked with ZnCl and ALG hydrogel in presence of b) 1 LbL-
LIPs, c) 3 LbL-LIPs and d) 5 LbL-LIPs. Data shown as angular frequency (rad/s) on the x-axis and storage modulus G’

and loss modulus G”’ plotted on the y-axis; both on a logarithmic scale.
In vitro release studies

Drug release profiles of LbL-LIPs and LbL-LIP-Gel were monitored at pH 7.4 and 4.2 to mimic the
intestine and vaginal milieu. As shown in Figure 5, the release of PFD decreases with increasing the
number of layers. In general, the release profiles result faster in the first hours and followed by a
steady release rate. The results showed that the layering process is a crucial and required step for the
final formulation. A possible explanation for this may be the interactions that can occur during the
layering process: (i) chitosan can participate in hydrophobic interaction - owing to its remaining
acetyl groups - with PFD (ii) and H-bonding. This suggests either immobilization of the drug between
the liposomes structure and the 3D biopolymer network and/or an extremely slow diffusion
coefficient through the deposited biopolymers. Several control experiments were performed (in the
Appendix, A2.7) to confirm that the subsequent addition of biopolymers was a necessary step for the
controlled release of PFD. Additionally, data show that the system is pH-independent making it

suitable also for the delivery in more acidic environment.
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Figure 5: In vitro release of all formulations. Release of liposomal PFD at pH 7.4 of LbL-LIPs (panel a) and at pH 4.2
(panel b). Release of PFD from the liposomal gel LbL-LIP-Gel at pH 7.4 (panel c) and at pH 4.2 (panel d). Mean + SD,
n=3.

The intrinsic mucoadhesive properties of alginate hydrogel should potentially improve the delivery
of PFD when compared to PFD enema, in vaginal and rectal tissue. We reason that these features
should prolong the retention time and promote the drug availability at the fibrotic site. Regrettably,
the lack of suitable in vivo fibrosis models of IBD and endometriosis precludes a preclinical efficacy

study of our formulation.

4. Conclusions

We developed a new strategy able to provide a topical sustained release of the small hydrophilic PFD
using liposomes and commercially available biopolymers. Compared to other approaches, the current
strategy has the advantage to result in ultrahigh drug loading and tunable release profiles compatible
with mucosal drug delivery. Furthermore, the incorporation of our tunable liposomal aggregates into
zinc alginate hydrogel has the potential to improve the mucoadhesive properties in rectal and vaginal

tissue. We envision that the release of zinc ions, known for their anti-inflammatory properties, and
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PFD would synergistically improve the anti-fibrotic therapy.
Future in vivo studies in experimental fibrotic models will help validating the toxicity and the

pharmacokinetics of our local therapeutic approach.
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1. Introduction

Lipid-based formulations offer an attractive approach for enhancing the oral bioavailability of
lipophilic and water-insoluble drugs!. This is typically achieved through several mechanisms,
including the formation of colloidal particles within the gastrointestinal tract (GIT) that
enhance drug solubility and dissolution?, the activation of the intestinal lymphatic system to
decrease first-pass metabolism3, and interactions with enterocyte-based transport and
metabolic processes to modify drug uptake and efflux?. These mechanisms have been
demonstrated to result in increased oral bioavailability for several drugs® and have led to the

commercial and clinical success of various lipid-based drug delivery systems®.

The addition of lipids in solid oral tablets has proven challenging due to the limited versatility
of lipids with respect to polymers and other traditional excipients’ used to produce stable and
uniform tablets’. To improve the tabletting process, lipids are usually converted into solid
intermediates by utilizing mesoporous materials, which are then blended with suitable
tabletting excipients and compressed into tablets. These porous materials, though, are
susceptible to external forces that can affect their morphologies and porosities®. The
compression of mesoporous materials can lead to release of its lipid content, a phenomenon
known as ‘squeezing effect’®%. As a consequence, the addition of high concentration of lipids
may result in over-lubrification, which would lead to poor tablet quality attributes.
Furthermore, lipids exhibit sharp thermal transitions that cause them to behave as low-viscosity
fluids at high temperatures generated during the compression process, compromising the
tablet’s cohesion. Eutectic-like events may occur between the lipid and the active ingredients,

further influencing tablet production®?,

Unlike traditional tabletting process, the 3D printing does not rely on compression forces but
instead utilises an aqueous fluid to bind layers of formulation together to form the solid dosage
form. The application of 3D printing in pharmaceutics and personalized medicine has garnered
significant interest in the field*?%. For example, 3D-printing technology enables customizable
dosing®, manufacturing of polypillst’?!, and offers tunable drug release??%6.This is
exemplified by the approval of the first commercially available 3D-printed medication,
Spritam®, by the United States Food and Drug Administration (FDA) in 2015272, which also
demonstrated the feasibility of using 3D-printing in large-scale manufacturing®?2°,
Additionally, the approval granted to two new medications as Investigational New Drugs (IND)
obtained by TRIASTEK in 2021 and 20222° further confirms the growing prominence of 3D
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printing in the pharmaceutical industry. The most used methods for pharmaceutical and
medical-grade 3D printing are inkjet printing and Semi-Solid Extrusion (SSE). Inkjet printing
comprises three essential phases: droplet formation, jetting of the material, and solidification
mechanism. Droplet formation can be initiated either through thermal or piezoelectric
pathways®. While piezoelectric inkjet printers rely on the material's response to an applied
voltage, resulting in mechanical deformation that prompts droplet formation, thermal inkjet
printers utilize localized heating to induce a rapid expansion of the ink. Piezoelectric
mechanism is favored over the thermal approach, primarily when the inks or contained drugs
are susceptible to heat degradation. Furthermore, it is crucial that the material viscosity is below
20 mPa s3L. On the other hand, SSE uses a pressurized air mechanism to extrude semi-solid
material through a nozzle in a layer-by-layer process to build up 3D objects®?. The main
advantage is its ability to rapidly print viscous matrix at room temperature33, which is of great
importance for thermolabile drugs and heat-sensitive components of formulations such as

lipids.

Given the high viscosity and heat sensitivity of lipids, and to facilitate broader drug
applicability, our study employs 3D-printing SSE technology to produce oral dosage forms
containing a high percentage of pure lipids for the effective delivery of water-insoluble drugs
through self-emulsification. Among the various bio-inspired materials, we selected lipid
mesophases, a class of materials belonging to the lyotropic-liquid-crystal family, possessing a
tuneable three-dimensional nanostructure along with mechanical (e.g., flexural strength and
rigidity) and rheological properties of great interest for efficient material engineering for 3D
printing. By altering the water content, temperature, or incorporating additives, we can tailor
the lipid mesophase to exhibit lamellar (L,), cubic (Q), and reverse hexagonal (H;;)
geometries®*. Each phase geometry has an impact on drugs release rates, viscosity, and self-
emulsification mechanisms. By exploring the nanostructure-property correlations, lipid
matrices with the desired material and self-emulsification properties were developed. While
order-to-order phase transitions in lipid mesophase have been extensively investigated to
achieve controlled drug release®-%, this is the first time, to our knowledge, that order-to-order
phase transitions of lipid mesophases have been explored for pharmaceutical additive

manufacturing.

To achieve our objective, we selected a lipid mixture, S80, enriched with
polyenylphosphatidylcholines(PPC) at a concentration greater than 75%. We selected this

mixture for its dual activity as an excipient, to improve drug bioavailability, and for its
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bioactivity in deactivating profibrogenic hepatic stellate cells, which are the main collagen-

producing cells in hepatic fibrogenesis®e.

Nonetheless, pure lipids are unsuitable for 3D printing due to their natural waxy, soft, and
brittle nature. Therefore, we chose to blend S80 with tocopherol based on its demonstrated
capacity to promote transition to H,, %!, typically characterized by a high viscosity
system*243as well as its well-known antioxidant properties that prevent lipid peroxidation.
Previous research suggests that formulating obeticholic acid (OA) with PPC-based dosage
forms could potentially enhance its clinical success. Therefore, we specifically selected OA to
assess the solubility capacity®. This highly lipophilic compound (logP = 5.7) is a
Biopharmaceutical Classification System Class Il drug (poorly soluble and highly permeable).
OA has demonstrated potential in reducing liver fibrosis markers such as a-smooth muscle
actin (aSMA) and collagen (collal) in rodent models of fibrosis and cirrhosis*¢#’, and it is
currently undergoing phase 3 clinical trials for the treatment of NASH-related hepatic

fibrosis*-52,

Our approach has led to (1) the design and additive manufacturing of lipid mesophase
containing high content of pure lipid; (2) the incorporation of the water-insoluble OA into the
printable lipidic mesophase at a dose comparable to the marketed one; (3) the production of
uniform 3D-printed tablets (printlets) using semi-solid extrusion at room temperature; (4) the
disintegration of the printlets in intestinal fluids through self-emulsification and (5) the increase
in the solubility of the embedded drug in the selected intestinal fluids. Our printlets with OA
(OA-printlets) may offer unique opportunities for the treatment of chronic liver disease, as well

as serve as a potential platform for the printing of other water-insoluble drugs for oral delivery.

2. Materials and methods

Materials

Soybean phospholipid with 75% polyenylphosphatidylcholines (S80) was a kind gift from
Lipoid GmbH (Ludwigshafen, Germany). a-Tocopherol (Ph. Eur. Quality) was purchased
from Sigma-Aldrich (St. Louis, MO, USA). Obeticholic acid was purchased from abcr GmbH
(Karlsruhe, Germany). Fasted and fed state simulated fluid were purchased from Biorelevant
(London, UK). Phosphate buffer saline was purchased from Carl Roth (Karlsruhe, Germany).

All organic solvents (methanol, acetonitrile, and tetrahydrofuran (THF) were obtained from
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Fisher Scientific (Schwerte, Germany). All chemicals were used as received. Ultrapure water
of resistivity 18.2 MQ.cm was produced by a Barnstead Smart2 pure device from Thermo

Scientific (Pittsburgh, USA). Relevant chemical structures are given in Figure 1.

CHj;

CHs

CH3

(a) tocopherol (b) obeticholic acid (OA)

Figure 1: Chemical structure of (a) tocopherol and (b) obeticholic acid used in this study.

Preparation of lipid mesophase ink and OA-lipid mesophase ink

For the preparation of the lipid mesophase ink, S80 (68% w/w) and tocopherol (12% wi/w)
were co-dissolved in methanol (MeOH) into a glass vial. MeOH was removed and the dried
lipid mixture was mixed with weighed amounts of water (20% w/w). The mixture was
centrifuged for 10 min at 5000 g and manually mixed with a spatula several times. The
procedure was repeated until a uniform mixture was achieved. The lipid mesophase was left to
equilibrate for 24 h in the dark at room temperature. For lipid mesophase containing the drug
(OA-lipid mesophase ink), OA was added at a concentration of 2.5% w/w and dissolved with
the lipid mixture. The subsequent steps followed the same procedure as outlined above. A

schematic representation of the preparation process of lipid mesophases is shown in Figure 2.

a S b R c R d @R e BB
(il Bl i i 1l
MeOH Lyophilization Water Centrifugation
10 min, 5000 g Lipid
N\ > N > i > —_— mesophase

b and mixing

Figure 2: Schematic representation of the preparation of lipid mesophases. (a) S80 and tocopherol are placed into
a glass vial. (b) MeOH is added to dissolve the components. (c) The vial undergoes freeze-drying to remove all
the solvent. (d) A weighed amount of water is added to the mixture. (e) Centrifugation and mixing are repeated

until the mixture becomes uniform.
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Small angle X-ray

SAXS experiments were conducted to determine the phase identity and symmetry of both
printable lipid mesophase and OA-printable lipid mesophase. The measurements were carried
out using a Bruker AXS Micro with a micro-focused X-ray source. The voltage and filament
current were set to 50 kV and 1000 pA, respectively. The 2D Kratky collimator was used to
collimate the Cu Ka radiation (\Cu Ko = 1.5418 A), and the data were collected by a 2D Pilatus
100K detector. The scattering vector Q, which is determined by the scattering angle 20 and the
wavelength A, was calibrated using silver behenate. The data were collected and azimuthally
averaged using the Saxsgui software to generate a 1D intensity vs. scattering vector Q plot,
with a Q range of 0.001 to 0.5 AL, The samples were placed inside a stainless-steel cell between
two thin replaceable mica sheets and sealed with an O-ring. The measurements were performed
at 25 °C, and the samples were equilibrated for 10 min before measurements were taken. The

scattered intensity was collected over a period of 30 min.
Design and 3D printing of lipid mesophase ink

The design of the printlets was created using the Netfabb® software (Autodesk, USA). A Bio-
X (Celink, Sweden) bioprinter with a pneumatic thermoplastic printhead was used for 3D
printing the tablets. To ensure optimal results, approximately 3 g of each formulation was
placed into the pneumatic syringe and then centrifuged at 4430 g for 15 min to remove any air
bubbles. Starting from a previous study®3, a formulation screening was performed to evaluate
the extruded shape for both printability and shape retention (in the Appendix, Table A3.1 and
A3.2). The result of this screening process led to the identification of the best formulation. The
following printing parameters were used: a pressure of 65 kPa; a print speed of 5 mm/s; and a
nozzle diameter of 27G. The temperature was set to 25 °C, and the infill density was chosen as
13%, 25%, and 35% with a honeycomb pattern. After 3D printing, the manufactured tablets
were allowed to dry at room temperature for 24 h, after which they were weighed, and their

dimensions were measured using a manual caliper.
Drug load and drug distribution

To assess the homogeneity of drug distribution within the tablet matrix, a random selection of
three OA-printlets at all infill densities was taken, and each tablet was divided into three
sections. Each section was then dissolved in MeOH, and drug concentration was analyzed using
high-performance liquid chromatography (HPLC; Ultimate 3000, Thermo Fisher Scientific,
Switzerland) equipped with a charged aerosol detector (CAD; Corona VVeo RS, Thermo Fisher).
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A Hypersil Gold™ (C18, 150 x 2.1 mm; Thermo Fisher Scientific) with a particle size of 1.9
um and a pore size of 175 A and was used at a temperature of 30 °C. The injection volume was
5 uL and the flow rate was set at 0.5 mL mint. The method used was isocratic and consisted
of three eluents, eluent A: methanol + 0.05% v/v TFA, eluent B: acetonitrile + 0.05% v/v TFA
and eluent C: ultrapure water + 0.05% v/v TFA. The analysis used 35% of eluent A, 55% of
eluent B, and 10% of eluent C for 10 min. Therefore, all sections were analyzed and normalized
based on a 10 mg weight. In contrast, to assess the equivalence of the total drug content between
OA-printlets with an infill density of 35% and the theoretical value — which corresponds to the
marketed tablets (5 mg) — tablets were individually dissolved in 10 mL MeOH, and the drug
concentration was quantified using HPLC-CAD as described above. Data was collected and

analyzed using the software Chromeleon (Version 7, Thermo Fisher).
Rheological characterization

The rheological characteristics of the printable lipid mesophase, as well as the printlets and
OA-printlets of various infill densities (13%, 25%, and 35%), were investigated using a
Modular Compact Rheometer MCR 72 (Anton Paar, Graz, Austria) equipped with a cone-plate
geometry, diameter=49.942 mm and cone angle=0.993°. The temperature was kept at 25 °C
and the linear viscoelastic region (LVR) was determined by conducting an amplitude sweep at
1 Hz between 0.01 and 100% strain. After, a frequency sweep was performed at a constant

strain within the linear viscoelastic region between 0.1 and 100 rad/s at 25 °C.
Assessment of self-emulsification and particle size determination

The self-emulsification properties of printlets were evaluated using an experimental setup that
consisted of a 50 mL tube and a custom-made metallic basket> (in the Appendix, A3.2). The
evaluation was conducted in three different media: phosphate buffer saline (PBS), fasted state
simulated intestinal fluid (FaSSIF), and fed state simulated intestinal fluid (FeSSIF) to
determine the disintegration of the tablets in intestinal fluids. To this end, printlets at various
infill densities (13%, 25% and 35%) were placed in 20 mL of the selected dissolution media
and gently agitated using a shaker at 200 rpm, at a temperature of 37 °C for 2 h. The process
of self-emulsification was visually assessed to examine the appearance of the resulting
emulsions. After the self-emulsification assessment, aliquots of the bulk media were collected
and analysed using dynamic light scattering (DLS). The mean hydrodynamic diameter was
determined using Litesizer 500 (Anton Paar, Graz, Austria) at a temperature of 25 °C and a

backscatter angle of 175° and a 658 nm laser. The number of measurements was 6 while a
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refractive index of 1.3304 and a viscosity of 0.89 mPa/s were set for the solvent. The sample

was analyzed without additional dilution.
Transmission electron cryomicroscopy (Cryo-TEM)

A printlet with an infill density of 35% was subjected to the aforementioned three different
media, namely PBS, FaSSIF, and FeSSIF, for a duration of 2 h. The resulting media was
subsequently diluted to a concentration of 0.5 mg/mL of S80 and analyzed using Cryo-TEM.
A volume of 4 pL of each sample was deposited on lacey carbon films (Cu 200 mesh grid,
Agar Scientific, UK) and then plunge-frozen with Vitrobot (FEI, USA). The blotting chamber
conditions were set to 4 °C, 100% humidity, and 4 s blot time. Excess liquid was blotted
automatically between two strips of filter paper. Grids were stored in liquid nitrogen until TEM
observation. Low-dose electron diffraction was performed on an FEI Tecnai Spirit F20 electron
microscope (FEI, USA). and imaged on a FEI Titan Krios at 300kV equipped with a US4000
CCD detector.

Equilibrium solubility measurements

The following method was adapted from a previous study®. OA solubility was carried out in
the following media: PBS, FaSSIF, and FeSSIF. The impact of the formulation on the drug
solubility was assessed by using the experimental setup both with and without the formulation.
Free OA (10 mg) or the correspondent amount of formulation containing 10 mg of OA was
added to 5 mL of the dissolution medium in glass vials. The vials were incubated at 37 °C for
24 h at 200 rpm, after which 1 mL was transferred in an Eppendorf tube and centrifuged for 10
min at 6800 g. The supernatant was lyophilized and diluted to an appropriate concentration for

HPLC analysis to determine the drug concentration.
Statistical analysis

For all performed experiments, the obtained data are presented as mean + standard deviation

and were replicated at least three times.

3. Results and discussion

Lipid mesophase ink development

To achieve successful semi-solid 3D printing using lipid mesophases at room temperature, a

careful balance between ink composition, printing parameters, and shape retention is crucial.
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For a material to be printable, it must exhibit sufficient resistance to deformation to flow
through a nozzle and display adequate adhesion to both the build platform and previous layers.
At the same time, the material must demonstrate a level of rigidity sufficient to retain its desired
shape and support its weight without breaking or collapsing. In the case of pure lipids, which

possess a waxy and naturally soft and brittle nature, they result unsuitable as printing material 6.

To enhance the printability of the S80 lipid mixture, a second component was added, water.
However, the screening of the binary system S80-water failed to meet the necessary criteria for
printability and shape retention (data not shown). A ternary system was thus employed to
optimize the ink’s mechanical properties. Among the various additives used in lipid mesophase
engineering, tocopherol was selected for being a potent lipid-soluble antioxidant® able to act
as a stiffener of lipid chains®® and induce phase transition to hexagonal phase*!, associated with
rheological properties relevant for the design of printable ink#243, Starting with a non-printable
lipid mesophase containing tocopherol (35% wi/w) and developed by Martiel et al.3, a
screening process was performed varying one parameter at a time, either the water or
tocopherol content, to evaluate their printability and shape retention as key criteria for selection
(in the Appendix, Table A3.1 and A3.2). Results showed that gradual increases in water
content with constant tocopherol and lipid content led to inadequate printability. In contrast,
increasing tocopherol content with constant lipid and water content resulted in a significant
improvement in printability. The optimal composition of the ink was found to be 64% w/w
S80, 12% wi/w tocopherol, and 20% w/w water (lipid mesophase ink), which exhibited the best
printability and shape retention qualities, both of which are crucial for high-quality printing.
This composition (Table 1) was further loaded with OA at a concentration of 2.5% w/w (OA-
lipid mesophase ink), a drug concentration chosen based on commercially available tablets to
ensure comparability®®,

Table 1: Composition of the printable lipid mesophase ink used for both printlet and OA-
printlet.

Surfactant Oil a oil Water content
(Wt.%0)
S80 Tocopherol 12 20
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SAXS

To evaluate the influence of tocopherol on the phase identity of the binary system S80-water,
the lipid mesophase inks were analysed with SAXS. A SAXS profile was obtained for both the
lipid mesophase ink and OA-lipid mesophase ink, as depicted in Figure 3. The sequence of
Bragg reflections identifies the long-range order, thus the symmetry of the lipid mesophase
studied. The analysis revealed that the lamellar phase (L) coexists with the inverse hexagonal

(H,;;) phase at room temperature, as evidenced by the observations of Bragg reflections at

relative positions of 1:2:3:4 and v1:v/3: V4, respectively. Additionally, the incorporation of
2.5% w/w of OA into the formulation did not result in any notable phase transition, as
determined by the SAXS analysis. Previous studies have shown that amphiphiles with a single
alkyl chain and critical packing parameter (CPP)> 1, such as tocopherol, can induce a phase
transition towards the more negatively curved H,; phase due to their relatively small headgroup
compared to the alkyl chain volume and CPP> 1, with a shorter amphiphile length than the
phase forming lipid®. For example, in binary systems such as phytantriol-water®® and glycerol
monooleate-water®, the addition of tocopherol acetate has been observed to lead to a
reorganization of the geometry to H;; phase. In the case of Dimodan U/J-tocopherol acetate-
water, a complete phase diagram is available in literature*!, where a low vitamin content (less
than 5%) can result in a wide variety of mesophases. Increasing the water content while keeping
the lipid and tocopherol percentage constant can lead to a direct transition from L, to H;; phase.
Martiel et al.>® have also reported on the formation of H,; phase in a ternary system composed
of soybean phosphatidylcholine-tocopherol-water at a composition of 45-35-20%. Since the
lipid mesophase ink under investigation is based on a mixture of PPC-rich (>75%) lipid, it is
reasonable to hypothesize that the addition of tocopherol could similarly induce direct
formation of H,; phase, as observed in previous studies. Therefore, the observed coexistence
of L, and H,; phase in our lipid mesophase ink can be explained by a not fully complete phase

transition, possibly due to the multiple lipidic components of the ink mesophase.
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Figure 3: SAXS patterns of the (a) lipid mesophase ink and (b) OA-lipid mesophase ink.

3D printing and quality of the printlets and OA-printlets

The formulation was extruded through a 27G nozzle, producing oval tablets utilizing a
honeycomb geometry, as depicted in Figure 4. The end product was yellow-coloured tablets,
due to the presence of the S80 lipid mixture, and no solidification or dripping was observed
during the printing process. Moreover, the honeycomb geometry was modified by controlling
the infill densities (13%, 25%, and 35%), and hence surface area, to enable for example dose
personalization without the need to alter the formulation. While the printing process did not
achieve a high level of precision, as evidenced by the presence of small lines on the surface of
the tablets when a 35% infill density was used, this can be attributed to the low-resolution
nozzle diameter as smaller nozzles diameter are convenient for producing higher resolution
objects®. Thus, the observed lines are likely due to the limitations of the printing equipment
and the trade-offs between printing resolution and speed. Upon drying at room temperature,
the printlets displayed suitable mechanical properties (e.g., flexural strength and rigidity) for
handling without the risk of breaking or deformation. However, we believe that using a vacuum

dryer would improve their upscale production.

Infill density 13% Infill density 25% Infill density 35%

Figure 4: Samples of printlets of different infill densities.
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After the production of the printlets, we incorporated the drug OA (OA-printlets). As shown in
Table 2 and Table 3, printing parameters of pressure (65 kPa), speed (mm/sec) and nozzle
(27G) are identical to the printing parameters used for the manufacturing of printlets, thus the
presence of the drug did not negatively impact the printing process. In conclusion, these results
demonstrated the feasibility of producing printlets from lipid mesophases and loading drugs
using a semi-solid extrusion 3D printer at room temperature, making it suitable for thermolabile

drug compounds.

After printing, the physical parameters of the printlets and OA-printlets tablets were evaluated
and recorded in Table 2 and Table 3. Printlets were printed with a constant value of pressure
(65 kPa) and speed (5 mm/sec) and a fixed nozzle diameter (27G). Furthermore, we observed
a 2-fold increase in weight for printlets from an infill density 13% to 35%. Furthermore,
comparing the weight of printlets and OA-printlets, we observed comparable weights. The
results of this study demonstrated the successful implementation of a semi-solid 3D-printing
process to manufacture tablets of different infill densities. The data provide evidence of the

reproducibility of the extrusion-based 3D printing process.

Table 2: Composition of printlets (blue, S80; orange, water; grey, tocopherol), and physical parameters of the
manufactured printlets at various infill densities. The results are analysed by calculating the mean value of the
physical dimensions * standard deviation (n = 6).

Composition Pressure Speed | Nozzle | Infill Length | Width | Height | Weight
(% wiw) of printlets | (kPa) (mm/s) | (G) density | (mm) (mm) (mm) (9)
11.24 +
5 5.46 + 222+ 012+
12 65kPa | misec . 27C 1% 1 010 o050 043 | 0.002
%
20% 5 0 1146+ | 568 242 + 017+
65KkPa | msec - 271G 2% o3 | 012 | 021 001
5 0 1161+ | 613+ | 208+ | 020+
65kPa | misec 2G| % Toa7 | 025 | 039 | o001
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Table 3: Composition of OA-printlets (blue, S80; orange, water; grey, tocopherol), and physical parameters of

the manufactured OA-printlets at various infill densities. The results are analysed by calculating the mean value

of the physical dimensions + standard deviation (n = 3).

Composition Pressure | Speed Nozzle | Infill Length | Width | Height | Weight
(% wiw) of OA- (kPa) (mm/s) | (G) density | (mm) (mm) (mm) (9)
printlets
1115+
12 5 0 5.78 + 220+ 011+
o 65KPa | misec 276 13% 1 019 Tho5 023 | 0002
5 0 1133+ | 568 240 + 0.16 £
65kPa | sec | 27C 0 B% I Yoo 010 | 021 001
5 0 1151+ | 6.11% 207+ 0.20 £
65kPa | misec 271G % 17017 020 | 026 | 001

Drug distribution within the OA-printlets of various infill densities was carried out to assess

their homogeneity. The results depicted in Figure 5a demonstrate a consistent and uniform

drug distribution throughout the tablets, which highlights the potential of 3D-printing lipid

mesophases as a method for producing high-dose tablets with accuracy. The consistent drug

loading during printing process precluded any settling or aggregation of the drug in the printer

cartridge. Additionally, the OA-printlets were formulated at a concentration of 2.5% w/w. This

dose is comparable to commercially available tablets at an infill density of 35%. Therefore, a

systematic evaluation of the total drug content of OA-printlets at the infill density 35% was

performed and the results, as depicted in Figure 5b, indicated a strong correlation between the

measured drug content and the theoretical drug loading in the final OA-printlets.
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Figure 5: (a) Mass of drug (expressed in mg and constant weight=10 mg) from three different tablets with a
representation of an example of a homogeneous matrix; (b) drug content of OA-printlets with infill density 35%
in comparison with the theoretical value of drug.

Rheology

To investigate the impact of printing and drying on the viscoelastic properties of the
mesophase, as well as the structural strength and deformations during the disintegration of the
printlets at different infill densities, we conducted amplitude sweep measurements on lipid
mesophase ink prior to and following the manufacturing of printlets at various infill densities.
In this test, the strain is gradually increased while the frequency is held constant at 1 Hz and at
T= 25°, Figure 6). Firstly, the results of the analysis showed that all the samples displayed a
solid-like structure, with storage modulus (G’, the elastic component of the complex modulus
G*) greater than the loss modulus (G”’, the dissipative component of G*) in all measurements,
indicating that they are viscoelastic solid materials. The G’” describes the energy loss due to
internal friction during shearing, and the results showed that the material remained intact, and

no micro cracks developed before the limit of the LVE was reached.

The flow point (Figure 6a and 6b), together with the G’ value in the LVR range, serves as an
appropriate parameter for assessing the structural strength of materials. The flow point is
closely related to the required force to be applied on the sample to induce flow and corresponds
to the transition from predominantly elastic to mainly viscous behavior. Evaluation is achieved
through the intersection point of G” and G’” versus shear stress. At this point, the inner structure

becomes irreversibly destroyed, leading to flow. Our observations indicate that the lipid
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mesophase ink has a lower yield point and G’ prior to printing, indicating lower structural
strength, which is crucial for achieving optimal flexural strength and rigidity to allow the
material flow through the nozzle while maintaining shape after printing. Following the drying
process, the flow point increases, along with the G’ value in the LVR, indicating a higher
structural strength, which may result in poor mechanical properties that are not suitable for 3D

printing.

In all the materials (Figure 6c, 6d, 6e, 6f), the shape of G” and G’’ exhibit a sharp downturn at
the limit of the LVR, above that a strain increase causes the disruption of the network, resulting
in a decrease of both G’ and G’’. This phenomenon was previously interpreted with a ‘slip-
plane’ model®-63, which suggests that large deformations occur along certain planes in the
structure while maintaining relatively small deformations elsewhere. Therefore, the elasticity
that emerges before the LVE is linear, and the material behaves as a viscoelastic solid. Above
the limit, slip exists, leading to brittle fracturing behaviour and suggesting that the formulation
breaks into large pieces, rather than breaking homogeneously. Indeed, the material formed a
consistent three-dimensional network throughout the non-destructive deformation range and

broke into larger pieces once the limit was reached.

To gather additional insight into the flow behaviour and topology of the mesophase, we
investigated the dependence of the storage and loss modulus of the material on the frequency
of the applied shear perturbation, by performing a frequency sweep in the LVR (in the
Appendix, A3.3). The results showed that G’ dominated over G’’ without crossover in the
frequency range (0.1-100 rad/s), which indicated strong stability of the material over time.
These results provide informative insights into the rheological behaviour of the viscoelastic

material and can be used for further studies and applications.
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Figure 6: Flow points of (a) lipid mesophase ink and printlets at different infill densities and (b) OA-lipid
mesophase ink and OA-printlets at different infill densities. Amplitude sweep measurements of (c) lipid
mesophase (green) and OA-lipid mesophase ink (black); (d) printlet (green) and OA-printlet (black) at infill
density 13%; (e) printlet (green) and OA-printlet (black) at infill density 25% and (b) printlet (green) and OA-
printlet at infill density 35%. Storage modulus (G’- filled symbols) and loss modulus (G’’- empty symbols) are
shown at 25°C.

Assessment of self-emulsification

Lipid-based formulations are generally employed to enhance the solubility of embedded drugs
through the formation of colloidal structures. In the development of lipid mesophase ink, we
sought to explore the self-emulsifying properties within the gastrointestinal tract. To this end
the study aimed to assess the emulsification behavior of printlets upon exposure to simulated

intestinal fluid, FaSSIF and FeSSIF, as well as plain buffer in the form of PBS. As shown in
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the Appendix, A3.4, the tablets were fully emulsified within 2 h in all three media, with larger
fragments observed only in the presence of plain buffer. In contrast, when the printlets were
exposed to FaSSIF and FeSSIF, the resulting media was relatively homogeneous with few or
no clumps. To gain further insight into the bulk structure of the diluted printlets, a dynamic
light scattering (DLS) analysis was performed, revealing a highly polydisperse dispersion with
multiple peaks in intensity (Table 4, 5 and 6). Therefore, to explore the morphological changes
of the lipid mesophase ink that occurred during the emulsification process, Cryo-TEM images
were captured (Figure 7). In PBS, the media was dominated by the presence of large colloids,
along with lipid droplets. The presence of bile components in FaSSIF resulted in a polydisperse
media containing micelles, vesicles, multilamellar vesicles, and lipid droplets of varying size
and morphology. While Cryo-TEM imaging could not distinguish between mixed-micelles and
small lipid droplets, the coexistence of large aggregates and ‘sponge-like’ unilamellar vesicles,
where it is possible to observe ordered inner structures compatible with the hexagonal phase®
while the outermost surface region displays lamellar features, was observed in FaSSIF. In
agreement with a previous study®®, FeSSIF showed a higher abundance of micelles and lipid
droplets, potentially due to the presence of surfactants such as taurocholic acid and lecithin,
along with pancreatin. This suggests the formation of mixed bile salts/phospholipid micelles
with rare vesicles. In general, these results strongly suggest that the use of biorelevant media

lowers the degree of structural order of the bulk printlets.

To further investigate the highly polydisperse nature of the printlets in contact with aqueous
media, we performed additional experiments that combined SAXS with visual inspections. As
previously described, our SAXS results revealed that the 3D-printed formulation consists of a
combination of L, and H,; phases. The H;; (S80, 45% w/w; tocopherol, 12% w/w; water 20%
wi/w) phase was found to be completely water-insoluble in PBS, while the L, (S80, 80% w/w;
water, 20% w/w) phase dissolved rapidly, reaching complete dissolution (in the Appendix,
A3.4). Therefore, we hypothesized that the L, component of the ink acts as a disintegrant,
facilitating the rapid disintegration of the tablet upon exposure to PBS, while the H;; component
contributes to the formation of larger fragments. Further, to fully emulsify the printlets, we
hypothesized that the larger fragments undergo a transition from inverse H;; to L, emulsified
phase in the dispersed state, as already described in previous studies*-. In the dispersed state,
the larger H;; fragments are destabilized due to the interface with the media and the mechanism
of particle stabilization leading to a higher free energy. This observation, together with possible

degradation of the liquid crystalline matrix as a result of the lipid digestion in biorelevant
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media, may explain why the H;; phase is more prone to destabilization when larger fragments

are produced.

Table 3. Intensity peaks of printlets of different infill densities in FaSSIF.

FaSSIF Peak Peak Peak
Intensity 1 Intensity 2 Intensity 3
Infill density 66 nm 233 nm 5738 nm
13%
Infill density 106 nm 457 nm 3552 nm
25%
Infill density 1,62 nm 259 nm 2882 nm
35%
Table 4. Intensity peaks of printlets of different infill densities in FeSSIF.
FeSSIF Peak Peak Peak
Intensity 1 Intensity 2 Intensity 3
Infill density 16 nm 181 nm 3794 nm
13%
Infill density ' 15nm 70 nm 459 nm
25%
Infill density 11 nm 39 nm /
35%
Table 5. Intensity peaks of printlets of different infill densities in PBS.
PBS Peak Peak Peak
Intensity 1 Intensity 2 Intensity 3
Infill density 122 nm 514 nm 14553 nm
13%
Infill density | 165 nm 934 nm 7693 nm
25%
Infill density 125nm 458 nm 8887
35%
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Figure 7: Cryo TEM images of printlets in (a) FaSSIF, (b) FeSSIF and (c) PBS after 2h of treatment. To facilitate
identification of different colloidal structures, schematic representation of the images is in the figures below. The
scale bar corresponds to 100 nm.

Equilibrium solubility assessment

With the aim of determine the equilibrium solubility and the impact of the formulation on the
solubility of the water-insoluble drug, we performed experiments to evaluate the solubility of
free drug OA and OA-printlets in three different dissolution media: PBS, FaSSIF and FeSSIF.
As showed in Figure 8, the complete solubilization of the drug was only achieved in the
presence of the formulation in biorelevant media enriched with lecithin, taurocholate acid, and
bile acids. This result can be explained by the incorporation of the bile acids into the
formulation lipids to form a range of colloidal and liquid crystalline structures that help to
reduce precipitation and maintain the drug in a solubilized state, as previously reported®”¢8 In
comparison with the formulation, a rise in the solubility is also observed in free OA when
exposed to FaSSIF and FeSSIF, consistent with previous research®. On the other hand, the
results revealed that the lowest solubility of free OA was observed in plain buffer, whereas the
presence of the formulation did not significantly improve its solubility. A possible explanation
for this is that %%in aqueous environments, bile salts aggregate to form micelles, which, under

physiological conditions, are transformed into mixed micelles with lecithin and glycerides.
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These colloidal structures facilitate the solubilization of the drug, as previously reported in the

literature?.71,
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Figure 8: Equilibrium solubility of OA in different dissolution media.

In particular, the solubilization of OA in mixed micelles is likely attributed to two main
interactions. Firstly, the hydrophobic interaction between the hydrophobic B-side of the steroid
nucleus of the bile acids and the OA molecule. Secondly, a hydrogen bond between the
carboxy! group of the bile acids and the OH group of the OA molecule. 678 In conclusion, our
findings confirm the importance of considering the presence of bile acids in the design of oral
dosage forms and highlight that, in these biorelevant conditions, our formulation can provide
additional benefits in terms of drug solubilization, potentially via the formation of more stable

mixed colloidal structures and increased number of interactions.

4. Conclusions

In our study, we have successfully demonstrated the potential of lipid mesophases as a printable
material suitable for semi solid extrusion at room temperature. By carefully controlling the ink
composition, its rheology, and printing parameters, we were able to produce printlets with
arbitrary infill densities and overall physical parameters. Our formulation is characterized by a
high percentage of pure lipid with antifibrotic properties, rendering it an exceptional candidate

for the delivery of water-insoluble drugs. Upon contact with intestinal fluids, the printlets

82



disintegrated within 2 h, forming colloidal structures that enhanced the solubility of the water-
insoluble drug, OA. These results suggest that our printlets have potential for the treatment of
liver fibrosis and can serve as a platform for printing other water-insoluble drugs for oral
delivery. The use of additive manufacturing of lipid mesophases presents a new avenue for

producing not only oral dosage forms but also other functional structures based on this material.
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Chronic inflammatory diseases are a major global health concern, accounting for more than 50% of
all deaths worldwide. Inflammation is a complex process involving a cascade of immune responses
that can result in chronic tissue damage and organ dysfunction. One of the consequences of prolonged
or chronic inflammation is fibrosis, a progressive condition characterized by the deposition of
extracellular matrix, which is responsible for around 45% of deaths in the global north. Despite the
high mortality rates associated with fibrosis, only two drugs - pirfenidone (PFD) and nintedanib -
have been approved as antifibrotics in Europe and the US, both for the management of idiopathic
pulmonary fibrosis. Therefore, the development of drug delivery systems that can specifically target
inflammation and fibrosis at the site of tissue damage holds immense promise for the treatment of
chronic inflammatory diseases. This dissertation consists of three distinct research units each with its
own set of findings. The first unit focuses on the development of a localized treatment for ulcerative
colitis (UC). The second research unit presents a novel strategy for achieving ultrahigh drug loading
of pirfenidone, along with the development of a localized treatment for intestinal fibrosis and
endometriosis. The third and final unit of this dissertation investigates the utility of lipid mesophases
as 3D printable ink for the manufacturing of solid oral dosage form, specifically for the treatment of

liver fibrosis.

UC is a chronic inflammatory disorder of the large intestine. It always includes the rectal mucosa and
may spread upwards in a continuous manner to involve partially or entirely the colon. Maximizing
first-line rectal therapies to achieve high drug concentration at the site of inflammation might be a
valuable strategy for both patients and healthcare providers. However, the efficacy of conventional
enema-based formulations is limited by their low retention in the colon and the discomfort associated
with administering large volumes. To address these drawbacks, a gel platform (TIF-Gel) was
developed that uses rectal temperature as a trigger to form a highly viscous, water insoluble
spongelike structure which adhere to the mucosa (Chapter 2). TIF-Gel is a lipidic mesophase based
formulation loaded with two clinically relevant drugs, tofacitinib citrate and tacrolimus, and has been
validated in vivo with two models of IBD. Results indicate that TIF-Gel can host and release drugs
of different polarity in a sustained manner, and that rectal temperature can trigger the formation of
the gel in situ. TIF-Gel adheres to the colon wall, and it is retained for 6 h, reducing leakage and
systemic drug absorption and significantly local inflammation. Such a low systemic drug absorption
indicates that TIF-Gel could be a suitable drug delivery platform for potent drugs, as it may minimize
systemic toxicity. The results obtained from preclinical studies conducted on TIF-Gel have been
utilized as a strong scientific foundation to file a European patent Euro (No 22197842.3). In order to
enhance the clinical translation of TIF-Gel, I suggest conducting further evaluations of its local

efficacy in larger animals with similar gastrointestinal transit times to humans, such as minipigs. This
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will serve as the next step towards achieving a more decisive clinical translation of TIF-Gel. To
accomplish this, it is imperative to scale up the manufacturing process in order to ensure the correct
doses required for the next preclinical study while minimizing variability between batches. Therefore,
a robust and reproducible preparation must be developed to achieve this goal. One approach is to
create the less viscous precursor immediately prior to administration using a dual syringe system. The
first syringe would contain the molted lipid doped with the drug. While the second syringe would be
loaded with the necessary volume of water, and just before application, the two syringes could be
connected to form the gel. To further simplify this step of the scale-up process, one possible approach
would be to validate the addition of the drug directly into the molten lipid, which would eliminate the
lyophilization step. Furthermore, to expand the range of applications for TIF-Gel, it would be
worthwhile to investigate subcutaneous administration for the development of alternative treatments

such as extended-release drug delivery systems for female contraceptives and chronic pain.

Effective antifibrotic therapies represent a critically important unmet need. Investigational use of PFD
across various organs showed promising results. Since fibrotic diseases share common mechanisms
and pathways, drug repurposing may offer a viable approach for treating a range of fibrotic diseases.
To address this unmet need, in Chapter 3 of this thesis, we aimed to develop a local delivery system
for PFD in order to deliver the drug directly to the fibrotic site, reducing systemic exposure and
collateral or end-organ adverse effects. Firstly, we were able to develop ultra-high concentrated PFD-
loaded liposomes. Later, we successfully formed multiple-layered liposomes using layer-by-layer
(LbL) electrostatic deposition technique with commercially available biopolymers without the need
for purification steps. We rapidly fabricated an alginate hydrogel cross-linked by zinc chloride with
a potential mucoadhesive property. Lastly, we produced a LbL liposomal gel releasing PFD in a
sustained and tunable manner ranging from hours to several days by tuning the layer thickness. |
propose two areas of investigation for future research. Firstly, an exploration of the underlying
mechanisms that enable the remarkable ultrahigh drug loading achieved with PFD could potentially
pave the way for increasing the drug loading of other drugs in liposome-based technology. Secondly,
a validation of the efficacy of the local delivery system could be conducted through in vivo fibrotic
animal models. The lack of reliable animal models for intestinal fibrosis and endpoints for clinical
trials present significant obstacles to research. However, the efficacy of the formulation can
be tested in various animal models, for example those that induce intestinal fibrosis through
chemical factors (e.g., the skin bleomycin model), ischemia (e.g., bowel transplantation model),
and thermal (e.g., swine GI stricture model). Although these models are not perfect surrogates for

fibrosis in the gastrointestinal tract, they establish a crucial foundation for future investigations.
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Chapter 4 of this thesis focused on the development of a lipid-based oral dosage form for the
treatment of hepatic fibrosis. Lipid-based formulations offer an attractive approach for enhancing the
oral bioavailability of lipophilic and water-insoluble drugs. Lipid-based tablets are preferred because
they minimise issues related to capsule compatibility, handling, and portability, while also improving
patient compliance and drug stability. However, developing solid lipid-based systems in tablet form
has proven challenging due to the lack of flexibility of lipids required to produce stable and uniform
tablets. To address these limitations, 3D-printing has emerged as a promising tool to overcome the
constraints posed by conventional dosage forms. Our objective was to develop an oral lipid-based
formulation delivering both a high content of lipids with antifibrotic properties and efficiently a
water-insoluble drug through self-emulsification. To achieve this, we selected a lipid mixture, S80,
which has demonstrated beneficial effects in hepatic fibrosis, and a water-insoluble drug, obeticholic
acid, to assess solubility enhancement. By carefully controlling the ink composition, its rheology, and
printing parameters, our approach has led to the identification and development of a printable lipid
mesophase ink with a high percentage of pure lipid, S80, which possess flexural strength and rigidity
suitable to produce 3D-printed oral dosage forms. Further, we were able to incorporate the drug into
the printable lipid mesophase ink at a dose comparable to the marketed one. The 3D-printed tablets
disintegrated in colloidal structures while increasing the solubility of the drug. To bridge the gap
between formulation development and in vivo effect, | suggest further studies on a more in-depth
investigation of drug precipitation in biorelevant media, along with a suitable lipid digestion study to
predict the chances of in vivo precipitation from the formulation. A suitable approach could be
coupling the in vitro lipolysis model with SAXS and WAXS to study the formation of liquid
crystalline structures and to track solid-state and drug solubilization by monitoring drug-related
diffraction peaks during digestion in real time. Additive manufacturing of lipid mesophases
represents a promising new avenue for producing not only innovative dosage forms but also a wide

range of other functional structures based on this material.
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Al: Temperature-triggered in situ forming lipid mesophase gel for local treatment of
ulcerative colitis

Al.1: Dead volume of the syringe and cannula

To calculate the dead volume of the syringe 1 ml: Injekt®-F (Fine Dosage) Luer Solo (Luer Slip)
(Braun) with the canula (size 20G, L x diam. 1.5 in. X 1.9 mm), the syringe was filled with different
amount of formulation MLO + MilliQ water (84% lipid and 16% water) and the amount that came

out of the syringe was recorded.
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Figure A1.1: Calibration curve used to calculate the amount of formulation that has to be loaded into the syringe to obtain

exactly 100 mg of formulation from the syringe with the cannula.

Al.2: HPLC method: Tofacitinib Citrate and Tacrolimus

Tofacitinib citrate (TOFA) was detected by reverse-phase liquid chromatography using a Macherey-
Nagel Nucleosil 100-5 C18 (4.0 x 250 mm; 5.0 um particle size) column. The mobile phase consisted
of acetonitrile/methanol/water (13:13:74 v/v) + 0.1% trifluoroacetic acid at a flow rate of 1 mL/min,
temperature 25 °C and UV detection at A = 278 nm. An internal standard (caffeine, 20 pg/mL) was
added to each sample to correct for inter-injection variation and UV detection at A = 278 nm. Data

were collected and analyzed using the software Chromeleon 7 (Thermo Fisher).

Tacrolimus (TAC) was detected by reverse-phase liquid chromatography using a Macherey-Nagel
Nucleosil 100-5 C18 (4.0 x 250 mm; 5.0 um particle size) column. The mobile phase consisted of
methanol/water (80:20 v/v) + 0.1% trifluoroacetic acid at a flow rate of 1 mL/min, temperature 50 °C
and UV detection at A = 214 nm. An internal standard (ketoconazole, 20 pg/mL) was added to each
sample to correct for inter-injection variation and UV detection at A = 278 nm. Data were collected

and analyzed using the software Chromeleon 7 (Thermo Fisher).
Al.3: LC-MS/MS analysis

Samples, standards and QC were extracted by protein precipitation and analyzed by LC-MS/MS using

the following method. For plasma samples, 10uL of plasma was mixed with 25 uL of precipitation
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solution (80:20 Acetonitrile: Methanol + 0.1uM loperamide). The samples were centrifuged at
10000g for 10min and 20uL of supernatant was diluted with 40puL of H20+0.1%FA. The samples
were centrifuged at 3400rpm for 10min and 50uL of supernatant was diluted with 100uL of
H20+0.1%FA. All the samples were analyzed by LC-MS/MS (Shimadzu prominence HPLC coupled
to an AB/SCIEX 4000 QTRAP) in positive MRM mode. The samples were separated on a Cortecs
RP shield column (3x50mm 2.6u) using a fast gradient of 10mM ammonium formate in water (A)
and methanol (B). The gradient starts at 20%B and increases to 98%B in 2 minutes, hold for 0.5min
and equilibrates for 1.4min. The MRM parameters were optimized for each analyte; the MRM
transition 313. to 149.3 was selected for tofacitinib, 822.3 to 770.1 for tacrolimus and 477.1 to 266.0
for loperamide (internal standard). The samples were quantified using a calibration curve prepared in

matrix using the area ration of analyte to internal standard.

Al.4: Reversibility of the transition
Small-angle X-ray scattering (SAXS) was used to determine the lipid phase, and thus the

reversibility of the transition.

25°C

38°C

25°C
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Figure Al.4: In vitro characterizations of the TIF-Gel: SAXS spectra acquired at different temperatures: at 25°C
(bottom), after 30 minutes equilibration at 38°C (middle) and after 30 minutes equilibration at 25°C (top).

AL1.5: Amplitude sweep experiments

A stress-controlled rheometer (Modular Compact Rheometer MCR 72 from Anton Paar, Graz,
Austria) was used in cone-plate geometry, 0.993° angle and 49.942 mm diameter. The temperature
control was set either at 25 or 38 °C. An amplitude sweep was performed at 1 Hz between 0.002 and

100% strain to determine the linear viscoelastic regime (LVR), the yield and flow points.
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Figure A1.5: Amplitude sweep experiments acquired at 25°C (green symbols and bars) and at 38°C (blue symbols and
bars) on empty gel. a) Storage moduli (G’) and loss of moduli (G”’) are plotted versus the shear stress. The yield point is
the value of the shear stress at the limit of the LVE region while the flow point is the value of the shear stress at the
crossover point G' = G". b) Shear strain is plotted versus the stress, and the yield point is exceeded at the point where the
deformations start to deviate from linearity. ¢) The bar plots (also present in the main text as panel e in Figure 1)

summarize the yield and flow point obtained from the amplitude sweep experiments.

ALl.6: In vivo/ex vivo experiments to evaluate the adhesion of the TIF-Gel to the colon wall
For in vivo adhesion testing, healthy animals (n= 11) received an enema of 100 ml DiR (1,1'-
dioctadecyl-3,3,3',3'-tetramethylindotricarbocyanine iodide) loaded gel (DiR-TIF-Gel) under
anesthesia as described in the experimental section. Animals were sacrificed after 30 minutes (n= 3),
2 and 6 hours (n=4). The distal 3 cm of the colon (including the rectum) was harvested and freshly
imaged after a gentle washing with PBS. Intensity of the fluorescent signal was measured using the
IVIS SpectrumCT In Vivo Imaging System (PerkinElmer, MA, US). DiR fluorescent signal
(excitation 754 nm, emission 778 nm) was detected in the distal part of dissected colons at 3 time
points post gel injection. An untreated control mouse was included in each measurement (n=3).
Acquired images were analysed using the Living Image® software (PerkinElmer, MA, US).
Backgrounds (untreated tissue samples) were measured for each time point. Obtained signal was
analysed as radiant efficiency (RE), which is a calibrated unit that compensates for device settings

and non-uniform light excitation pattern.
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Figure A1.6: The TIF-Gel adheres to healthy colonic tissue for at least 6 hours. a) Experimental scheme: Healthy animals
received an enema of 100 mL of DiR-TIF-Gel. Animals were sacrificed after 30 min, 2 and 6 h and the colon was
harvested and imaged (b). ¢) The obtained signal was analysed as radiant efficiency (RE), which was normalized to radiant

efficacy recorded at 30 min.

AL.7: Phase transition identification after in vivo applications

Healthy animals were administered with 100 mL of TIF-Gel and either the excreted gel (with stool
after 30 min) or the residual gel present in the colon after 6 h was collected and analyzed by SAXS
(the animal was sacrificed, colon harvested, and the residual gel washed 3x with PBS before analysis).
As shown in Fig. S3, the Bragg reflections characteristic of L phase were present before
administration at 25 °C, whereas the gel excreted with the stool showed the L-> 1a3d transition.
Moreover, the lamellar phase absorbed heat and water during the experiment reaching a cubic (pn3m)

phase as was already observed in the in vitro investigations.
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Figure A1.7: In vivo characterization of the TIF-Gel: SAXS spectra acquired at different time points (before

administration, excreted with the stool, and the residual gel present in the colon) at 38 °C.

Al.8: Gels’ phase identity with 10 % w/w amounts of drugs

Measurements were performed on a Bruker AXS Micro, as described in the main text. MLO was
used as the lipid component of the mesophases and mixed with weighed amounts of drugs (10% w/w)
in sealed Pyrex tubes and alternatively centrifuging (10 min, 5000 g) several times at room
temperature until a homogenous mixture was obtained. The mesophase was then equilibrated for 48 h

at room temperature.
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Figure A1.8: SAXS spectra acquired at different temperatures on gels containing 10% w/w of TOFA (a) and 10% w/w

of TAC (b).

A1.9: Drug homogeneity into the gel structures

Both drugs are dissolved into the gel matrix and they do not form crystals once incorporated into the
lipidic gel (at least at the drug concentrations used in this study), as proven by the absence of
reflections associated with a drug crystallization in the WAXS spectra at high q (see Figure S4, panel
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a). We carried out additional experiments to assess whether both drugs were homogeneously
distributed into the gel matrix. To determine this, the gel (loaded with TAC or TOFA) was prepared
as described in the manuscript and transferred into a 2 mL Eppendorf tube. The tube was centrifuged
and kept at rest for 24 hours. Subsequently, the gel was divided into 3 different layers (Top, Middle,
and Bottom), and the drug content evaluated in each. As shown in Figure S4 (panel b), each layer

contains the same drug amount, confirming that TOFA and TAC were homogeneously distributed.
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Figure A1.9: Drugs distribution into TIF-Gel. a) WAXS spectra obtained for empty gel (bottom), TOFA loaded gel
(middle) and TAC loaded-gel (top). All the WAXS spectra (acquired for 30 minutes at 25°C) show only a broad shoulder
(and no evident peak) which indicates the amorphous state of the lipidic chain and the absence of crystalline structures.
b) Homogeneity of drugs in the gel. The amount of drug present in 3 different gel layers (Top, Middle and Bottom) was
evaluated by HPLC.

A1.10: Stability Study of TAC and TOFA
The stability of the drugs — TOFA and TAC —was monitored over one month. At specific time points,
an aliquot of the formulation was analyzed at the HPLC, and the content of the drug recorded. Data

are expressed as relative percentage referred to day O.
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Figure A1.10: Long-term stability of TOFA loaded into TIF-gel and TAC loaded into TIF-gel over one month. Data are

expressed as percentage + SD.
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Al.11: Stability study of TIF-Gel
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Figure A1.11: The lamellar geometry obtained immediately after the preparation of the gel does not change after 30 days
of storage. In vitro characterizations of the TIF-Gel: SAXS spectra acquired at 25 °C immediately after the preparation
(To) and after 30 days (T304ays). The calculated lattice parameters at To and Tz pays are 4.8 and 4.6 nm, respectively. The
slight decrease in the measured lattice parameter can be explained by the loss of a minimal amount of water from the

sample which was stored in a 2 mL microcentrifuge conical tube.

Al1.12: Daily application of TIF-Gel-TOFA
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Figure A1.12: Daily application of TIF-Gel-TOFA did not improve animal health compared to TOFA in vehicle. Mice
were treated rectally with empty gel (TIF-gel), TOFA in vehicle (TOFA) or drug-loaded gel (TIF-Gel-TOFA) daily from
1 day before the start of DSS treatment until day 6). During the treatment, mice were weighed (a), and the severity of
their illness was assessed (b). At day 7, mice were euthanized, and various disease parameters were recorded included
spleen weight and cellularity (c and d), colon length and pathology (e and f), and the total populations of various immune
cells from spleens were calculated (g). h) An application scheme detailing the timeline for the daily and bi-daily rectal
applications of the various compounds. Statistical values were calculated by one-way ANOVA (c, d, e, f), multiple T tests
per group with Holm-Sidak correction (g) or two-way ANOVA (a and b). *: p<0.05, where no value is indicated, p>0.05).

Naive values were excluded from analyses. Error bars are + SEM.
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TIF-gel-TOFA does not rescue the changes to cell frequencies of spleen and mLN in DSS-treated mice. The relative
numbers of various cell types in mouse spleens and mesenteric lymph nodes (mLNs) were quantified. No statistically
significant differences in percentages were observed between the different treatment groups. Data were analyzed using

one-way ANOVAs. DCs, dendritic cells. Error bars are + SEM.
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A2: Composite layer-by-layer liposomal gel for mucosal delivery of pirfenidone
Preparation of biopolymer solutions

For the coating of liposomes, 50 mM acetate buffer solution was prepared with sodium acetate
trihydrate in distilled water. The pH value of the acetate buffer solution was adjusted to 5.5 using
glacial acetic acid. The buffer was then used to prepare 2% (w/v) stock solutions of chitosan (CHI)
and alginate (ALG) by dissolving and stirring for 24 h to ensure a homogenous dispersion. Stock
solutions of biopolymers were then diluted with acetate buffer (50 mM) to prepare a range of
concentrations (0.01 to 0.1% w/v) that would be then used for the coating of liposomes. For the ALG
hydrogel, the alginate was dissolved in 30 mM HEPES (pH 7.4) to have a final 5% (w/v)

concentration.

A2.1: Concentrations of biopolymer used for the preparation of LbL-LIP

Prior to the subsequent biopolymer’s deposition, an experiment was performed to determine the
concentration needed to ensure a complete liposomal coating. Z-potential was used to monitor the

change in surface charge.
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Figure A2.1: Liposomes are diluted to 0.5 mM with pure water to avoid multiple scattering effects. Panel a) increasing
concentration of CHI on PFD-liposomes; panel b) increasing concentration of ALG on single coated PFD-liposomes with

CHI. Data are presented as mean £SD (n=3).

Increasing concentrations of ALG and CHI were tested and the value 0.04 wt% was chosen. This
value had previously been shown to be equivalent to the saturation concentration, i.e., the
concentration where the charge of the interface was completely reversed since the interface had been

fully covered by the next biopolymer.?

A2.2: Purification method

Free PFD was removed by dialysis with a Slide-A-Lizer MINI Dialysis device (Thermo Scientific;
MW cutoff 20 MWCO) against 45 mL of acetate buffer 30 mM, pH 5.5 at room temperature. To

determine the dialysis time needed to remove the free drug, aliquots after specific timepoints (1, 2, 4
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and 24 h) were collected and analysed via HPLC. Data were collected and analyzed using the software

Chromeleon 7 (Thermo Fisher). Further experiments were performed by using a dialysis time of 2 h.
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Figure A2.2: Determination of PFD in the dialysis bag after specific timepoints.

A2.3: UHPLC-CAD method for lipid

The method was previously developed by our group.? The instrument (Ultimate 3000, Thermo Fisher
Scientific, Switzerland) was equipped with a quaternary pump (LPG-3400SD), an autosampler
(WPS-3000), a thermostatted column compartment (TCC-3000), a DAD (DAD-3000) and a CAD
(Corona Veo RS). A hypersil Gold™ (C18, 150 x 2.1 mm) with a particle size of 1.9 um and a pore
size of 175 A (Thermo Fisher Scientific, Switzerland) was used at a temperature of 50°C. The
injection volume was 5 pL and the flow rate at 0.7 mL mint. Three different eluents, eluent
A: acetonitrile +0.2% v/v trifluoracetic acid (TFA), eluent B: methanol (MeOH) +0.2% v/v TFA and
eluent C: ultrapure water +0.2% v/v TFA were used to create a linear gradient in the mobile phase.
The analysis started with 35% eluent A, 50% eluent B and 15% eluent C at time point 0 min. After
20 min, the mobile phase was composed of 5% eluent A and 95% eluent B and kept constant for
1.5 min. At 23 min, the composition of eluents was brought back to the initial state and the column
was equilibrated for additional 3 min. For the Corona Veo RS, the gas evaporation temperature was
adjusted to 45 °C and the response rate was set to 100 pA. Data were collected and analyzed using

the software Chromeleon 7 (Thermo Fisher).

A2.4: Membrane selection for in vitro release studies

To determine the membrane to use during the in vitro release studies, a preliminary experiment using
a 3000 nm polycarbonate membrane (Sterlitech Corporation, USA) was carried out. As shown in
figure A2.4, a solution of free PFD reaches approximately 100% within 3 h. Further release study

experiments were carried out using the mentioned membrane.
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Figure A2.4: Release study of a solution of free PFD using a 3000 nhm polycarbonate membrane. Data are shown as mean
+SD (n=3).

A2.5: Release studies of PFD-liposomes and free PFD-Gel
As shown in figure A2.5, release studies of PFD-liposomes and free PFD-gel are comparable to the
free-PFD’s profile. These results highlight the fact that PFD has weak interaction with alginate

hydrogel and liposomes.
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Figure A2.5: Release study of free PFD, PFD-liposomes, and free PFD-Gel. Results are shown as mean £ SD (n=3).

A2.6: Amplitude Sweep

The amplitude sweep describes the deformation behaviour of samples in the non-destructive
deformation range and determine the upper limit of this range. For amplitude sweeps, the amplitude
is increased stepwise while keeping the frequency at a constant value. An angular frequency of w=
10 rad/s is used. The linear viscoelastic region is the range in which the test can be carried out without
destroying the structure of the sample. As shown in figure A2.6, storage modulus G’ and loss modulus
G’’ show a constant value, the so-called plateau value. For the next frequency tests, the measurements

are carried out at strain levels within the linear viscoelastic region.
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Figure A2.6: Amplitude sweeps of a) ALG gel; b) 1 LbL-LIP-Gel; c) 3 LbL-LIP-Gel; d) 5 LbL-LIP-Gel. The results are

presented as a diagram with shear strain plotted on the x-axis and storage modulus G’ and loss modulus G’ plotted on

Shear Strain (%)

the y-axis; both on a logarithmic scale.

A2.7: Controls of in vitro release studies

Several controls were carried out to confirm that the layer-by-layer strategy was necessary for the
final in vitro release studies. As shown in figure A2.7, PFD release studies are comparable to the free
PFD’s profile and the presence of ALG and CHI — at the same concentration used during the LbL-

LIPs formation- doesn’t affect the drug release. In conclusion, the subsequent deposition of CHI and

Shear Strain (%)

ALG on the liposomes’ surface is a necessary step for the controlled release of PFD.
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Figure A2.7: Release study of free PFD, free PFD in presence of alginate and chitosan, PFD-liposomes in presence of

alginate and chitosan and free PFD in presence of empty 5 LbL-LIPs. Results are presented as mean +SD (n=3).
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A3: Design and use of 3D-printable lipid mesophase as oral dosage form

Table A3.1: Formulation screening of the water content

We systematically screened different formulations by varying one critical parameter at a time, namely

the water or tocopherol content, and evaluated their printability and shape retention as key criteria for

selection. Subsequently, a single formulation was identified as optimal and selected for further

analysis.
Formula Water dloil Printing printability Shape retention
Code content (%) temperature
F1 10 035 25 no -
F2 15 0.35 25 yes no
F3 20 035 25 yes Optimization
needed*
F4 25 0.35 25 yes no
F5 30 0.35 25 yes no
F6 35 035 25 no -
F7 40 035 25 no -
F8 45 035 25 no -

*

Shape retention improved, but more optimization is required.

Table A3.2: Formulation screening of the tocopherol content

Formula Water doil Printing printability Shape retention
Code content (%) temperature

F9 20 0.15 25 yes yes

F10 20 020 25 yes Optimization needed*
F11 20 025 25 yes Optimization needed*
F12 20 030 25 yes Optimization needed*
F13 20 035 25 yes Optimization needed*
F14 20 040 25 no -

*

Shape retention improved, but more optimization is required.

106



Figure A3.1: Representation of 3D-printed tablets during lipid mesophase ink optimization

F13

Figure A3.1: 3D-printed tablets depicted in the figure are representative of the lipid mesophase ink detailed in Table
A3.2.

Figure A3.2: Experimental setup for assessment of self-emulsification adapted from Karfeld-Sulzer

etal’

e 50 mL tube
e Custom-made metallic basket
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Figure A3.3: Frequency sweeps of lipid mesophase inks and 3D-printed tablets

(@)

Before printing Infill density 13%
1000000 4 1000000
— —_ , ........
i , ..........ooo.ooo g .............000000
z - = L]
9 100000 '..........ot ) 100000 9o
© © [T Tl ]
".....l....-..l.l [ 1] 'TLLIT]
G” ”
10000 T T ! 10000 . . .
0.1 1 10 100 0.1 1 10 100
Angular Frequency, w (rad/s) Angular Frequency, w (rad/s)
" . Infill density 35%
Infill density 25% y
1000000 - 1000000
G’ (1)
= cesecee® & ........ooooooo
e ’ ..‘...00.00 = 100000 .......oooo
i 100000 4 .....coo“ 9 [ L4
® o
' "] | |
GII GII
10000 T T ! 10000 T r .
0.1 1 10 100 0.1 1 10 100
Angular Frequency, w (rad/s) Angular Frequency, w (rad/s)
Before printing Infill density 13%
1000000 1000000+
’
T Kl G
a, , a,
- 100000'y - 100000
L) o L GII
GII
10000 T T T . 10000 T T : !
0.1 1 10 100 1000 0.1 1 10 100 1000
Angular Frequency, @ (rad/s) Angular Frequency, @ (rad/s)
Infill density 25% Infill density 35%
1000000 10000007
—_ — ’
£ _G”/ g /
- _ : 100000
b_ 1000003 F Q 1”
ED L GII O L GII
10000 T T T . 10000 T T T !
0.1 1 10 100 1000 0.1 1 10 100 1000

Angular Frequency, @ (rad/s) Angular Frequency, @ (rad/s)

108



Figure A3.3:(a) shows the frequency sweep results of 3D-printed ink samples before and after printing at different infill
densities, while Figure A3.3(b) displays the frequency sweep outcomes of OA-3D-printed ink samples before and after
printing at varying infill densities.

Figure A3.4: Assessment of self-emulsification

FeSSIF FaSSIF

Figure A3.4: A qualitative evaluation was performed to assess the self-emulsification in FeSSIF, FaSSIF and PBS after

a period of 2h.

Figure A3.5: Visual assessment of inverse hexagonal and lamellar phase in PBS

In the table is indicated the composition of the inverse hexagonal and lamellar phase used for this study.

Surfactant Oil a oil Water Phase
content
(Wt.%)
S80 Tocopherol 25 15 Hexagonal
S80 Tocopherol 12 20 Hexagonal +
Lamellar
S80 -- -- 20 Lamellar
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T 0: inverse hexagonal phase T 0: lamellar phase

T 24: inverse hexagonal phase T 24: lamellar phase
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Abbreviations

ALG alginate

5-ASA 5-aminoalicylic acid
AUC area under the curve
CPP critical packing parameter
CHI chitosan

DPPC 1,2-dipalmitoyl-sn-glycero-3-

phosphocholine

DSPG 1,2-distearoyl-sn-glycero-3-
phospho-(10-rac-glycerol) sodium salt

DiD 1,1’-dioctadecyl-3,3,3”,3’-
tetramethylindodicarbocyanine, 4-

chlorobenzenesulfonate salt
DL drug loading

DLS dynamic light scattering
DSS dextran sodium sulfate

FaSSIF fasted state simulated intestinal
fluid

FeSSIF fed state simulated intestinal fluid
GRAS generally recognized as safe

GIT gastrointestinal tract

G’storage modulus

G’’ loss modulus

GRAS Generally Recognized as Safe

GUV giant unilamellar vesicles
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H inverse hexagonal

IND investigational new drug

IBD Inflammatory Bowel Disease
LUV large unilamellar vesicles

Lo lamellar

LbL layer-by-layer

LbL-LIPs layer-by-layer liposomes
LbL-LIP-Gel layer-by-layer liposomal gel
LVE linear viscoelastic region
LMP lipidic mesophase

MLO monolinolein

MLV multilamellar vesicle

MVV multivesicular vesicle

MVD™* methyl viologen dichloride
NASH nonalcoholic steatohepatitis
OA obeticholic acid

OA-printlet 3D-printed tablets with OA
PEG polyethylene glycol

PVA polyvinyl acetate

PBS phosphate buffer saline

PFD pirfenidone

Printlets 3D-printed tablets

PPC polyenylphosphatidylcholine



Q inverse cubic
SSE semi solid extrusion

S80 Soybean phospholipid with 75%
polyenylphosphatidylcholines

SUV small unilamellar vesicles
SAXS small angle X ray
TOFA tofacitinib

TAC tacrolimus

TIF-Gel temperature triggered in situ

forming gel
THF tetrahydrofuran

UC ulcerative colitis
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