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Preamble

A great part of this Ph.D. Thesis has been performed under the frame of collaborative projects.
Therefore, besides the results obtained by the author, it has been decided to include some
experiments obtained thanks to collaborative effort of researchers belonging to other institutions,
which complete and reinforce the work presented in this Thesis.
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Abstract

Drug delivery systems (DDS) are constantly evolving and improving, leading to new ways to provide
protection and effective delivery of active molecules at the desired site of action. Among all the
DDS, in this Thesis we are interested in DELOS nanovesicles, scientifically known as Quatsomes,
which are thermodynamically stable nanoscopic unilamellar vesicles, composed of ionic surfactants

and sterols in an equimolar ratio.

To prepare them, a one-step eco-efficient process, named DELOS-susp (Depressurization of an
Expanded Liquid Organic Solution-suspension) is used. This platform is a reproducible, scalable,
and compressed fluid-based method that produces nanovesicular systems with remarkable
physicochemical characteristics, in terms of homogeneity, morphology, particle size, and stability.
Knowing all the potentiality that this platform presents, the aim of this Industrial Thesis between
Nanomol Technologies S.L and Nanomol research unit of the Institute of Materials Science of
Barcelona (ICMAB-CSIC) is to study the translation of DELOS nanovesicles into new pharmaceutical
products to obtain nanomedicines in more advanced formulation states by ensuring compliance
with the quality, regulatory and finished product standards required by the pharmaceutical industry.

First, this Thesis is devoted to advance on the different stages of the pharmaceutical development
of a new nanomedicine based on a recombinant human epidermal growth factor and DELOS
nanovesicles (rhEGF-DELOS nanovesicles) for the treatment of complex wounds, such as diabetic
foot ulcers and venous leg ulcers. The research findings obtained were really promising and
considered this nanoformulation as a potential nanomedicine to enter in future clinical trials for

the treatment of complex wounds.

In view of the advantages of DELOS nanovesicles as topical drug delivery systems, research efforts
were focused on not only designing new nanoformulations with the high skin tolerability but also
on exploring the feasibility of converting these colloidal dispersions to a more suitable dosage form

for topical application, such as semi-solid hydrogel pharmaceutical forms.

Finally, to further explore DELOS nanovesicles potentiality, the development of new hybrid biologic-
organic and inorganic-organic nanoparticles was also studied as strategy to endow new properties

to the DELOS nanovesicle platform as advanced nanocarriers for drug delivery.

In summary, the results achieved in this Thesis support that DELOS nanovesicles can be successfully

used as promising pharmaceutical products for drug delivery.
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“No one can persuade another to change. Each of us guards
a gate of change that can only be opened from inside”

— Marilyn Ferguson

Which are the challenges that society is facing nowadays? Are they all possible to solve? It is well-
known that humanity is gaining more knowledge and control about the matter and how to make
the most benefit of it. However, humankind by itself has found some limitations to understanding
nature. In this context, nanoscience can play a major role in shedding light on these borders and go

beyond our intrinsic limits as humans.

Nanoscience is defined as the area of science and engineering devoted to the study of matter at
the nanoscale, where the properties of materials vary from those at a larger scale with distinctive
novel functional propertiest. A nanometer (nm) is an International System of Units unit that
represents a length of 10° meter. However, nanostructured materials are commonly defined as

those with at least one dimension in the range of 1 to 100 nm?3.

Furthermore, the concept of nanotechnology also exists, and is defined as the technology that
uses nanoscience in practical applications and which is one of the most promising technologies
of the 21 century®. As defined, “Nanotechnology is the intentional design, characterization,
production, and applications of materials, structures, devices, and systems by controlling their
size and shape in the nanoscale range”?*. Therefore, when we work in the nanoscale range,
we can work with new domains that do not apply to any other scale and so reshape the world

around us.

Given this scenario, nanoscience and nanotechnology represent an active field of research
and a techno-economic sector that is fully expanding in many fields of application?°. In the
healthcare sector, concepts such as nanomedicine are revolutionizing not only the way we

see the world, but also the future of medicine. For instance, many changes are occurring
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in healthcare services mostly based on the evolution of drug delivery for therapy, imaging
modalities and diagnostics®’. For example, to date, surgery, chemotherapy, and radiation
therapy are the most commonly used treatments for dealing with diseases such as cancer.
However, it is widely known that most of the current oncological treatments face problems
such as lack of specificity, cytotoxicity, short half-life, poor solubility, occurrence of multi-drug

resistance, etc.%°.

It is noteworthy to mention that to overcome these disadvantages, the most exciting
concept in nanomedical research could be the design and development of multifunctional
nanoparticle complexes that can simultaneously deliver therapeutic and diagnostic agents to

targeted sites’.

In particular, nanoparticle-drug conjugates are attracting a large interest for the development
of targeted drug delivery due to certain advantage that nanoparticles offer. For example,
they can provide appropriate nano-size and structure similar to almost all biological systems,
desired physicochemical properties, enhancement of drug hydrophobicity, ability to cross cell
barriers to deliver drugs to tumor sites, drug delivery to a site-specific target, allowing to be
used for diagnostics and imaging, among others'®l. At the same time, it is desired that they
act with high specificity, efficacy and personalization, with the aim of improving the patients’

quality of lifel?1,

Following this idea, there are numerous research studies on nanomedical applications
in the biomedical field, from the use of novel nanobiomaterials and nanotherapeutics to
improvements in diagnosis, contrast reagents, and medical devices!'*. Consequently, this
area of knowledge is expected to address various medical concerns and challenges related to

traditional medicine®®.

Among all nanomedical applications, drug delivery is one of the largest research areas with the
greatest interest and a very active research community, representing around 50% of all nanomedical

research*,

Drug delivery refers to the process of transporting and delivering a therapeutic agent into the body
with proper pharmacokinetics, thereby achieving and/or optimizing the desired therapeutic effect
while minimizing side effects if possible!®’. Therefore, the development of drug delivery could be
used as a strategy to encapsulate or attach therapeutic drugs and deliver them to a target-site more
precisely with a controlled release while reducing drug toxicity and improving patient acceptance

and compliance®®9,
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Nanotechnology offers new prospects and great potentials for drug delivery, overcoming some
limitations of conventional drug delivery approaches. Specifically, among the present drug delivery

systems, nanoparticles as carriers have shown great potential in recent years.

As different clinical needs require different types of drug delivery systems, various designs
of nanocarriers are being developed in order to meet specific requirements. In particular,
nanocarriers can be categorized by different criteria, such as surface functionality, size and shape,
or nanoparticle nature?. According to the composition, nanoparticles are classified into polymeric-
based nanocarriers (e.g., polymeric nanoparticles, polymeric micelles, dendrimers, or nanogels),
lipid-based nanoparticles (e.g., nanovesicles, micelles, solid-lipid nanoparticles), protein-based
nanoparticles (e.g., protein-complexes, or virus-like particles), but also inorganic-based nanocarriers
(e.g., metallic, magnetic, and silica nanoparticles, quantum dots, or carbon nanotubes), among

other types of materials'®* (Figure 1.1).

POLYMERIC-BASED NANOPARTICLES INORGANIC-BASED NANOPARTICLES

exg 208

nanoparticles nanoparticles dots

Polymeric . Polymeric e “-\I
nanoparticles Dendrimers micelles Nanogels / e b‘
Carb Silica
\ na:::t:;es nanoparticles
LIPID-BASED NANOPARTICLES PROTEIN-BASED NANOPARTICLES
Sy
* Q.
st -
Nanovesicles Micelles na:c:pa:'::}ilcles Protein-complexes Virus-like particles

Figure 1.1: Overview of commonly used nanoparticle types, classified as polymeric-, inorganic-,
lipid- and protein-based structures.

Considering all the exposed systems, the most widely used for drug delivery purposes are lipid-

based nanocarriers? since they have been the most successful in reaching the clinical practice and

arrival to the market??. For instance, successful lipid-based nanoparticles are the most common

class of U. S. Food and Drug Administration (FDA)-approved nanomedicines!®*2* (Table 1.1).
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Table 1.1: FDA-approved lipid-based nanomedicines. Adapted from?.

L Date of first
Drug Company Company Application approval
Doxil Janssen Kaposi’s sarcoma, ovarian cancer, 1995
multiple myeloma
DaunoXome Galen Kaposi’s sarcoma 1996
AmBisome Gilead Sciences Fungal/protozoal infections 1997

Wet age-related macular
Visudyne Bausch and Lomb degeneration, myopia, ocular 2000
histoplasmosis

Marqibo Acrotech Biopharma Acute lymphoblastic leukaemia 2012
Onivyde Ipsen Metastatic pancreatic cancer 2015
Vyxeos Jazz Pharmaceuticals Acute myeloid leukaemia 2017

Transthyretin-mediated

o 2018
amyloidosis

Onpattro Alnylam Pharmaceuticals

Vesicles are a widely studied and diverse class of lipid-based nanoparticles composed of an
ampbhiphilic membrane bilayer enclosing an aqueous core. In particular, these supramolecular
structures can be formulated from a wide range of amphiphilic molecules, including lipids, polymers,
and organic and inorganic small molecules. Their formation is mainly driven by thermodynamically
favorable arrangement of hydrophobic moieties (e.g. nonpolar tails) while hydrophilic moieties
(e.g. polar head groups) are exposed to the aqueous solution and protect the hydrophobic tails
in the bilayer?? (Figure 1.2). Moreover, the formed vesicles can present one or more bilayers

characterized as unilamellar or multilamellar®.

V4
Nanovesicles ,~| Amphiphilic molecules
() 4
© © - oo% ,’, Hydrophilic head Hydrophobic tails
4
o 0 of [} N
& )
© @ S & | ™
© ho C? \\
o \\

Figure 1.2: Schematic representation of the vesicles composed by the self-assembly of
amphiphilic molecules.
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Usually, as observed in Figure 1.3, they can be classified into small unilamellar vesicles/nanovesicles
(SUVs, size < 200 nm and single bilayer), large unilamellar vesicles (LUVs, size ranging from 200—
1000 nm and single bilayer), giant unilamellar vesicles (GUVs, size > 1000 nm and single bilayer),
multilamellar vesicles (MLVs, consisting of several concentric bilayers) and multivesicular vesicles

(MVVs, composed of several small vesicles entrapped into larger ones)??’.

Suv LUV GUV MLV Mvv
(<200 nm) (200 - 1000 nm) (> 1000 nm) (> 1 bilayer) (> 1 vesicle)

008

Figure 1.3: Types of vesicles depending on size and lamellarity: SUV, small unilamellar vesicle
(< 200 nm); LUV, large unilamellar vesicle (200 - 1000 nm); GUV, giant unilamellar vesicle (>
1000 nm); MLV, multilamellar vesicle (> 1 bilayer); MVV multivesicular vesicle (> 1 vesicle).
Adapted from?%%,

Furthermore, vesicles are considered drug carriers since they can entrap hydrophobic compounds
within the bilayers (lipidic compartment) and hydrophilic compounds in the lumen®°. Therefore,
they are potential drug delivery systems, largely employed in pharmaceutical and cosmetic fields,
that can efficiently carry and protect different compounds within the body and finally deliver them

at the target site?.

In this sense, SUVs are usually requested as present as high homogeneity in size and lamellarity,
which are structural parameters that need to be controlled since they can affect the vesicles’
properties and performance, such as the encapsulation and release efficacy therapeutic agents®!.
Therefore, a high degree of structural homogeneity regarding size, morphology and composition is

crucial for their optimum performance®2.

What is more, over the years, researchers in vesicle’s drug delivery have discovered that
by altering their surface functionalization by ligands (Figure 1.4), they can become more
effective and efficient vehicles of delivering useful therapeutic substances in a targeted way.
Consequently, these new smart and multifunctional systems overcome some challenges
associated to conventional formulations®***. For instance, the surface functionalization
can provide key benefits as prolonged circulation time, enhanced cellular-uptake, higher
accumulation at tumor site, and even the capacity of being stimuli-responsive to control the

drug release at intended site®-®,
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Figure 1.4: Possible modifications of a vesicle surface by the use of different ligands. Adapted
from?9:3¢,

As shown in Figure 1.4, another important characteristic of vesicles is that they can integrate
therapeutic substances of different nature. These actives could be small molecules and biologics,
the last one defined as therapeutic products derived from biological sources and generally produced
using biotechnological tools*”. Unlike small molecular drugs (0.1- 1kDa), biologics tend to be larger
(> 1 kDa) and more structurally complex, often showing potentially higher specificity, efficacy, and
better targeting ability with reduced side effects®’.

Although vesicles appear to be very promising drug delivery systems, they can be prepared
using a wide range of methods that can influence their characteristics such as size, lamellarity
and encapsulation efficiency. Generally, the conventional methods for vesicle formation, such
as thin film hydration or reverse-phase evaporation, present many shortcomings, such as poor
structural homogeneity and poor stability, among others?®33° Then, to solve these drawbacks,
further post-formation steps (i.e., sonication and extrusion, etc.) are required for size reduction and
homogenization*®4,

Unfortunately, these multistep procedures can damage the functionality of bioactive compounds
and of oxidizing vesicle membrane components such as phospholipids®**. Thus, all these
weaknesses are important for the preparation of colloidal bioconjugates with expensive and/or
fragile active biomolecules such as proteins, peptides, enzymes, or hormones. Then, this indicates
a need to develop simple and mild processes to control of the structure at the micro-, nano-, and
supramolecular levels, which are also amenable to be scalable*.
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One of the leading alternatives to develop an efficient and environmental respectful technology
for preparing nanostructured materials on an industrial scale is to use compressed fluids (CFs)
technologies. In this sense, CFs take advantage of solvents such as carbon dioxide (CO,) to replace
the organic solvents, therefore serving as an alternative in synthesizing delivery systems®.
Regarding this, CFs have proven to be very effective for the straightforward preparation of micro-

and nanoparticulate materials, with reproducible supramolecular organization®.

Indeed, a supercritical fluid (highly-compressed fluid) is defined as a substance that is above its

critical pressure and temperature (P_and T ) and exhibits properties of both gases and liquids***.

The mostimportant feature within the supercritical region is that there is no phase boundary between
the gas and liquid phases. As a results, the properties are “hybrids” of those normally associated with
liquids and gases are at the same time, they are continuously adjustable from gas to liquid with small
pressure and temperature variations. Thus, the viscosities and diffusivities of supercritical fluids are
similar to those of the gas phase while the density is closer to that of the liquid“.

In particular, CO, is the most commonly used as CFs in the pharmaceutical industry and is classified
as a safe solvent by the FDA. CO, is an inert, colorless, odorless, non-toxic, non-flammable,
inexpensive, and recyclable gas. It is interesting to note that when gases such as CO, are
compressed, they become dense phase fluids that exhibit enhanced thermodynamic properties of
solvation, selection, penetration, and expansion. For example, the phase diagram of CO, in Figure
1.5 clearly shows that above critical temperature and pressure CO, acts as a supercritical fluid (T_=
31.1°Cand P_=73.8 bar)*°",

At supercritical conditions , CO, has:

[ Gas-like Viscosity

Liquid
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coee B - —
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[ )

% o e o - [ ]
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Figure 1.5: Typical phase diagram for carbon dioxide (CO,), which exhibits three phases solid,
liquid, and gas, and a supercritical region. Adapted from*.
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In connection with the thriving CFs-based technologies, the process called Depressurization of
an Expanded Organic Solution (DELOS), based on compressed CO, was developed in Nanomol
research unit of Institute of Materials Science of Barcelona (ICMAB-CSIC) and is currently owned,
scaled-up and commercialized by Nanomol Technologies SL, to produce micro- and submicron-

sized crystalline particles with high polymorphic purity>°2,

In this process, CO, acts as a co-solvent since it is completely miscible at a given pressure and
temperature with an organic solution containing the solute to be crystallized>*>>. DELOS requires
milder pressure and temperature conditions (< 10 MPa and 35 °C) than other compressed fluids-
based methods?®*, which allows the processing of heat-labile compounds while reducing the

investment costs for the scale-up of the production plant®®.

Later on, a new and improved process for the production of colloidal suspensions was developed on
the basis of the DELOS process. This new method, called Depressurization of an Expanded Organic
Solution-Suspension (DELOS-susp) enables the one-step preparation of multifunctional cholesterol-
rich nanovesicles such as liposomes (phospholipid-based vesicles) and DELOS nanovesicles,

scientifically known as Quatsomes, as well as nanovesicle-(bio)active hybrids®®.
Briefly, the DELOS-susp procedure includes (Figure 1.6):

1. Loadingthe hydrophobic membrane components solution and the desired hydrophobic actives
in an organic solvent (like ethanol) into a high-pressure vessel previously driven to the working

temperature (T, = 35 °C) and atmospheric pressure (Figure 1.6a).

2. Addition of liquid compressed CO, and formation of a CO,-expanded solution with the
membrane components dissolved, at T = 35 °C and working pressure P = 10 MPa (Figure
1.6b).

3. Finally, depressurization of the CO,-expanded solution over an agueous phase containing
the hydrophilic membrane components and hydrophilic (bio)actives occurs. (Figure 1.6c).
In this final step, a flow of N, at the working pressure P, = 11 MPa is used to plunge the
CO,-expanded solution from the reactor, maintaining a constant pressure inside the vessel
during depressurization. In this step, the expanded organic solution experiences a large,
abrupt, and extremely homogenous temperature decrease produced by the CO, evaporation
from the expanded solution. This might explain why DELOS-susp platform provides more
vesicle-to-vesicle homogeneity and supramolecular organization, compared to conventional

procedures®”8,
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Figure 1.6: Schematic representation of the DELOS-susp method for the preparation of
multifunctional nanovesicle-(bio)active hybrids incorporating actives (drugs, molecules for
imaging, targeting agents etc.). The three stages of the process are described in the text.

Interestingly, this technique allows for high incorporation of cholesterol since there is not a free-
solvent state®, like in the case of conventional methods. Then, DELOS-susp platform demonstrates
that it is a simple, robust, scalable and one-step process to prepare a large number of SUVs with
different functionalities and high structural homogeneity, high batch-to-batch consistency and easy

scalability, which are essential requirements for clinical translation***%.

DELOS nanovesicles, also known as Quatsomes in the scientific literature, are novel stable
nonphospholipid-based nanovesicles that use aqueous mixtures of cholesterol (chol) and ionic
surfactants, such as the quaternary ammonium surfactant hexadecyltrimethylammonium bromide

(CTAB), ina 1:1 molar ratio, causing the formation of a synthon at the free-energy minimum state®.

As pure species, ionic surfactants form micelles and insoluble cholesterol forms crystals in water.
However, in aqueous media, the mismatch in size between the two molecules and the rigidity of the
cholesterol molecule causes the polar ammonium head group of the surfactant to deform around

the polar oxygen group of cholesterol. Specifically, thanks to molecular dynamic simulations, it has

39



been revealed that in the presence of water, CTAB and cholesterol molecules self-assemble into
bimolecular amphiphiles, followed by the formation of bilayers and so the formation of DELOS

nanovesicles®*% (Figure 1.7).

CTAB

(hexadecyltrimethylammonium bromide )

MICELLES IN WATER
1nm

00

>1lpm

Figure 1.7: From left to right: molecular structures of CTAB and cholesterol along with a
schematic representation of their structures in water. At the right: schematic representation
of the organization of a CTAB-cholesterol synthon, its organization forming a membrane and a
representative cryo-TEM image of these vesicles. Adapted from®.

Due to their unilamellarity and their homogeneous morphology, DELOS nanovesicles are ideal
nanoparticles for functionalizing their membranes, which is very important for a robust and
efficient drug targeting®®®°. In this sense, the hydrophilic biocompatible poly(ethylene glycol) (PEG)
polymer has been efficiently anchored to the DELOS nanovesicle as strategy to avoid fast clearance

of vesicles by opsonization and to increase the blood circulation time in the body®%.

More importantly, another relevant characteristic that is particular pertinent for this system is
that their membrane components are not expensive and available at pharmaceutical grade.
For instance, the surfactants forming the DELOS nanovesicle membrane are widely used as
disinfectants, algaecides, preservatives, detergents and antistatic components, giving them

antibacterial feature?®52,

Knowing all this information, it can be considered that DELOS nanovesicles fulfill the structural and
physicochemical requirements to be a potential encapsulation platform for site-specific delivery of

both hydrophilic and lipophilic molecules with high pharmaceutical quality®®53%4,
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It is remarkable to state that most of the current evidence found in Nanomol Group of ICMAB-
CSIC and Nanomol Technologies SL, where this Industrial Ph.D. has been carried out, supports
the use DELOS nanovesicles as promising platforms for different applications. In this context,
different types of DELOS nanovesicles have been explored and physiochemically characterized for
different purposes. For instance, as observed in Table 1.2, different cationic quaternary ammonium
surfactants such as CTAB and myristalkonium chloride (MKC) and anionic surfactants such as sodium
dodecyl sulfate (SDS) have been tested. As shown, DELOS nanovesicles constitute a promising
platform not only as drug delivery systems for therapeutic applications but also as bioimaging and

biosensing applications.

Table 1.2: Successful DELOS nanoformulations currently published/patented and their
characteristics.

DELOS .
. Loaded active L .
nanovesicle . . Application Conclusion
ingredient
components
Preliminary studies showed proper
‘ physicochemical properties and efficacy of
Recomblmant rhEGF loaded DELOS nanovesicles for the
Chol/CTAB human epidermal Drug delivery topical treatment of complexed wounds.
growth factor
(rhEGF) The importance of the nanostructuration
in the efficacy of nanomedicines is
confirmed®©,

Suitability for in vivo dosing. Not only
their structure seems to be preserved
Chol/MKC N/A Drug delivery | even after intravenous injection into mice
but also any toxicity was observed at the
administered i.v. doses in mice®.

Stable nanovesicles with tunable pH
sensitiveness that constitute an attractive
platform for the efficient delivery of sSRNAs
(miRNA and siRNA)®’.

Fluorescent-labeled DELOS nanovesicles
/< are promising candidates for the
Chol/CTAB dyes/Silicon Optical Bio- | development of fluorescent proves
Chol/MKC nanocrystals imaging overcoming most of the current challenges
on the design of organic dye-based
systems for optical bioimaging 0636668,

Chol/MKC SRNA Drug delivery

Carbocyanine

Chol/MKC | Carbocyanine dyes Highly stable and bright FRET-active DELOS
and Chol-DNA Bio-sensing | nanovesicles for the intracellular detection
Chol/sDS probe of molecular analytical targets ®.
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Then, as reported, some interesting DELOS nanovesicles applications have been experimentally
demonstrated, opening new challenges in the field of drug delivery, bio-imaging and bio-sensing.
However, these nanoformulations are in the first stages of research and development and so in the

primary Technology Readiness Levels (TRL).

Specifically, the concept of TRL scale was first introduced by the National Aeronautics and Space
Administration (NASA) in the 70s as a methodology to allow more effective assessment of, and
communication regarding the maturity of new technologies’®’!. However, nowadays it is used as a
tool for assessing the maturity of the development of a product and that can be applied in diverse

areas of knowledge”.

A nine-level standard scale is used in this assessment to estimate the state of technical
development based on quality parameters (Figure 1.8). In terms of developing a nanomedicine,
TRL1 is the lowest level of technology maturation, which involves the observation and reporting of
basic principles, and these begin to be translated into more applied research and development’?.
Then, TRL2 focus on the experimental design, testing hypothesis and data collection, so basic
research. At this step in the maturation process, active research and development is initiated
and so TRL3 is achieved by the identification of preliminary candidates and preclinical studies for

proof-of-concept’.

If the efficacy of the process is demonstrated in vivo, the process is defined as optimized and
achieves TRL4. Next, TRL5 is achieved if there is the implementation of Good Manufacturing
Practices (GMP), which is realized through rigorous and precise testing in a realistic
environment, and there is a high probability of the nanopharmaceutical to get into the clinical

trials phase.

TRL6 involves the production of a batch according to GMP requirements to be available for
Phase 1 of clinical trials, in which the pharmacokinetic and pharmacodynamic parameters will
be evaluated to define the drug system model and obtain the second proof-of-concept. After
entering the clinical trial phase, the model can no longer be modified. Regarding TRL7, a scale-
up process is required to be structured according to GMP to be accepted in a Phase 2 of clinical
trials related to safety evaluation. Finally, TRL8 refers to Phase 3 of clinical trials and marketing
authorization, and TRL9 refers to post-authorization actions. Afterwards, the product is officially

on the market’374.
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TRL2

TECHNOLOGY CONCEPT
AND/OR APPLICATION
FORMULATED

TRL4

DEMONSTRATION OF PROOF-OF-
CONCEPT IN I VIVO MODELS,
PHARMACOKINETICSS, SAFETY TRLY9
AND TOXICITY OF CANDIDATE
DRUG FORMULATIONS

TRL3

IDENTIFICATION OF PRELIMINARY
CANDIDATES, PRECLINICAL
STUDIES FOR PROOF OF CONCEPT

LAUNCHING AND MARKETING
OF THE NEW PHARMACEUTICAL
PRODUCT AND POST-
MARKETING SUVAILLANCE

TRL5

PHARMACOKINETICS AND
PHARMACODYNAMICS OF CANDIDATE
DRUG FORMULATIONS UNDER GLP, BEGIN
OF GMPS PRODUCT DEVELOPMENT

TRL1 TRLS8
BASIC RESEARCH PHASE 3 CLINICAL TRIALS FOR
TR L6 J RISK-BENEFIT ASSESMENT AND
PRODUCTIONS OF A PILOT SUBMISSION TO REGULATORY
LOT UNDER GMP, BEGIN OF AUTHORITIES (EMA/FDA)

RHASELCLNICALIRIALS PHASE 2 CLINICAL TRIALS FOR

PRELIMINARY EVIDENCE,
COLLECTION OF SATETY, TOXICITY
AND IMMUNOGENICITY DATA

Figure 1.8: Technology Readiness Levels (TRL) and steps of research and development of a
pharmaceutical product. Adapted from?.

Then, given the potentiality of DELOS-susp technology, this Thesis is devoted to the experimental
research and development of DELOS nanovesicles to a point closer to where they can merged into
a new product or system’. To do it, it is important to highlight that this is an Industrial Ph.D thesis
conducted jointly by Nanomol Technologies SL company and Nanomol Group of ICMAB-CSIC.

Essentially, Nanomol Technologies SL is a science and innovation-driven company, co-founded by
researchers of Nanomol Group, that offers advanced solutions and technologies to obtain high-
added-value products through particle design and nanoformulation. Therefore, this research will
be in a pragmatic and applicable way to generate useful information about DELOS nanovesicles and

so exploit the DELOS-susp platform, mainly for topical delivery.

Interestingly, this route of administration aims to deliver a therapeutically effective concentration
of the drug directly to skin layers that are the target tissues, thus exerting a local effect’>’¢.

This route of administration offers several advantages, such as convenient use and easy delivery,
the drug is delivered selectively at a specific site and the area of application is larger compared to
other routes. In addition, it enables self-medication and offers better patient compliance compared

to other routes of administration””.

The skinis the largest organ in the human body, serving as a unique interface between the body and

the external environment and providing a key barrier with immunological, sensorial and protective
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capabilities™. In particular, the skin is a membranous, flexible, and protective cover, composed

primarily of by three different tissue layers.

As shown in Figure 1.9, epidermis is the outermost and non-vascularized tissue layer. This tissue is
based on a multi-layered structure composed of viable cells and dead keratinized cells”®. Then, the
epidermis is supported by a second layer of skin called dermis, which is an internal and vascularized
tissue that contains a network of blood vessels, lymphatic vessels, hair follicles, sweat glands,
among others. Finally, the hypodermis is located under the dermis, which is consists mainly of

fibroblasts and adipocyte-subcutaneous fatty tissues®.

Skin section

Epidermis

/ Dermis

_ Hipodermis

Figure 1.9: Schematic illustration of human skin layers. Adapted from?®.

However, skin can suffer disorders related to the dysfunction of the skin components or the layer’s
defect of human skin, affecting its integrity in different ways’®#. In particular, many skin-associated
problems, such as complex wounds, are related especially to infectious skin disease. Therefore,
they usually remain difficult to treat and so provoking a substantial economic burden to healthcare
system?8283,

Therefore, considering all these points, the delivery of nanoparticles to the skin is increasingly
used to facilitate local therapies®*. However, to become a successful topical formulation, some

parameters should be considered such as:
It should be physically and chemically stable having adequate shelf life®>.

Releases drug from the formulation, if necessary, and delivers it into the skin as required for the

target indication.
It is acceptable to patients, easy to apply and compatible with the desired packaging.

It can be manufactured with a process that is scalable to commercial levels.
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Considering these properties and the potentiality of DELOS nanovesicles, it is hypothesized that they
can offer an innovative approach to drug delivery and so be an excellent approach in the treatment
of different skin diseases, such as complex wounds, acne, skin inflammation, and wound healing
problems. They can provide a range of benefits including drug protection, modified pharmacokinetics
and distribution, increased dose delivery to target sites, enhanced drug transport through biological
membranes and prolonged or controlled drug release®®2®®’. Finally, the antibacterial efficacy of
the formulation can also help on the skin infections treatment, which might be achieved using the

quaternary ammonium surfactants of the formulation, as already reported its potentiallity®®®°.

Complex wounds, such diabetic foot ulcers (DFUs) and venous leg ulcers (VLUs), are wounds that fails to
heal and cannot heal in terms of anatomical and functional integrity not only due to severe impairment
of the healing process but also due to unresolved inflammation and the presence of infection®. Despite
significant efforts in developing strategies and commercialization of various therapeutic products,
clinical success in healing chronic wounds has been limited, mainly owing to the complex nature of the
healing process and our limited understanding of the processes involved in skin regeneration®®°t. Then,

new approaches, such as the use of nanomedicine, need to be introduced to overcome this problem.

In this framework, it is important to emphasize that one of the main purposes of this Thesis is the
development of new pharmaceutical products based on DELOS nanovesicles for topical administration,
which is a new and relatively unexplored area of Nanomol Group and Nanomol Technologies. Specifically,
one of the main goals of this research was based on the reformulation of a biologic called epidermal
growth factor for the treatment of complex wounds. This has attracted intense interest due to the
potential applications in various facets of human healthcare, particularly to enhance the healing process.

However, its functionality can be compromised if applied directly to wounds without any protection®.

Although biologics present potentiality, the use of a nanocarrier such as DELOS nanovesicles can be
an attractive platform to improve the bioavailability and efficacy of the biologic %°8°°, As shown in
Table 1.1, preliminary and successful experiments were performed to try to integrate a recombinant
human epidermal growth factor (rhEGF) into DELOS nanovesicles composed of cholesterol and
CTAB. Interestingly, these experiments showed promising results regarding the efficacy of this new

nanoformulation for the topical treatment of complex wounds.

However, this initial approach focused on TRL1 and TRL2, where basic research was conducted
to obtain a proof-of-concept nanomedicine formulation named rhEGF-DELOS nanovesicles.
However, the advancement of this initial nanoformulation to more mature stages such as TRL4 and
TRL5 is essential to overcome its limitations and work towards future effective translation of the

nanomedicine into a novel product for the topical treatment of complex wounds.
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On the other hand, when developing a formulation, it is also reasonable to think that the design of
a final topical drug product is a key parameter to consider to not only achieve a proper delivery of
the drug but also the consumer’s acceptance®. Therefore, choosing the proper drug dosage form,
which consists of the drug substance and/or excipients, will facilitate the dosing, administration, and
delivery of the content of the drug product to the patient. In this context, various formulations such

as foams, sprays, hydrogels, solutions or other forms are widely used as dosage forms topical route®.

Then, research efforts are needed on exploring the feasibility of adapting the colloidal dispersions
of DELOS nanovesicles to suitable dosage forms for topical administration route. Specifically, the
translation of rhEGF-DELOS nanovesicle intermediate product into new dosage forms is necessary

for the treatment of complex wounds (Figure 1.10).

rhEGF-DELOS nanovesicles

Figure 1.10: Example of a gaseous dosage form of rhEGF-DELOS nanovesicles for topical
treatment of complex wounds.

From a pharmaceutical industry perspective, the innovation of DELOS nanovesicles into new final
drug formulations will be a significant advance in drug delivery development, as it will lead to more
differentiated DELOS nanovesicle products. This challenge motivated the present Industrial Thesis

project, which is expected to boost the innovation and competitiveness of DELOS nanovesicles.

Overall, the present Thesis is devoted to deep study of the translation of DELOS nanovesicles, such
as rhEGF-DELOS nanovesicles, into new pharmaceutical products for topical administration, e.g.
complex wound treatment. Furthermore, the formation of hybrid structures composed of DELOS
nanovesicles and biological or inorganic compounds will be also explored, to not only enhance the

potential of DELOS nanovesicles but also to evaluate new routes of administration.
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Over the last years there has been intensive research activity at the Nanomol research unit of
ICMAB-CSIC and at Nanomol Technologies SL, to investigate and deeply characterize highly stable
and remarkably uniform DELOS nanovesicles, scientifically known as Quatsomes. Considering the
high potential of these nanovesicles for the development of new nanomedicines, the main goal
of this industrial thesis is to investigate the translation of DELOS nanovesicles into pharmaceutical
products.

More specifically, in the present doctoral project the following five objectives are addressed:

1. Investigation and development of DELOS nanovesicles loaded with recombinant human
epidermal growth factor (rhEGF), named rhEGF-DELOS nanovesicles, as an intermediate
product for the preparation of pharmaceutical formulations for topical treatment of diabetic
foot ulcers (DFUs) and venous leg ulcers (VLUs).

2. Translation of the rhEGF-DELOS nanovesicle intermediate product into hydrogel and gaseous
dosage forms for the development of new final pharmaceutical products for the topical
treatment of complex wounds and other skin diseases.

3. Study on new DELOS nanovesicles for the topical administration of synthetic and biological
active ingredients with high skin tolerance and good formulatability as semi-solid hydrogel
dosage forms.

4. Research and development of new hybrid biologic-organic nanoparticles based on DELOS
nanovesicles integrating sticholysins proteins, which are widely used as effective pore formers

on cell membrane, thus enhancing drug delivery.

5. Deep physicochemical characterization of new hybrid inorganic-organic nanoparticles
composed of DELOS nanovesicles coated with a silica shell and preliminary analysis of their

potential as nanocarriers for drug delivery.
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“Danger for most of us is not that our aim is too high and we
miss it, but that it is too low and we reach it”

— Michelangelo

As mentioned in the Introduction of the present dissertation, Nanomol Technologies SL is a science
and innovation-driven company that offers advanced solutions and technologies to obtain high-
added-value products through particle design and nanoformulation. To this end, the company’s
Research and Development area department is dedicated to generating new knowledge through
the introduction of new offerings or the improvement of existing offerings that allow a company to

remain competitive and generate profits®.

Specifically, Nanomol Technologies SL is devoted to a very important topic, namely the development
of new drug nanoformulations by the reformulation of pre-existing active molecules using the
DELOS-susp technology as innovative platform to produce new nanomedicines with outstanding
properties.

This Chapter will focus specifically on the study and further development of a novel nanomedicine
based on the reformulation of a protein called recombinant human Epidermal Growth Factor (rhEGF),
which has therapeutic activity for complex wound healing, to enable the topical administration of
this protein and promote more efficient wound healing treatments. This reformulation has been
attempted using highly stable nanovesicles, prepared by the DELOS-susp one-step and green
methodology.

Wound healing is a complex biological process that leads to the restoration of tissue integrity?.

However, some wounds fail to heal in a timely and orderly manner, resulting in chronic and non-
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healing wounds that require continued care. In clinical practice, there are several different types of
wound healing, primary healing, which occurs when the wounds can be closed immediately with
sutures and heal quickly, and secondary healing, which occurs when the wound has undergone
extensive tissue loss and the repair process is prolonged?.

In this Chapter, we will focus on those wounds that present a major challenge to surgeons and
consume substantial health care resources, which are chronic wounds. Complex wounds are the
term used to group together the well-known challenging wounds that do not heal primarily, that
can be either chronic or acute and demand specialized care®. In this context, chronic wounds are
a public health problem that needs to be addressed, with an estimated prevalence of 2% in the
general population, imposing a significant economic burden on healthcare systems with estimated

annual costs of more than USS50 billion and an expense expected to increase in the coming years™.

These types of wounds include wounds that require special care, such as diabetic foot ulcers (DFUs),
venous leg ulcers (VLUs), pressure ulcers (PUs), and open surgical wounds, which share a common
risk of infection and slow healing since they can remain open for months to years®°. To understand
them better, it is important to know their underlying cause. DFUs occur primarily in patients with
diabetes which is a systemic disease that causes neuropathy and arterial damage and affects many
tissues and organs, such as the occurrence of chronic wounds on the feet. On the other hand,
VLUs are mainly caused due to damage to the superficial and/or deep venous systems of the leg,
consequently causing venous hypertension, and reduced blood flow which results in even minor
wounds not healing due to the poor fluid in the lower extremities. Lastly, PUs are commonly seen
in hospitals and in residential care homes for the elderly and frail and/or immobile, or individuals

with spinal cord injuries! (Figure 2.1).

COMPLEX WOUNDS CHARACTERISTICS
\ C& L Do not heal in 3 months
\:ll l ' Infection
e _, ) \
-

) Skin necrosis
2/

&,

Diabetic foot Venous Pressure @) Pathology Involved
ulcer ulcers ulcers

Figure 2.1: Complex wounds classification and its challenging characteristics involved.
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Although presenting different origins, these wounds are considered to be classified as complex

wounds since they can encompass similar conditions, such as*:

1. Extensive skin loss. Traditionally, chronic wounds are defined as wounds that have not

spontaneously healed within 3 months.

2. The presence of elevated proinflammatory cytokines, high protease levels, excessive

neutrophils, and senescent cells that fail to respond to reparative stimuli*2.

3. The presence of infections, which are a common complication of chronic wounds and may
themselves be the cause of the tissue loss problem. For example, open wounds leave the
wound bed at risk for colonization by opportunistic pathogens, aggravating the patient’s
condition. Bacterial colonization of wounds is often facilitated by the production of a slimy
extracellular matrix known as biofilm, which is thought to affect up to 80% of chronic
wounds. Thus, this is a well-known community concern as almost half of all DFUs are classified

as infected, which is strongly correlated with amputations and increased mortality*2.
4. Reduced viability of superficial tissues- clear necrosis, or signs of circulation impairment.

5. Association with systemic pathologies affecting normal healing, leading wounds to not heal
with simple care and requiring special attention. Feet ulcers in diabetic patients and many

forms of vasculitis are common examples.

Knowing that wound healing is a complex regulated process in which chronic ulcers are the result
of a multicausal and complex physiopathological process that is not yet fully understood!?, specific
treatments should be found to accelerate and enhance the wound healing process. Even though
wound healing is a challenging health issue, exciting therapeutic opportunities have emerged,
such as biomaterial-based treatments that have shown benefits in improving small-sized and
uncomplicated neuropathic ulcers!®. For instance, basic treatment for proper wound care in
DFUs includes strict metabolic control, debridement, offloading (i.e., relieving pressure from the
wound area), dressings and antimicrobials’>. However, finding effective therapies that could reduce

amputations in ischemic and complicated forms of neuropathic wounds remains a challenge.

Biologics represent a new category of drugs that have rapidly gained prominence in the last decade
due to their high selectivity and strong therapeutic efficacy along with limited side effects!. Since
their discovery by Cohen in 1962, biological molecules termed epidermal growth factors (EGFs)
have attracted considerable interest due to their potential applications in various facets of human
health care, particularly in enhancing the healing process. The deficiency of EGF is thought to be

one of the pathophysiologic fundamentals in complex wounds?®.

59



Epidermal Growth Factor or EGF is a small protein that plays an important role in regulating cell
growth, epidermal cell proliferation and differentiation, which may be useful in enhancing wound
healing®. This protein is a single-chain polypeptide of 53 amino acids (Figure 2.2) with a molecular
weight (Mw) of 6216 g-mol™* and an isoelectric point of 4.6, which is the pH in solution at which the
net surface charge of the protein is zero'. Hence, this protein presents a negative charge under
physiological conditions and also has shown its maximum stability at pH values between 5.5 and

8.0, with an optimum close to pH 7.0%.

PRIMARY STRUCTURE: amino acids sequence

11 2l 31 41
NSDSECPLSHDGYCLHDGVCMYIEALDKYACNCVVGYIGERCQYRDLKWWE

TERTIARY STRUCTURE: Three-dimensional structure

Figure 2.2: Schematic representation of the primary and tertiary structure of EGF. Adapted
from?°,

Research data characterizing EGF have shown that it facilitates wound healing when delivered
directly to the wound site because it can promote angiogenesis and regulate many aspects of cellular
activity, including cell migration, proliferation and extracellular matrix metabolism?®. Its mechanism
of action relies on the binding of EGF protein to the EGF receptor (EGFR), a transmembrane
tyrosine kinase protein expressed on most human cell types, including those that play a critical role
in wound healing such as fibroblasts, endothelial cells and keratinocytes (Figure 2.3)?%?2, Clinical
studies have shown evidence of the beneficial effect of topical application of EGF in low-grade
neuropathic ulcers, but not in high-grade wounds due to protease-driven cleavage associated with
the rich proteolytic environment found in these wounds and therefore compromising bioavailability

and efficacy of EGF in plain EGF-based treatments!>2+23,
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Figure 2.3: Simplified mechanism of the Epidermal Growth Factor Receptor (EGFR) activation
by EGF interaction in the cell membrane. Adapted from?.

Aware of these data, the Center for Genetic Engineering and Biotechnology (CIGB) in Cuba had
developed and commercialized novel therapeutic products using recombinant human epidermal
growth factor (rhEGF), known as Heberprot-P®. This product is devoted to treating complex wounds
such as DFUs, as it has been demonstrated that the impaired wound healing in diabetic patients is
partly due to a relative lack of growth factors (including EGF) at the wound site?t?>26, At the same
time, it should be highlighted that this EGF-based formulation is administered by direct intralesional

infiltration, what can overcome the limitations described before of EGF bioavailability and efficacy?’.

In terms of treatment quality, this approach has been shown to accelerate healing of deep and
complex DFUs, reduce the risk of amputation, shorten healing time and hence future complications,
and help improve patients’ quality of life?!, however it can be extremely painful during the last
stages of wound closure.

Although this treatment has opened up new challenges in the field of complex wound management,
other innovative methods of administering rhEGF are being explored to further improve its
bioavailability, efficacy and patient’s compliance.

As already stated in Chapter 1, the development of new drug nanoformulations by

reformulating already existing active molecules, such as rhEGF, can be done by using the
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DELOS-susp technology as an innovative platform for the production of new nanomedicines
with outstanding properties. In this regard, it should be emphasized that recent findings have
shown that research into drug reformulation using various promising delivery systems improves
the physicochemical and therapeutic properties of the drug and offers new advantages not
only in terms of targeting and therapeutic efficacy, but also in offering safety compared to the

existing formulations?®-3°,

Therefore, in this case, the development of a new nanoformulation based on the use of DELOS
nanovesiclesintegrating rhEGF protein (rhEGF-DELOS nanovesicles) will overcome the obstacles
associated with the topical route, i.e., EGF’s clearance from the application site, probably by
protease driven cleavage and receptor-mediated endocytosis within hours. At the same time,
these new nanoformulations might offer an alternative route of drug delivery compared to
current EGF-based treatments by moving from intralesional to topical administration, which is

a non-invasive route.

As explained in the Introduction of the present dissertation (Chapter 1), DELOS nanovesicles
are commonly based on the mixture of sterols and quaternary ammonium surfactants (QASs).
It is remarkable to say that cationic lipid-based vesicles have been the subject of various
cosmetic and epicutaneous drug delivery studies over the past decades due to their effective
drug delivery of biologically active molecules into and through the skin, as the incorporation
of polar amphiphiles increases the likelihood of skin penetration®. Then, quaternary
ammonium surfactants such as CTAB, the most studied cationic surfactant in Nanomol group
for the preparation of DELOS nanovesicles, would be of great interest to be used in this

nanoformulation.

Furthermore, the presence of CTAB confers several interesting properties on the DELOS
nanovesicles and hence on the formulation of the new nanomedicine based on rhEGF-DELOS
nanovesicles. First, its positive charge is ideal for electrostatic interaction with negatively
charged proteins such as rhEGF (Figure 2.4), and second, QASs such as CTAB are widely used
as disinfectants, algaecides, detergents, and antistatic components as well as an antimicrobial
preservative used in cosmetic and pharmaceutical formulations. Therapeutically, CTAB is used
at concentrations between 0.1-1.0% w-v! in agueous solutions, creams or sprays as a topical
antiseptic for skin, burns and wounds®223, In particular, some studies have shown that the use
of the CTAB cationic surfactant can act as an antibacterial agent and thus contribute to the
inhibition of bacterial adhesion and biofilm formation without antimicrobial resistance, which
could be an appropriate approach to tailor the specifics of biofilms commonly found in chronic

wounds343°,
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Figure 2.4: Schematic representation of a DELOS nanovesicle composed of equimolar ratio of
cholesterol and the cationic CTAB surfactant interacting electrostatically with the negatively
charged rhEGF protein.

The knowledge previously described led to the hypothesis that a more efficient treatment could be
developed for complex wounds. Historically, the work presented here stems from a collaborative
research project between the Nanomol group of ICMAB-CSIC and CIGB in Cuba, which began
in 2010 with the goal of developing new topical formulations based on rhEGF loaded in DELOS

nanovesicles with controlled physicochemical and pharmacological properties to treat DFUs.

After the initial proof-of-concept for integrating rhEGF into DELOS nanovesicles, excellent results
were obtained under the framework of the PhD Thesis of Dr. Ingrid Cabrera of the Nanomol group,
interms of protein entrapment efficiency and nanoformulation stability, which led to a technological
development platform protected under the patent “Vesicles comprising epidermal growth factor
and composition thereof - wo2014 / 019555” in 20123%.

On the basis of the promising results achieved with this new nanoformulation, in 2016 Nanomol
Technologies SL and Heber Biotec, the commercializing company of CIGB, jointly started a new
project for the development and preclinical research of rhEGF-DELOS nanovesicle conjugates as a
new pharmaceutical product for the treatment of DFUs. The promising results obtained in the DFU
project quickly broadened the project vision, and the rhEGF-DELOS nanovesicle conjugates were
explored for their therapeutic application on other types of complex wounds such as VLUs. In this
case, a project called Nanonafres was launched with the financial support of RIS3CAT program of the
Generalitat of Catalonia, aligned with the European Commission (EC) National/Regional Research
and Innovation Strategies for Smart Specialization (RIS3 strategies) (15/10/2016-15/04/2020).
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Nanonafres project was the result of a multidisciplinary consortium of seven Spanish partners
to develop a novel pharmaceutical formulation of rhEGF to promote wound healing in patients
with VLUs topically. This consortium included the two institutions collaborating in this Industrial
PhD project, ICMAB-CSIC and Nanomol Technologies SL. Both institutions were relevant for the
evolution of the Nanonafres project since their main objective and contribution was the scientific

development of the nanoformulation.

In more detail, Nanomol Technologies SL acted not only as a project leader but also as an R&D+l
and technology promoter, and the public scientific research center ICMAB-CSIC was the institution
also engaged in research and development in drug nanoformulation. Besides, Leitat Technological
Center-Biomed with expertise in preclinical studies was also involved in the project. And finally,
other institutions such as primary care centers and public hospitals as EAP Osona Sur-Alt Congost
SLP, EI EAP Vallcarca-Sant Gervasi, Consorci Sanitari de Terrassa, and Fundacié Salut-Consorci

Sanitari del Maresme were also involved to design the clinical development.

The Nanonafres project was expected to last 42 months with the objective to obtain a preliminary
proof of concept in the use of rhEGF-DELOS nanovesicle conjugates to treat VLUs topically. In this
regard, it is really important to understand that the development of a new drug product involves
many stages before being commercialized. Figure 2.5 shows a scheme including all these stages,
such as drug discovery and development, preclinical research, research development, regulatory

agencies review and approval and post-marked drug safety and monitoring®’.

REGULATORY R POST-MARKET .

DISiﬁ\éERY PRECLINICAL CLINICAL AGENCIES \ DRUG SAFETY Kﬂ}
DEVELOPMENT RESEARCH DEVELOPMENT REVIEW AND & p
APPROVAL y MONITORING
Our focus
1
. h, {’:\'}- 7\
~{8f)- ©
D Wy 9 S~
Proof-of- Optimization to Safety studies
concept define a formulation

prototype

Figure 2.5: Scheme of the stages involved in the drug discovery and development process of
rhEGF-DELOS nanovesicles as a drug product to treat both DFUs (CIGB project) and VLUs
(Nanonafres project).
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In this context, this Chapter focuses on the contribution of this doctoral project in the early phases
of the drug product development process (Figure 2.5), mainly on the optimization and preclinical
research of the new nanoformulation based on rhEGF-DELOS nanovesicles as a drug product to
treat both DFUs (CIGB project) and VLUs (Nanonafres project). To do this, the main idea is to jointly
develop an intermediate nanoformulation based on rhEGF-DELOS nanovesicles and then adapt it

to a final formulation suitable for each wound type.

It is important to note that one of the key characteristics to consider on the wound type is wound
exudate. Wound exudate is a general term given to liquid produced from wounds when hemostasis
is achieved and helps keep the wound moist, provides nutrients, and provides the medium for
epithelial cell migration and mitosis and is therefore crucial to the wound healing process®. It
is worth recalling that patients with VLUs generally have increased wound exudate compared to
patients with other forms of chronic skin ulcers such as DFUs. Then, these high levels of exudate in
VLUs contain proteases and inflammatory cytokines that may damage the surrounding healthy skin,
making them challenging to be treated®®. Therefore, the current recommendations for managing
this excess of wound exudate are to use wound dressings that manage this wound exudate while
maintaining a moist wound*®!. Then, considering the exudate, different dosage forms will be
designed to better treat DFUs and VLUs.

So, in the frame of drug development, we will first perform the rhEGF-DELOS nanovesicle
nanoformulation optimization to obtain an appropriate intermediate drug product. This new drug
delivery system was studied in detail to understand the associated Critical Quality Attributes (CQA),
which are the physical, chemical, biological properties or characteristics that should be within an
appropriate range to ensure the desired product quality*?. With these factors in mind, we are then

on the right track towards an efficient and clinically applicable drug product®.

As shown in Figure 2.5, after optimizing the rhEGF-DELOS nanoformulation, the next challenging
stage, also explained in this Chapter, was the preclinical evaluation phase for quality, safety, and
efficacy assessment. This stage includes studies to evaluate the in vitro and in vivo efficacy and
toxicology of the optimized rhEGF-DELOS nanovesicle nanoformulation, noting in our case that
these studies carried out in the preclinical setting were performed in collaboration with CIGB and

one of the collaborators of Nanonafres project, which is Leitat Technological Center-Biomed.

Towards this end, the development of the nanoformulation based on rhEGF-DELOS nanovesicles for
the treatment of DFUs and VLUs will focus on concrete technological readiness levels, as already
explained in Chapter 1. In this case, the nanoformulation will move from different stage of maturity
to facilitate the translation of the product into the clinic. On this basis and starting with TRL3, a
preliminary candidate will be defined and preclinical studies for proof-of-concept will be carried on.
Afterwards, the nanoformulation development will continue until TRL5, in which the efficacy and

safety of the nanoformulation in vivo is determined*.
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Becoming a potential drug product to treat DFUs and VLUs requires a thorough understanding
of the nanomedicine candidate in order to optimize it properly and achieve the required quality
attributes for the intended indication and route of administration.

In order to optimize the new nanoconjugates based on rhEGF-DELOS nanovesicles, it is first
important to know the preliminary initial approaches carried out in the frame of Doctoral
Thesis by Dr. Ingrid Cabrera as part of the research collaborative project with the CIGB
Institute?’. In this study, highly stable DELOS nanovesicles integrating rhEGF were successfully
prepared by the one-step DELOS-sup methodology, described in detail in Section 6.2.1 of
Chapter 7) using rhEGF manufactured and provided by CIGB. This protein was stored in
lyophilized form prior to use, which was a convenient form to allow for a longer shelf life of

the protein.

In particular, the preparation methodology was based on first preparing a solution of
ethanol containing cholesterol (68 mM) and loading it into the reactor and pressurizing it
with compressed CO,. Thereafter, depressurization of the volumetrically expanded organic
phase was performed over an aqueous solution of water containing CTAB (7.8 mM) and
the rhEGF protein in the desired concentrations. The starting lyophilized protein was first
reconstituted into a liquid suspension with phosphate buffer (10 mM, pH 7.0), a widely
used buffer in protein formulations that has been reported to help rhEGF exhibit maximum
stability®® (Figure 2.6).

Then, in all preparations, the final theoretical concentration of cholesterol and CTAB was 7.3
mM of each component, respectively, and the optimal rhEGF concentration found ranged
between 25 to 125 pg-mL?, which corresponds to rhEGF:CTAB (mmol:mol) ratio of 0.6:1 to
2.9:1. So, if we consider this rhEGF concentration range, the final concentration of phosphate

buffer in the dispersant medium ranges from 0.013 to 0.063 mM, respectively.

It should be noted that no additional steps were required to achieve the desired structural
properties of the conjugates or to increase the loading and, that homogeneous, opalescent

colloidal dispersions of rhEGF-DELOS nanovesicles were obtained with this method.
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Figure 2.6: Schematic illustration of the DELOS-susp method for the preparation of rhEGF-
DELOS nanovesicle formulation optimized under the framework of the Doctoral Thesis by Dr.
Ingrid Cabrera?’.

Mean particle sizes, particle size distributions (or polydispersity index (PDI)), and apparent zeta
potentials of the rhEGF-DELOS nanovesicles prepared at bench scale were determined using a
Zetasizer Nano ZS as described in the Section 6.3.1 of Chapter 6. These are important critical
quality attributes of colloidal systems that play an important role in determining their stability, drug

loading, drug release, biodistribution, and targeting ability*.

Mean vesicle size of rhEGF-DELOS nanovesicles with 25 and 125 pg-mL™ of protein and Blank-
DELOS nanovesicles (same formulation but without rhEGF) was below 200 nm and increased, as
well as PDI, with increasing the amount of protein used in the preparation whereas no differences
in zeta potential were observed when the protein concentration was in the range of 25 to 125
ug-mL™* (Table 2.1). Additionally, the zeta potential values were very high in accordance with the
great stability of these nanoconjugates. It should be highlighted that 200 ug-mL™ of rhEGF was
also tested but it presented macroscopical instability of the sample. Regarding the morphology
of the nanovesicles, cryo-TEM images of the rhEGF-DELOS nanovesicles prepared with protein
concentration of 25, 75 and 125 ug-mL™ were taken, showing homogeneous, unilamelar and

spherical vesicles (Figure 2.7)%.

In addition, entrapment efficiency percentages (EE%) were determined using 30 KDa centrifugal
filter devices, which were used to separate the non-integrated rhEGF from the loaded rhEGF-DELOS

nanovesicles, and then an enzyme-linked immunosorbent assay (ELISA) was used to quantify the
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rhEGF?’. The EE% remained very high (= 97%) for all obtained conjugates regardless of protein loadings,
showing that there is favorable interaction between the DELOS nanovesicles and rhEGF (Table 2.1).

Then, the results of this study of the development of rhEGF-DELOS nanovesicle in the frame of
the Doctoral Thesis by Dr. Ingrid Cabrera in 2013 showed good results in terms of physicochemical
properties, in colloidal stability and in terms of high entrapment efficiency of the protein when the
formulation was prepared by DELOS-susp methodology.

Table 2.1 Physicochemical characteristics of rhEGF-DELOS nanovesicles obtained by DELOS-
susp method obtained in the frame of the Doctoral Thesis by Dr. Ingrid Cabrera in 2013%’.

rhEGF concentration Ratio Zeta
in rhEGF-DELOS Mean .
nanovesicles rhEGF:CTAB particle size PDI Potentlal EE (%)
mmol:mol (nm) mV
(ng-mL?) ( ) ( )
0 0 1217 0.23+0.01 74 +5 N/A

25 0.6 98 +4 0.30+0.01 73+5 98.0+1.3

75 1.8 131+9 0.34 £0.02 74 +3 99.0+1.0

125 2.9 146 + 14 0.45 +0.01 78+4 99.3+0.5

Figure 2.7: Cryo-TEM images of rhEGF-DELOS nanovesicles prepared by the DELOS-susp
methodology integrating a theoretical initial rhEGF concentration of (a) 25, (b) 75 and (c) 125
ug-mL-1 and obtained in the frame of the Doctoral Thesis by Dr. Ingrid Cabrera in 2013%.

Considering that this section serves as an introduction to the background of work undertaken on
formulating rhEGF-DELOS nanovesicles for the treatment of DFUs in the frame of the Doctoral
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Thesis by Dr. Ingrid Cabrera in 2013%, these promising nanoformulations were also evaluated
biologically, obtaining that:

1. The specific enzymatic activity of rhEGF integrated into DELOS nanovesicles was at least two
times higher than that for the free protein, confirming that rhEGF does not lose its function at
the site of action when integrated into DELOS nanovesicles.

2. The protein integrated into the DELOS nanovesicles showed an antimicrobial activity and
showed eight times higher resistance to degradation by proteases compared to free rhEGF.
These are important factors to consider when treating chronic wounds like DFUs, which present
proteolytic environment that may affect the bioavailability of the protein-based drugs used
during a treatment.

3. The rhEGF-DELOS nanovesicles were used for the compassionate treatment of 12 patients
and showed outstanding results in the cicatrization of the treated complex wounds. As can
be ascertained from Figure 2.8, complete re-epithelialization of the wound was observed
by the 12™ week of treatment, indicating a significant clinical improvement in the patients’
quality of life.

Before treatment After 8 weeks After 12 weeks

Figure 2.8: Images showing the evolution of wound healing in compassionate patients
before the treatment and after 8 and 12 weeks they received the rhEGF-DELOS nanovesicle
treatment?’.

Although a large body of evidence suggested that rhEGF-DELOS nanovesicles could be considered
as a potential nanomedicine for the topical treatment of complex wounds, this preliminary study
received limited attention for formulation optimization. To develop an optimized nanoformulation,
the initial parameters used in the frame of the Doctoral Thesis by Dr. Ingrid Cabrera in 2013 were
genuinely considered and various experiments were appropriately selected to develop a robust
nanomedicine, more efficient, with more control over CQAs and more stable and that can progress
to the clinical stage.
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As already mentioned, for pharmaceutical products, quality is regarded as a mandatory topic and
must be assured for all. To ensure pharmaceuticals product’s quality to get therapeutic benefit, it
is important the identification and relevant characterization of CQA. Therefore, identifying the CQA
values will highlight the characteristics that can impact the overall quality of the nanomedicine,
thus helping to define strategies that can enable faster, more efficient and controlled drug product

development?*34648,

In our case, the identification of CQAs and specifications of the new drug product have been defined
to ensure adequate quality of the nanomedicine. These parameters were proposed as part of the
Nanonafres project, in a consultation with the Spanish Agency of Medicines and Medical Devices
(AEMPS) in July 2018, to find support in developing the new nanomedicine and to design the
clinical trials. It is worth remarking here that the selected CQAs were also considered in the ICH Q8
recommendations as well as in relevant Chemistry Manufacturing and Controls (CMC) guidelines of
FDA and EMA “-5! which were the following:

Macroscopic appearance: rhEGF-DELOS nanovesicle samples should be a homogeneous and

translucent liquid suspension with no sedimentation.

Mean vesicle size: Particle size distribution is a key parameter for effective biomedical applications
as it can affect the drug product quality attributes such as biodistribution and kinetics of drug
release®®. Based on our prior knowledge, it is desirable that the mean particle size of rhEGF-DELOS
nanovesicle formulations should be between 40-100 nm. A particle size of less than 200 nm is also
beneficial for the sterility of the nanovesicle product, as this size allows sterile filtration of the final

product using a 0.22 um pore size filter®.

Polydispersity index (PDI): This physical parameter defines the degree of non-uniformity of a
particle size distribution. This index is dimensionless and aims reduced values indicating good
homogeneity of the dispersion. Although PDI values below 0.5 are generally reported as acceptable,
in this case a PDI between 0.01 to 0.35 is desirable?®,

Zeta potential: it indicates the net electrostatic load on the particle surface and is an important
parameter when evaluating the stability of colloidal systems. For instance, particles with a high
negative or positive zeta potential value will repel each other, indicating that the colloidal system is
stable®2. In contrast, reducing the zeta potential value to nearly neutral resultsin particle aggregation.
In addition, the charge of the nanovesicles can effect on drug loading as well as systemic circulation
time and interactions with the target tissues®. In our case, we have defined a zeta potential value
in the range of +40 to +150 mV as the acceptance limit.
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Particle morphology and lamellarity: Vesicles must be spheroidal and, mostly, unilamellar.

Lamellarity can affect the entrapment efficiency and release, thus impacting the protein delivery>.

rhEGF Entrapment Efficiency (EE%) and loading capacity: EE% is the amount of protein integrated
into the vesicles compared to the total amount of protein, while drug loading is the amount
of protein contained relative to the amount of membrane components used. High EE% is very
important as it could reduce manufacturing costs and increase drug concentration in the final
formulation, allowing greater flexibility in dosing. In this nanoformulation, it was desired an EE%
above 90%.

Inactive ingredients and rhEGF degradation products: The assessment of the purity of the
nanomedicine, which may be composed of the desired product and multiple product-related
substances, is a relevant factor that needs to be considered. If impurities can arise, these materials

should be characterized to the extent possible®.

Specific biological activity of rhEGF: Investigating the biological activity of rhEGF, which is its ability
to achieve its defined biological effect, is a necessary and important part of the overall product
characterization testing. This analysis helps ensure the stability of the protein when incorporated
into the DELOS nanovesicle formulation, thus confirming not only its preserved activity but also its

protein potency in the final nanoformulation, ensuring adequate clinical efficacy®*.

pH: The measurement of pH is important for assessing the drug product function as it is known
that the role of the solution environment in rhEGF protein is a relevant parameter for chemical
and physical protein degradation'®>®. Knowing that the maximum stability of rhEGF is found at
pH values between 5.5 and 8.0, with an optimum near pH 7.0, the optimum pH range for the

nanoformulations was defined between 5.5 and 7.0.

Sterility and absence of pyrogens or bacterial endotoxins: Removing potential harmful germs
or microorganisms prior to the application of the nanomedicine is a crucial quality criterion for

medical products, not only for the intended marked product but also for healthcare.

Leakage rate and in vitro drug release kinetics: Understanding the kinetics of drug release can
be a crucial parameter for the success of the nanoformulation such as its therapeutic efficacy and

toxicology®®.

Then, the defined specifications for quality control and the corresponding acceptance limits are

summarized in Table 2.2.
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Table 2.2: Quality specifications of the product to be developed determined in consultation

with AEMPS.

Attributes/Test performed

Method/Reference

Criteria/ Limits of acceptance

Macroscopic appearance

Visual observation

Homogeneous liquid and

translucent appearance

USP/Ph. Eur.
macroscopically
Mean vesicle size DLS/Z-sizer 50- 100 nm
Polydispersity index DLS/Z-sizer 0.01-0.35
Zeta Potential DLS/Z-sizer +40- +150 mV

Particle morphology

SAXS/Cryo-TEM

Spherical and unilamellar

rhEGF entrapment

efficiency

Centrifugal filter devices/
ELISA: Need for further
development

> 90%

Total Ethanol content

GC with FID detector

To be defined

Total and free CTAB content

RP-HPLC-ELSD

To be defined

Total cholesterol content

RP-HPLC-ELSD

To be defined

Total rh-EGF content

RP-HPLC-ELSD

To be defined

Degradation products
related to inactive
ingredients

To be defined

To be determined

Degradation products

related to rh-EGF

SDS-PAGE

> 95,0% of the main peak

RP-HPLC-UV

> 95,0% of the main species

Specific biological activity

Cellular proliferation

> 4.000.000 IU-mg™*

bacterial endotoxins

assay
pH USP/Ph. Eur. 55-7.0
Sterility USP/Ph. Eur. Sterile
Absence of pyrogens or
USP/Ph. Eur. Pyrogen-free

Leakage rate

RP-HPLC-ELSD/
ELISA

To be defined

In vitro drug release
kinetics

Ultracentrifugation/ELISA

To be defined

Regarding Table 2.2, it can be established that there are several issues that need to be addressed in
order to transform the initial rhEGF-DELOS nanovesicle formulation obtained in Doctoral Thesis of

Dr. Ingrid Cabrera into a pharmacological product. Despite the significance of all designated quality
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specifications, some of them were not considered a priority in the present development stage and
will be deemed in further stages.

Summarizing, the CQA of the rhEGF-DELOS nanovesicles were identified in detail. However, in the
present Thesis, the most strategic and key parameters to be evaluated were: the control of pH in the
nanoformulation, the configuration of the DELOS-susp methodology for the preparation of rhEGF-
DELOS nanovesicles and the development of a robust analytical method to control the protein
entrapment efficiency.

One of the main parameters that should be considered when optimizing a nanoformulation is its
composition. Theanalysisofeachcomponentofthe preliminary rhEGF-DELOS nanovesicleformulation
described above was based on the use of cholesterol and CTAB as membrane components, rhEGF as
active pharmaceutical ingredient, and water and EtOH as the dispersant medium. Besides, as stated
before, the starting lyophilized rhEGF should be reconstituted. For that, in the Doctoral Thesis of Dr.
Ingrid Cabrera (Section 2.2.1) a phosphate buffer (10 mM, pH 7) was used.

Considering for example the production of rhEGF-DELOS nanovesicles with a final rhEGF
concentration of 100 ug-mL? (ratio rhEGF:CTAB (mmol:mol) of 2,2), the final amount of
phosphate buffer present in the final nanoformulation is approximately 0.05 mM (Figure 2.6).
If we characterize this nanoformulation with the presence of phosphate buffer (0.05 mM, pH
7.0) as dispersant medium and without the presence of rhEGF, as a reference Blank-DELOS
nanovesicles sample (Figure 2.9a), it can be observed that it presents proper physicochemical
properties in terms of particle size distribution, which remained constant over time with a
mean particle size around 80 nm and also presents a suitable polydispersity value around
0.3. Furthermore, the morphology of these Blank-DELOS nanovesicles observed by cryo-
TEM images (Figure 2.9b) revealed a high density of unilamellar nanovesicles with good
homogeneity in terms of size, lamellarity, and supramolecular membrane organization, which
plays an important role in the functionalization of their membranes, making them competent
drug targeters®’.

However, a close examination of the pH of the nanoformulation over time (see Section 6.3.2),
which is a crucial parameter in this project, shows that the use of phosphate buffer (0.05 mM, pH
7.0) in the Blank-DELOS nanovesicle formulation does not stabilize the pH value over time (Figure
2.9¢). The pH of this nanoformulation is destabilized over time and varies from an acidic pH of 4.0
after production to 6.5 after 12 weeks of production, mainly caused by the presence of CO, present
in the DELOS-susp process.
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Using this method described in Section 6.2.1 of Chapter, CO, is depressurized from high pressure
to ambient conditions to form DELOS nanovesicles, which can result in CO, remaining solubilized
in the aqueous phase, thereby acidifying the pH of the nanoformulation®®. Then, although
the presence of phosphate buffer (0.05 mM, pH 7.0) as dispersant medium in Blank-DELOS
nanovesicles presents good physicochemical properties in terms of morphology, size and zeta
potential, it does not have enough buffering capacity to reach a stable pH of the nanoformulation
close to 5.5-7.0 over time, the acceptance limit pH range established for the proper stability of
rhEGF*® (Table 2.2).
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Figure 2.9: (a) Particle size distribution over time, (b) morphology 14 weeks after preparation
with the DELOS methodology, and (c) pH evolution over time of reference Blank-DELOS
nanovesicles in phosphate buffer (0.05 mM pH 7.0). Samples were stored until use at 5 + 3 °C.

Regarding the pH, this issue has been reported in the literature, suggesting that the environment
in which rhEGF is found is a relevant parameter for chemical and physical protein degradation.
Knowing then that the maximum stability of rhEGF is at pH 5.5 to 8.0, with an optimum near pH
7.0%, it can be assumed that when the rhEGF is placed in phosphate buffer (0.05 mM, pH 7.0), its
stability is affected because its pH is unstable over time between 4.5 to 6.5. In addition, it is reported
that chemical and physical protein degradation and aggregation can occur when the pH is close to
4 and 5. To control the degradation of the rhEGF in rhEGF-DELOS nanovesicles in the presence
of phosphate buffer (0.05 mM, pH 7.0) as dispersant medium, the chemical stability of rhEGF was
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determined by measuring its molecular weight by High-Performance Liquid Chromatography-
Electrospray lonization-Mass Spectrometry (HPLC-ESI-MS) (see Section 6.3.5).

In our case, it is known that rhEGF produced by CIGB consists of a mixture of 51 and 52 amino acids
whose theoretical masses of rhEGF . and rhEGF, _, are 5946.66 and 6059.82 g:mol™, respectively.
As the mass is a very specific property of a molecule, the determination of the molecular weight by
HPLC-ESI-MS can enable the analysis of the stability of the rhEGF during the preparation of rhEGF-

DELOS nanovesicles by the DELOS-susp methodology®.

Table 2.3 contains the molecular weight of rhEGF studied through HPLC-ESI-MS. As shown, it was
discovered that rhEGF suffered a mass reduction of both types of rhEGF protein present in the
mixture, rhEGF . andrhEGF_ _,
medium in the rhEGF-DELOS nanovesicles compared to when it is free in phosphate buffer (10 mM,

in the presence of phosphate buffer (0.05 mM, pH 7.0) as dispersant

pH 7.0), which is our reference of stability maximum stability. Thus, it was confirmed that phosphate
buffer (0.05 mM, pH 7.0) is not a suitable dispersant medium for the preparation of rhEGF-DELOS

nanovesicles and thus it was evident that this was a key point that needed to be optimized.

Table2.3:Molecularweight of rhEGF studied through High-Performance Liquid Chromatography-
Electrospray lonization-Mass Spectrometry (HPLC-ESI-MS).

Dispersant Tr Molecular
Sample medium pH (min) M1/z M2/z weight (g-mol-) Comments
11902 | 1487.8 Minority
3.5 5946
.. Phosphate (+4) peak
Original (+5)
rhEGE buffer (10 7.0 1130
mM, pH 7.0) 33 : 1516.0 6060
(+5) | 4
1167.4 | 1459.0 Minorit
_ 'hEGF Phosphate 3.5 5832 o
integrated (+5) (+4) pea
in DELOS buffer (0.05 | 4.5
. mM, pH 7.0) 1190.1 | 1487.3
nanovesicles 3.8 5945
(+5) (+4)

For this reason, there was a desire to use a more appropriate dispersant medium that would help
achieve adequate pH control of the rhEGF-DELOS nanoformulation. It should be emphasized that
Blank-DELOS nanovesicle formulations, after being prepared using the DELOS-susp methodology,
were not subjected to any manipulation that could affect the spontaneous pH evolution, only

opening and closing the vial for its analysis.

Summary in relation to chemical composition and pH of the dispersant media used in the rhEGF-
DELOS nanovesicle formulation, they are important factors that can affect the stability of the rhEGF

protein, and so have an impact on its functionality.
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The use of different dispersant medium that ensure a pH close to pH 7.0 for the stability and
non-degradability of rhEGF is a well-known problem that requires a proper approach. To this end,
several new dispersant media have been proposed to improve the pH performance of the rhEGF-
DELOS nanovesicle formulation, which is described below.

This issue was explored by preparing Blank-DELOS nanovesicles (without rhEGF) using the same
process previously described in the Doctoral Thesis of Dr. Ingrid Cabrera and schematized in Figure
2.10 (see Section 6.2.1). In all cases, Blank-DELOS nanovesicles were prepared using theoretical
equimolar ratio between cholesterol and CTAB with a concentration 7.3 mM of each component,
respectively, and by screening dispersant media at pH 7.0 using buffers of different nature, which
are described in the next section. In this case, the protein rhEGF was not integrated into the DELOS
nanovesicle production to assess the impact of the dispersant medium in the DELOS nanovesicles
formation. Deep physicochemical characterization was performed, in terms of mean particle size,

PDI and zeta potential over time, as well as morphological analysis by cryo-TEM (see 6.3.3 section).

Depressurization
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Figure 2.10: Schematic representation of the depressurization step of the DELOS-susp process
to obtain Blank-DELOS nanovesicles composed of cholesterol and CTAB using different
dispersant media at pH 7.0 as the aqueous phase.
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Since rhEGF is produced by CIGB in phosphate buffer (10 mM, pH 7.0), it seemed interesting to
use this dispersant medium in the synthesis of the DELOS nanovesicle as a strategy to have an
appropriate pH of the nanoformulations close to pH 7.0 and at the same time, ensure the correct
stability of the protein. This buffer is based on the mixture of 5.8 mM of Na,HPO, and 4.2 mM of
NaH,PO,-H,0, which at pH 7.0, the species in Equation 2.1(2) are the most prevalent, as the pH is
close to the equilibrium constant K, which is 7.21.

Ka,1=2,12
(1) HyPO, &5 H* + H,PO;

Ka,=7,21
(2) HyPO; 2225 H+ + HPOZ-

pKas=12,44
(3) HPO}~ «———— H* + PO}~

Equation 2.1: Equilibrium equations of the phosphate buffer and their corresponding
equilibrium constants.

This option was either not reasonable for our purposes because the sample, while showing the
desired pH over time, pH between 6.5 and 7.0, they showed macroscopic changes over time as
compared to Blank-DELOS nanovesicles in phosphate buffer (0.05 mM, pH 7.0), evolving from
a transparent appearance to a whitish opal as observed in Figure 2.11a. This evolution of the
macroscopic appearance was also observed by DLS analysis (Figure 2.11b), which showed that
the particle size distribution changed significantly becoming unstable over time, probably due
to the interaction between the salts and the membrane components. As shown in Figure 2.11c,
this instability was also confirmed by cryo-TEM, which also showed unfavorable changes in the
morphology of the Blank-DELOS nanovesicles, which did not show homogeneous structures.
Importantly, the salt concentration used in the phosphate buffer media (10 mM) is in the same

range as the concentration of the membrane components (= 7.3 mM).

It is noteworthy to point out under this buffer condition, the pH of the nanoformulation is near
6.5 after its production and slightly increasing up to pH 7.0 after 20 weeks of its production. This
slight increase is due to the possible release of CO, coming from the DELOS-sup process that has
remained dissolved in the formulation and removed over time and so increasing the pH (Figure
2.11d). Consequently, increasing the concentration of phosphate buffer from 0.05 mM as described
previously to 10 mM as dispersant media for the nanoformulation has demonstrated the ability to
maintain stable the pH around 5.5-7, which is the desired limit of acceptance of this attribute for

this nanoformulation.

77



(b) 20 - -
18] Time after production
= 16 0 weeks
= | ——2weeks
© 144 ——11 weeks
o ——— 15 weeks
124
L 10 — 18 weeks
;‘?—‘. B
2 8
o
€ 64
4,
24
0,
1 10 100 1000 10000
Size (nm)

(d) 7%

70 T

=5 MONTHS

5.5
5.0

45

0 2 4 6 8 10 12 14 16 18 20
Time (weeks after production)

Figure 2.11: (a) Macroscopic appearance of Blank-DELOS nanovesicles in phosphate buffer (0.05
mM, pH 7.0) and (10 mM, pH 7.0) 4 months after production, (b) particle size distribution over
time, (c) morphology at 1 week and 5 months after production (d) pH evolution of Blank-DELOS
nanovesicles in phosphate buffer (10 mM, pH 7.0). Samples were stored until use at 5 + 3 °C.

Given the inappropriate behavior of the physicochemical properties such as the instability of the
particle size distribution and morphology of Blank-DELOS nanovesicles using phosphate buffer (10
mM, pH 7.0) as dispersant medium, it was proposed to handle the buffer research through another
approach. At this stage, it was decided to try the use of a less concentrated phosphate buffer,
specifically phosphate buffer (5 mM, pH 7.0).

Regarding this formulation, it showed a stable particle size distribution over the period studied
(14 weeks), but also exhibits a significant population of particles near 1 um (Figure 2.12a). These
results were also confirmed by cryo-TEM, which showed a high structural homogeneity of the
prepared nanoformulations (Figure 2.12b). As for pH, the value obtained was in the range of pH
5.5-7, which was the acceptance limit for this CQA (Figure 2.12c).
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Figure 2.12: (a) Particle size distribution over time and (b) morphology 5 months after
production and (c) pH evolution over time of Blank-DELOS nanovesicles in phosphate buffer (5
mM pH 7.0). Samples were stored until use at 5 + 3 °C.

Following the same strategy as previously described, Hepes buffer solution (5 mM, pH 7.0) was
also considered for being studied since rhEGF was found to be thermodynamically stable in this
buffer®. The Hepes molecule also called 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid, is a
zwitterionic (positive and negative charge on different atoms within the molecule) organic chemical
that can act as a biological buffering agent with pKa of 7.55 (Figure 2.13). Hepes buffer has an
optimal pH range of 6.8-8.2, which can help maintain the physiological pH in cell cultures regardless
of fluctuations in carbon dioxide concentration generated by cellular respiration®®.

pKa,=7.55
0.0 0.9
(\%/\/‘S,Oe OH N/\/S (]
" ®
HO/\/N\) H HO/\/N\)

Figure 2.13: Dissociation step and pKa value of Hepes at 20 °C. Reproduction from®?,
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One of the main disadvantages of this approach is that the Hepes molecule has adverse effects
if not protected from light, as it forms hydrogen peroxide due to exposure to light®. Thus, Blank-
DELOS nanovesicles containing this buffer must be protected from light.

After the production and examination of the Blank-DELOS nanovesicles using this buffer, it was
revealed proper physicochemical properties such as stability over time in both particle size
distribution and zeta potential (Figure 2.14a). Upon examining its morphology, homogeneous
small unilamellar DELOS nanovesicles were observed (Figure 2.14b), which is an important factor
for a robust system that maintains excellent stability over time, especially when used in medical
applications. In terms of pH, this buffer presents enough buffering capacity to reach a stable pH
of the nanoformulation between 5.5-7.0, which is the acceptance limit pH range established for
the proper stability of rhEGF®, from the beginning of the Blank-DELOS nanovesicles production
up to the evaluated time (10 weeks). (Figure 2.14c). Naturally, this type of buffer can be useful for

enhancing the physicochemical properties of the rhEGF-DELOS nanovesicles formulation.
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Figure 2.14 (a) Particle size distribution over time and (b) morphology 5 months after production

and (c) pH evolution over time of Blank-DELOS nanovesicles in Hepes buffer (5 mM pH 7.0).
Samples were stored until use at 5 + 3 °C.
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Finally, another approach based on the use of histidine buffer (5 mM, pH 7.0) as dispersant
medium for the formation of Blank-DELOS nanovesicles is presented. Histidine is one of the
codified amino acids used in the biosynthesis of proteins, which has an effective pH range
of 5.5-7.4%(Figure 2.15), and some studies support its positive correlation between its use
in rhEGF and a low degradation reaction rate constant of the protein!®. In addition, histidine
buffer has also been described as the most common buffer for commercially available protein
therapeutics, like antibody formulations, with histidine concentrations ranging from 3 mM to
50 mM and pH = 5.5-6.5%7%"_ Consequently, histidine was considered a promising approach for

being evaluated.
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Figure 2.15: Chemical structure of L-histidine. Adapted from®.

After preparing the Blank-DELOS nanovesicles with histidine buffer (5 mM, pH 7.0), the data
were carefully examined. From the preliminary data, it was found that the histidine buffer
seemed very promising. Not only was long-term stability observed over time but also proper
vesicle morphology was detected (Figure 2.16a,b). Interestingly, this buffer also presents
enough buffering capacity to achieve a stable pH of the nanoformulation between 5.5-7.0,
which corresponds to the pH range of the acceptance limit set for the proper stability of
rhEGF®, from the beginning of the Blank-DELOS nanovesicles production up the evaluated
time (28 weeks) (Figure 2.16c).
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Figure 2.16: Particle size distribution over time and (b) morphology 5 months after production
and (c) pH evolution over time of the Blank-DELOS nanovesicles in histidine buffer (5 mM pH
7.0). Samples were stored until use at 5 + 3 °C.

Then, in the light of the reported results on the buffer screening for the production of Blank-DELOS
nanovesicles, it was conceivable that histidine buffer (5 mM, pH 7.0) was the most promising
dispersant medium for improving the nanoformulation compared to the previous nanoformulation
using phosphate buffer (0.05 mM, pH 7.0). The results obtained here using the other described
dispersant media for the preparation of Blank-DELOS nanovesicles may have had some
implications. Undoubtedly, phosphate buffer (10 mM, pH 7.0) showed some destabilization of the
nanoformulation over time, and so it was discarded from the study. At the same time, phosphate
buffer (5 mM, pH 7.0) was also rejected as a precaution against it evolved similarly as phosphate
buffer (10 mM, pH 7.0). Finally, Hepes buffer (5 mM, pH 7.0) was also refused from the study due

to its possible cytotoxic effects if light-exposed.

Consequently, this optimization of the nanoformulation can be considered to be a significant step
forward for achieving better results of the rhEGF-DELOS nanovesicles formulation. From this point,
histidine buffer (5 mM, pH 7.0) was used for resuspending rhEGF from its lyophilized form and as a

dispersant medium for the production of rhEGF-DELOS nanovesicles.

Summarizing, it was demonstrated that the use of different aqueous medium strongly influences on

the physicochemical properties of DELOS nanovesicles (particle size, pH and stability). In this case,
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the most appropriate dispersant medium was histidine buffer (5 mM, pH 7.0), which will be used in
further studies of rhEGF-DELOS nanovesicles pharmaceutical development.

To confirm the suitability of histidine buffer (5 mM, pH 7.0) in the preparation of rhEGF-DELOS
nanovesicles, they were synthesized using the DELOS-susp methodology, the same described in the
previous Section 2.2.3.1 and Figure 2.17. In this case, the volumetric expanded organic solution of
cholesterol, ethanol, and compressed CO, was depressurized over an aqueous phase of histidine
buffer (5 mM, pH 7.0), containing CTAB and the rhEGF protein at the chosen concentrations 25 and
100 pug-mL?, which corresponds to the equivalent of 0.6 and 2.2 (ratio rhEGF:CTAB (mmol:mol))
respectively (see Section 6.2.1).

Depressurization
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Figure 2.17: Schematic representation of rhEGF-DELOS nanovesicles preparation by DELOS-
susp methodology using histidine buffer (5 mM, pH 7.0) as dispersant medium.

As observed in Figure 2.18a, rhEGF-DELOS nanovesicles with 25 and 100 pg-mL* exhibit stable
particle size distributions over time, with mean hydrodynamic diameter of around 100 nm for rhEGF-
DELOS nanovesicles with 25 pug-mL?, and a somewhat smaller diameter of around 85 nm in the case
of rhEGF-DELOS nanovesicles with 100 pg-mL™. In addition, samples were homogenous with a stable
PDI and no larger than 0.4. In addition, cryo-TEM images show unilamellar and spherical shaped
vesicles, confirming that the incorporation of rhEGF protein in the nanoformulation containing

histidine buffer (5 mM, pH 7.0) maintains the morphology of the nanovesicles (Figure 2.18b,c).
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Figure 2.18: (a) Stability of hydrodynamic diameter distribution and PDI of rhEGF-DELOS
nanovesicles with 25 and 100 pg-mL® over time using histidine buffer (5 mM, pH 7.0) as
dispersant medium, (b) and (c) cryo-TEM images of the rhEGF-DELOS nanovesicles with 25 and
100 pg-mL*respectively, using histidine buffer (5 mM, pH 7.0) as dispersant medium.

Furthermore, thanks to HPLC-ESI-MS (see Section 6.3.5) it was confirmed that the use of histidine
buffer (5 mM, pH 7.0) is an appropriate strategy to protect rhEGF from degradation when it is
integrated into the DELOS nanovesicles in suspension, achieving similar results of the molecular
mass of rhEGF compared to the original free rhEGF stored in phosphate buffer (10 mM, pH 7.0),

which was our reference of stability (Table 2.4).
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Table2.4:Molecularweight of rhEGF studied through High-Performance Liquid Chromatography-
Electrospray lonization-Mass Spectrometry (HPLC-ESI-MS).

Dispersant Tr Molecular
Sample P . pH . M1/z M2/z weight | Comments
medium (min) (g-mol?)
. 1190.2 | 1487.8 cou6 Minority
Original Phosphate . (+5) (+4) peak
rhiGF buffer (10 mM, | 7.0 130
pH 7.0) Y1 1516.0
3.8 6060
(+5) (+4)
1190.2 | 1487.6 P
rhEGF 35 5946 l\/lmorklty
integrated | Histidine buffer | (+5) (+4) pea
in DELOS (5mM, pH 7.0) 1213.0 | 45159
nanovesicles 3.8 ' 6060
(+5) | (+4)

In conclusion, it has been shown that histidine buffer (5 mM, pH 7.0) is a suitable dispersant
medium for the preparation of the rhEGF-DELOS nanovesicles as it can avoid the degradation of
the rhEGF in suspension. Then, the benefits of using this buffer in the rhEGF-DELOS nanovesicles

prototype were reconfirmed.

As the goal of this project is to reach the clinical phase, one of the key parameters to achieve it
is to ensure the scalability of the process from laboratory to pilot production to prepare large
batches for the clinical trials. For this reason, it should be noted that in our case it is necessary
to understand in detail each part of the manufacturing process of nanovesicles to consider what
factors can affect the effectiveness of the process. The DELOS-susp methodology to produce
rhEGF-DELOS nanovesicles is a straightforward process, however, some process parameters can be
optimized to increase the yield. For example, the position of the surfactant can have an impact on

making the performance of the method easier.

Previously, rhEGF-DELOS nanovesicle nanoformulations were prepared according to the procedure
schematically represented in Figure 2.19a. As previously mentioned, the methodology briefly
consisted of loading a solution of cholesterol in an ethanol organic solution into a high-pressure
reactor with pressurized and compressed CO,. Finally, this volumetrically expanded organic solution
was depressurized over the histidine buffer (5 mM, pH 7.0) containing CTAB and the rhEGF protein

at the chosen concentration.
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Figure 2.19: Schematic representation of the DELOS-sup methodology (a) adding cholesterol
to the organic phase and CTAB and rhEGF to the aqueous phase and (b) adding cholesterol and
CTAB to the organic phase and rhEGF in the aqueous phase.

One strategy was to modify the localization of the membrane components during the DELOS-sup
process by placing them together in just one step, e.g., adding both to the organic phase. As stated
before, CTAB was always added in the aqueous phase based on histidine buffer (5 mM, pH 7.0)
together with the rhEGF. However, it is important to emphasize that when CTAB and rhEGF were
mixed, a temporal aggregation was initially observed followed by disaggregation upon mixing after

a few minutes. Then, the introduction of CTAB into the organic phase along with the cholesterol is

expected to help streamline and simplify the methodology to prepare rhEGF-DELOS nanovesicles.

Figure 2.20: Temporal aggregate formation when mixing CTAB and rhEGF in the aqueous phase
to prepare rhEGF-DELOS nanovesicles, rhEGF:CTAB ratio (mmol:mol) = 0.6.

To evaluate the impact of changing the rhEGF-DELOS nanovesicle preparation method by DELOS-
susp inthe CQAs, rhEGF-DELOS nanovesicles containing 25 and 100 ug-mL™ of rhEGF were produced
by DELOS-susp and then characterized. Briefly, the usual procedure previously described based on
preparing rhEGF-DELOS nanovesicles with cholesterol and CTAB at a final theoretical concentration

of 7.3 mM of each component was followed. In this case, as observed in Figure 2.19b, both
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membrane components were dissolved together in ethanol organic solution and then placed in a
high-pressure reactor with pressurized and compressed CO,. Then, it was depressurized over an
aqueous phase of histidine buffer (5 mM, pH 7.0), also containing the rhEGF protein at the chosen
concentrations, 25 and 100 ug-mL?, equivalent of 0.6 and 2.2 (ratio rhEGF:CTAB (mmol:mol))
respectively, were the promising nanoconjugates prototypes that had previously presented
excellent physicochemical properties® (see Section 6.3.1 and 6.3.3 for more information) (Error:

Reference source not found 2.18).

Thus, a correct evaluation of the physicochemical properties of the rhEGF-DELOS nanovesicles
depending on the position of the CTAB (organic phase (OP) or aqueous phase (AP)) was performed.
Based on the results observed in Figure 2.21 of the physicochemical properties of the prepared
batches, we make the following observations. On the one hand, it was found that both approaches
presented good quality results in terms of the stability of the particle size distribution over time
(Figure 2.21a). However, changing the position of the CTAB to the organic phase in the production
process yielded surprisingly good results, since the vesicular systems obtained not only had slightly
smaller particle size but also lower PDI and lower zeta potential values than the rhEGF-DELOS

nanovesicles prepared with the CTAB in the aqueous phase (Figure 2.21a,b,c).
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Figure 2.21: (a) Particle size, (b) PDI and (c) zeta potential evolution over time of rhEGF-DELOS
nanovesicles with 25 and 100 pg-mL-1 of rhEGF comparing the CTAB addition in the aqueous
phase (AP) or in the organic phase (OP) in the DELOS-susp process.
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Furthermore, as shown in Figure 2.22a,b, cryo-TEM images of these optimized rhEGF-DELOS
nanovesicles containing 25 and 100 pg:mL? of rhEGF confirmed the presence of spherical,
homogeneous and unilamellar vesicles.

(a) rhEGF-DELOS nanovesicles (b) rhEGF-DELOS nanovesicles
25 pg'mlL! 100 pg-mL?

Figure 2.22: Cryo-TEM images of the rhEGF-DELOS nanovesicle formulation adding CTAB in the
organic phase. (a) rhEGF-DELOS nanovesicles with a final rhEGF concentration of 25 ug-mL?
and (b) rhEGF-DELOS nanovesicles with a final rhEGF concentration of 100 pug-mL™.

Consequently, changing the CTAB position during the preparation of rhEGF-DELOS nanovesicles
in the DELOS-sup method allows the preparation of nanoconjugates with a more homogeneous
size, meeting the quality requirements of the nanoformulations. Based on these results, it was
decided that CTAB should be added to the organic phase instead of the aqueous phase for the
preparation of the prototype nanomedicine using the DELOS-susp process. As a result, vesicles
with better physicochemical properties can be obtained and the production process is also
simplified.

As a summary, the results presented so far in this chapter defined all the components that constitute
the rhEGF-DELOS nanovesicle and its preparation methodology for obtaining an optimized
nanoformulation as pharmaceutical product intermediate, which are described in Table 2.5 and

their role in the nanoformulation.
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Table 2.5: rhEGF-DELOS nanovesicles optimized nanoformulation: components and process
parameters for obtaining the intermediate pharmaceutical product.

Position during the
Component Quantity per Function preparation C?f the Specification
mL nanoformulation by
DELOS-susp
Active Depending
rhEGF 25 to 100 pg | pharmaceutical Agueous phase on the
ingredient manufacturer
Cholesterol 2.83 mg Membrane Organic phase USP/Ph. Eur.
component
CTAB 2.70mg Membrane Organic phase USP/Ph. Eur.
component
Histidine 0.60 mg pH regulator Aqueous phase USP/Ph. Eur.
buffer
Solubilizer of
EtOH 0.10 mL membrane Organic phase USP/Ph. Eur.
components
Water for Dispersant
injection g.s.1mL médium Aqueous phase USP/Ph. Eur.

Another important quality attribute to be defined in the rhEGF-DELOS formulation is the entrapment
efficiency (EE%) as previously described as a CQA (Table 2.2). The protein EE% is the ratio of the integrated
drug to the initial drug feed during the preparation of the nanovesicles. From an economic point of view,
high encapsulation efficiency is important as it leads to cost-effective production of nanoparticles, while

in the context of therapeutic efficacy, high drug loading is an important feature of nanoparticles®.

It is important to note that to control the rhEGF entrapment efficiency, an analytical and robust
method had to be defined that could accurately quantify the amount of rhEGF integrated into the
DELOS nanovesicle membrane and the free rhEGF in the dispersant medium. With this aim in mind,
the methodology used was based on rhEGF-DELOS nanovesicles ultracentrifugation, to separate the
rhEGF integrated into the rhEGF-DELOS nanovesicles from the free one in the medium. Then, the EE% is

calculated by fluorescence spectroscopy thanks to the intrinsic fluorescence of the rhEGF tryptophans.

Briefly, ultracentrifugation is a process that uses centrifugal force to separate and purify mixtures
of particles in a liquid medium using the principle of sedimentation. Its main principle is to simply
sediment or pellet rhEGF-DELOS nanovesicle samples from the dispersant medium in which free

rhEGF stands (supernatant) by high-speed ultracentrifugation, as shown in Figure 2.23.
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Figure 2.23: Ultracentrifugation methodology to separate the non-integrated rhEGF in rhEGF-
DELOS nanovesicles.

To do it, 1 mL of rhEGF-DELOS nanovesicle optimized formulation was prepared and subjected to
ultracentrifugation (see Section 6.3.8). A first approach of ultracentrifugation at 90.000 g, at 5 °C
for 8 hours and 24 hours was performed, however, the nanovesicle formulation did not generate
any sediment producing a pellet. It should be emphasized that the sedimentation rate dependents
not only on the centrifugal field applied, but also on the type of particle, such as its density and its
hydrodynamic radius’.

Considering that we were dealing with small nanovesicles that require higher expenditure of
energy and time, it was crucial to carefully adjust the experimental parameters for the complete
pelleting of rhEGF-DELOS nanovesicles. For this reason, different conditions of ultracentrifugation
such as temperature, time and centrifugal force were studied. Setting the time at 6 hours, which
is a suitable analysis time, four different ultracentrifugation conditions were analyzed: 200.000
g at 10 °C, 400.000 g at 10 °C, 400.000 g at 4 °C and 600.000 g at 4 °C. Then, for all the studied
conditions, the encapsulation efficiencies were calculated using the optimized parameters of the
rhEGF fluorescence intensity as follows in Table 2.6.

Table 2.6: Fluorescence measurement conditions of rhEGF-DELOS nanovesicles with a final
rhEGF concentration of 25 and 100 pg-mL™.

- rhEGF-DELOS nanovesicles rhEGF-DELOS
Measurement conditions 1 . 1
25 pg-mL nanovesicles 100 pg-mL
Excitation wavelength 295 nm 295 nm
Excitation slit 5nm 5nm
Emission wavelength 300-450 nm 300-450 nm
Emission slit 10 nm 5nm
Maximum intensity wavelength 345 nm 345 nm
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So, when free rhEGF and rhEGF-DELOS nanovesicles were separated by ultracentrifugation, the
encapsulation efficiency of rhEGF was determined by measuring the fluorescence intensity of
rhEGF from the pellet and comparing it to the fluorescence intensity of the original sample, using

the following Equation 2.2:

Tinitial sample 345 nm

Equation 2.2: Formula to calculate the rhEGF encapsulation efficiency from the measured
fluorescence intensity in the pellet of rhEGF integrated into the DELOS nanovesicles.

Based on these calculations, different values of the rhEGF encapsulation efficiency in rhEGF-DELOS
nanovesicles were calculated from all ultracentrifugation conditions. As shown in Figure 2.24a, it
can be clearly seen that in all cases the EE% of rhEGF in the rhEGF-DELOS nanovesicles exceeds 90%,
which is the minimum value defined in the product’s CQAs list. In addition, it was also confirmed
that at the maximum ultracentrifugation conditions tested (600000 g, 4 °C for 6 hours), the rhEGF
did not sediment and remained in suspension, confirming again that the ultracentrifugation method

achieves a proper separation of free and integrated rhEGF in DELOS nanovesicles.

However, to distinguish which condition was most appropriate, fluorescence measurements of
each supernatant fraction were then performed at 302 nm. By measuring the intensity at this
wavelength, we look for the contribution of Rayleigh scattering due to elastic scattering of photons
by particles whose size is smaller than the wavelength of the scattered photons (DELOS nanovesicle
size is around 60 nm, so smaller than the wavelength of 302 nm). In addition, either absorption
nor emission fluorescence from rhEGF or other components is detected at 302 nm. Consequently,
the intensity at 302 nm would be proportional to the concentration of particles such as DELOS

nanovesicles remaining in the supernatant after centrifugation.

Results illustrated in Figure 2.24b show that a decrease in the fluorescence intensity of the rhEGF-
DELOS nanovesicles can be observed with increasing centrifugal force. These results could be
related to less scattering from the nanovesicles, meaning that with increasing centrifugal force,
more rhEGF-DELOS nanovesicles sediment in the pellet, effectively separating the unintegrated
rhEGF from the rhEGF-integrated one in rhEGF-DELOS nanovesicles.

Then, regarding the maximum tested ultracentrifugation condition, which was 600.000 g at 4
°C for 6 hours, it presents a similar supernatant fluorescence intensity between rhEGF-DELOS
nanovesicles, free rhEGF and the dispersant medium (histidine buffer (5 mM, pH 7.0)), meaning
that almost no DELOS nanovesicles were present in the supernatant. Consequently, this condition
of ultracentrifugation confirms an optimal separation of rhEGF-DELOS nanovesicles from free rhEGF

and so a proper determination of rhEGF entrapment efficiency in rhEGF-DELOS nanovesicles.
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Figure 2.24: (a) Evaluation of the rhEGF encapsulation efficiency from the measured fluorescence
intensity in the pellet of rhEGF integrated into the DELOS nanovesicles by using different
ultracentrifugation conditions and (b) Fluorescence intensity at 302 nm of the supernatants of the
rhEGF-DELOS nanovesicles, rhEGF and dispersant medium (histidine buffer (5 mM, pH 7.0)) from
the use of different ultracentrifugation conditions. All ultracentrifugation conditions lasted 6 hours.

To validate this ultracentrifugation process, the integrity of the rhEGF-DELOS nanovesicles upon
formation of a pellet was examined by cryo-TEM. Figure 2.25 shows that the morphology of rhEGF-
DELOS nanovesicles maintained the original structure after ultracentrifugation, confirming that this

procedure is non-destructive for this nanoformulation.

Figure 2.25: Representative cryo-TEM image of the rhEGF-DELOS nanovesicles present in the
pellet obtained after the ultracentrifugation process under the condition of 600.000 g at 4 °C
for 6 hours.

Therefore, based on these results, it was decided that the calculation of the rhEGF encapsulation
efficiency in DELOS nanovesicles has to be performed using an ultracentrifugation method at

600.000 g of 4 °C for 6 hours, followed by fluorescence measurements at 345 nm.

Consequently, the rhEGF entrapment efficiency (EE%) in the optimized rhEGF-DELOS nanoformulations
containing 25 and 100 pg-mL™ of rhEGF was determined. Overall, the results presented in Table 2.7
show that the EE% of both systems remained very high (>97%) regardless of the protein loadings.
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Table 2.7: Entrapment efficiency of rhEGF in the optimized rhEGF-DELOS nanovesicle
formulations loaded with different rhEGF concentrations and measured after one week (N = 2).

Optimized rhEGF-DELOS nanovesicles EE (%)
rhEGF-DELOS nanovesicles with 25 pg-mL* of rhEGF 97+3
rhEGF-DELOS nanovesicles with 100 pg-mL* of rhEGF 98+ 1

To conclude, we have successfully develop a robust and suitable method to accurately evaluate the
encapsulation efficiency of rhEGF in our optimized nanoformulations. By using ultracentrifugation
method at 600.000 g of 4 °C for 6 hours, followed by fluorescence measurements at 345 nm,
both nanoformulations exhibited high encapsulation efficiencies at approximately 98%. These are
promising and relevant results as encapsulation efficiency is critical quality attribute that must be

carefully controlled for the nanoformulation efficacy.

Previous studies have shown that an optimization in the rhEGF-DELOS nanovesicle formulation
can be achieved for the treatment of DFUs and VLUs using the compressed CO,-based DELOS-
susp platform towards the preclinical development stage, including the establishment of the
critical quality attributes. Then, henceforth, this new optimized rhEGF-DELOS nanoformulations,
now referred to as the intermediate formulation will always be related to the one prepared
using DELOS-susp and the composition defined in Table 2.5. Therefore, here we provide
further experimental evaluations of this new intermediate product considering the CQAs and
specifications defined in Section 2.2.2 to verify in detail its potential in terms of physicochemical

characterization.

First, thanks to the collaboration with the group of Prof. Jan Skov Pedersen from the Department
of Chemistry and Interdisciplinary Nanoscience Center (iNANO, Aarhus, Denmark), small-angle
X-ray scattering (SAXS) measurements were performed on Blank-DELOS nanovesicles and rhEGF-
DELOS nanovesicles (rhEGF 100 pg-mL?) that were sent to study their homogeneity and thus gain a
further understanding of the DELOS nanovesicles morphology (see Section 6.3.4 for more details).
This technique can provide unique structural information with the advantage of measuring the
average properties of the bulk samples that can be otherwise obviated by using only microscopic

techniques such as cryo-TEM or confocal microscopy.
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As shown in Figure 2.26, SAXS data for Blank-DELOS nanovesicles and rhEGF-DELOS nanovesicles
have a broad maximum at large scattering vector moduli g, which originates from the shell-core-
shell cross-section structure of the vesicles, where the electron density of the hydrocarbon core
is lower than that of the buffer and the electron density of the shells is higher than the buffer’.
The rhEGF-DELOS nanovesicles samples display additional extensive high-frequency ripples, which
originates from the overall size of the vesicles and a very low size polydispersity. The corresponding
data for Blank-DELOS nanovesicles do not show these oscillations, which means that this sample is
somewhat more polydisperse. However, an aged sample (20 months) has also been measured and
the data (not shown) display the same high-frequency ripples as the rhEGF-DELOS nanovesicles.
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Figure 2.26: Experimental SAXS profiles at room temperature of Blank-DELOS nanovesicles in
blue, and rhEGF-DELOS nanovesicles loaded dispersions, in red.

Additionally, exposing the Blank-DELOS nanovesicles sample to ultra-sound also results in SAXS
with ripples, and this together with the behavior of the aged sample shows that the equilibrium
structure of the Blank-DELOS nanovesicles sample is also that of very monodisperse vesicles. Since
the fresh rhEGF-DELOS nanovesicles sample already is very monodisperse, it is reasonable to
conclude that the association of the rhEGF enhances molecular exchange, which brings the system

faster into equilibrium.

The SAXS data were fitted with a model of spherical vesicles with a Gaussian number size distribution,
where the cross-section of the vesicles is a shell-core-shell structure. The model fits the data very
well and reproduces the high-frequency ripples for the rhEGF-DELOS nanovesicles confirming a
vesicular structure, as observed by cryo-TEM (Figure 2.23). According to the modeling, the outer
radius for the Blank-DELOS nanovesicles and the rhEGF-DELOS nanovesicles was 31 + 8 and 27.22
+ 0.03 nm, respectively, whereas the membrane thickness for both samples was 4.4 nm. The

polydispersity for the Blank-DELOS nanovesicles is estimated to be >10%, whereas it is only 2.6%
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for rhEGF-DELOS nanovesicles. These results are in agreement with the cryo-TEM images and DLS
results (Table 2.5 and Figure 2.21 and Figure 2.22), when considering that the polydispersities of

DLS are usually overestimated.

Moreover, the release profile of rhEGF from the rhEGF-DELOS nanovesicles with 100 pg-mL? of
rhEGF in the dispersant medium conditions of water/10% EtOH (v-v!), histidine buffer (5 mM, pH
7.0) was also investigated through the shaking incubation of the conjugates at 32 and 37 °C and
after storage times of 0.5, 1, 2 and 3 days (see Section 6.4.2). The released rhEGF was determined
by ultracentrifugation followed by ELISA (Figure 2.27). No burst release of loaded rhEGF was clearly
observed at the beginning of the study at both pH values; neither any rhEGF release was observed
for the sample maintained during 3 days at pH 5.5 after incubation at temperatures 32 and 37
°C. However, at pH 7.0 a small rhEGF release was observed that tends to increase with time but
remains below 5% after the 3 days at 32 °C. A higher amount of rhEGF (from 10 to 15%) was
released at the same pH after storage at 37 °C. Then, thanks to this experiment, it was illustrated

the importance of pH and temperature in the release of rhEGF from rhEGF-DELOS nanovesicles.
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Figure 2.27: The time-release profile of rhEGF-DELOS nanovesicles (rhEGF 100 pg-mL™) at pH
5.5 (32 °C, lilac line, and 37 °C, red dashed line) and pH 7.0 (32 °C, line, and 37 °C, blue
dashed line). Data is plotted as mean + SD (N = 3 per group).

On the other hand, we are interested in developing a robust nanomedicine that can progress
to the clinical stage. For this reason, it is essential to attain a complete reproducibility of their
physicochemical characteristics, morphology and drug substance loading among different batch

productions, which is called batch-to-batch consistency.

Besides, it is very important the use of methodologies that allow nanomedicine production at an
industrial scale with suitable and reproducible characteristics, involving a minimum number of
steps and equipment and meeting the requirements of the pharmaceutical guidelines and the
good manufacturing practices (GMP).
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In this regard, the reproducibility under a 40-fold scale-up has been checked to evaluate the
potentiality of the DELOS-susp as a robust manufacturing platform for the production of rhEGF-
DELOS nanovesicles (rhEGF 100 ug-mL*) from bench-scale (obtaining 25 mL of nanoformulation) to
pilot-scale (delivering 1 L of nanoformulation). Robustness and reproducibility of the rhEGF-DELOS
nanovesicles production by DELOS-susp methodology were evaluated by measuring the mean
particle size, PDI, apparent zeta potential, and EE% values of different batches produced at the

different scales, by high-pressure vessels with different volumes (Figure 2.28a).

From the obtained data average shown in Figure 2.28b, one can see that the standard deviations
of the mean particle sizes, apparent zeta potentials and EE% values are small with a coefficient of
variation (CV) of 2.6-11.6% in all cases, indicating a high degree of reproducibility during scale-up
of the DELOS-susp method for the rhEGF-DELOS nanovesicles.

(a) Bench scale Intermediate scale Pilot scale

o i
_Ji. =B .
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Particle mean size
(b) High-pressure vessel PDI Appare_nt ZHEn EE (%)
(nm) potential (mV)
BT EERSTE P L 685 0.29+0.00 8210 98+1
(batch size 25 mL)
Intermediate scale P50 mL 60+ 4 0.27 +0.01 90+7 95+1
(batch size 250 mL)
ISR S B 59+3 0.23+0.02 84+1 93+1
(batch size 1 L)
Mean 62.3 0.26 85.3 95.3
SD 4.9 0.03 4.2 25
oV (%) 7.9 11.6 49 26

Figure 2.28: (a) Reactors used for scale-up studies using DELOS-susp method. From left to right:
P6, P50 and P300 mL and (b) Physicochemical characteristics of rhEGF-DELOS nanovesicles
(rhEGF 100 pg-mL?) prepared with different high-pressure vessels from bench-scale to pilot-
scale (t=1 week and N = 2).
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In summary, rhEGF-DELOS nanovesicles were further characterized in terms their physicochemical
properties. The aforementioned results confirmed that not only is this nanoformulation highly
monodisperse, but also that pH and temperature can be relevant factors for the release of rhEGF
from rhEGF-DELOS nanovesicles. Furthermore, high reproducibility was observed when scale-up of

the DELOS-susp method for this nanoformulation preparation.

In this work, it can be concluded that an optimized drug product of rhEGF-DELOS nanovesicles for
the treatment of DFUs and VLUs has been obtained, henceforth referred to as an intermediate
product. Overall, the aligned efforts to optimize the nanoformulation have not only enabled to
gain immense knowledge about the critical parameters that can impact on the performance
of our drug product, but also to optimize them to improve the quality and safety of the

nanoformulations.

On the basis of the obtained results, it can be concluded that a better drug product with higher
stability can be obtained when histidine buffer (5 mM, pH 7.0) is used as dispersant medium
and the position of the CTAB surfactant is changed to the organic phase in the DELOS-susp

configuration to produce the rhEGF-DELOS nanovesicles.

Furthermore, the two intermediate products with rhEGF protein concentration of 25 and
100 pg-mL™* showed appropriate physicochemical properties in relation to the defined
CQAs and specifications of the nanoformulation. On the other hand, not only a robust
analytical method to control the protein entrapment efficiency was developed, showing
high rhEGF EE% (> 97%) of the intermediate product. This is a very important since it not
only minimizes the protein loss during the fabrication process but also impacts on the cost
of the process. Moreover, it should be highlighted that a complete reproducibility of the
physicochemical characteristics of the intermediate product from bench-scale to pilot-scale

was observed.

Generally, rhEGF-DELOS nanovesicles intermediate product is a promising nanoformulation
that has the right properties for successful nanomedicine development, preclinical studies are
necessary as a next step to demonstrate the drug product’s safety and efficacy before its clinical

validation.
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After selecting the intermediate nanoformulation (Table 2.5), this system was further investigated
to evaluate its safety and efficacy and to verify its potential. Within this framework, it is worth
highlighting the importance of well-known institutions such as the Nanotechnology Characterization
Laboratory, established by the National Cancer Institute with the Food and Drug Administration and
the National Institute of Standards and Technology, as it has established a preclinical characterization

cascade of nanomedicines to provide pharmaceutical guidance for researchers’.

This guideline not only performs the physicochemical characterization but also preclinical tests such
as the immunological, pharmacological and toxicological properties of nanoparticles and devices
by providing an overview of the parameters that should be well-thought-out in the development
of novel nanomedicines to obtain the approval from the regulatory authorities. For instance,
some nanomedicine performance characteristics need to be guaranteed such as the product

reproducibility and the compliance with of quality, safety, and efficacy”.

The motivation of this section is based on studying the safety and efficacy of our promising
nanoformulation based on rhEGF-DELOS nanovesicles. Assuming the topical administration of the
nanovesicles developed as carriers for rhEGF, various non-clinical activities have been proposed to
demonstrate its potentiality. Subsequently, accurate preclinical studies were conducted to evaluate
the efficacy and toxicology of the intermediate product. To do this, some in vitro preclinical
exploratory quality assessment studies were first carried out and then, after observing it potential
in vitro, some in vivo efficacy and toxicity tests were performed to substantiate the safety of the
nanoformulation and to understand the behavior of the nanoformulation in more detail”.

Itisimportant to emphasize that the approach of the pharmaceutical Heberprot-P® (Heber Biotec)'®
was used as our reference model, whose clinical trial was based on intralesional administration of
75 ug of EGF in patients suffering type 2 diabetes mellitus presenting a mean ulcer size of 16.3
cm?. Taking these values into account, the administered dose was then 5 ug-cm?, which will be
our reference value for the efficacy and toxicological studies of the intermediate product of rhEGF-
DELOS nanovesicles.

Furthermore, for the present work, which describes all the efficacy and safety studies, all the in
vitro biological assays were performed by members of the different specialized laboratories of the
CIGB Institute and Leitat Technological Center-Biomed. It is sufficient to point out that within the
framework of this Thesis, all the nanoformulations were prepared and fully characterized for a
correct development of the experiments and at the same time, we actively participated in the

design of the experiments and the discussion of the results.
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One of the first questions that arises is whether the manufacturing process used to prepare the
nanoconjugates impairs the bioactivity of the protein and thus loses its function at the site of
action. Therefore, thanks to the CIGB laboratory collaboration, the bioactivity of the rhEGF-DELOS
nanovesicles intermediate product (Table 2.5) was determined by the ability of the samples to
induce cell proliferation in 3T3 A31 mouse fibroblast cells, since this cell line shows overexpression
of EGF receptor” (see Section 6.4.3).

To determine the cytotoxicity and cell biocompatibility of the DELOS nanovesicles, a dose—response
curve was first investigated with the same cell line as for the cell proliferation test. The viability test after

24 h of incubation time revealed that cationic nanoconjugates exhibited a dose-dependent toxicity.

When cells were exposed to rhEGF-DELOS nanovesicles with 25 ug-mL? and Blank-DELOS
nanovesicles with a CTAB surfactant concentration higher than 6.7 ug-mL™, cell viability was reduced
to about 40%. However, since the DELOS nanovesicles were diluted and the cells were exposed to
surfactant concentrations ranging from 3.35 to 0.8375 pg-mL™, Blank-DELOS nanovesicles showed
no cytotoxic effect. Furthermore, rhEGF-DELOS nanovesicles exhibited a statistically significant

increased cell proliferation activity (about 50% increased) as compared to the Blank-DELOS

nanovesicles group (Figure 2.29a,b).
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(b) Dilutions 1/100 1/200 1/400 1/800 | 1/1600 | 1/3200
Equiv. CTAB
Concentration 26.8 13.4 6.7 3.35 1.675 0.8375
(ug-mL?)
Equiv. EGF
Concentration | 250.0 125.0 62.5 31.25 15.625 7.8125
(ug-mL)
P-value 0.126 0.098 0.588 0.022* | 0.003** | 0.010*

Figure 2.29: (a) Graph of cytocompatibility of Blank-DELOS nanovesicles (brown) and rhEGF-
DELOS nanovesicles (rhEGF 25 ug-mL?) ( ) as a function of surfactant concentration.
Proliferation of 3T3 clone A431 murine fibroblast cells was determined by crystal violet assay
following 24 h samples exposure and is expressed as a fraction of the control (untreated) cells.
Data are plotted as mean + SD, N = 4. Statistical significance determined via pairwise t-test
between cells exposed to Blank-DELOS nanovesicles and rhEGF-DELOS nanovesicles (rhEGF 25
ug:mL?) and (b) Table of the P-Value determined via pairwise t-test between cells exposed to
Blank-DELOS nanovesicles and rhEGF-DELOS nanovesicles (rhEGF 25 ug-mL™?) in the proliferation
of 3T3 A431 murine fibroblast cells as a function of surfactant concentration to determine the
cytocompatibility of DELOS nanovesicles (N = 4 per group). *p < 0.05 and **p < 0.01.

Taking this result into account, the minimum dilution of DELOS nanovesicles valid for performing
a cell proliferation assay and studying their bioactivity must be 1/400-fold since at this dilution
DELOS nanovesicles contains a CTAB concentration of 6.7 ug-mL™? (the maximal non-cytotoxic

concentration).

To compare the specific bioactivity of the protein at different rhEGF-DELOS nanovesicles
formulations, the specific activity of the samples was calculated by dividing the absolute biological
activity by the protein concentration of each sample. Blank-DELOS nanovesicles were also included
as a control in these assays and no cell proliferation increase was observed. From Figure 2.30, a
point worth noticing of these experiments was that the rhEGF bioactivity was not only preserved
after rhEGF-DELOS nanovesicles preparation by DELOS-susp methodology but also increased. The
half-maximal effective dose (ED50) of rhEGF-DELOS nanovesicles and free rhEGF towards fibroblast
cell line lines were in the ranges 1.27—1.40 and 2.70-3.06 ng-mL™, respectively.
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Figure 2.30: Specific biological activity of rhEGF and rhEGF-DELOS nanovesicles in cell
proliferation assay in 3T3 A431 murine fibroblast cell line. The inset Table shows a mean half-
maximal effective dose (ED50) and 95% confidence interval (Cl) for the same groups. Data
plotted as mean + SD (N = 8 per group).

This increase was at least twice the potency for rhEGF-DELOS nanovesicles, compared to the free
biomolecule at the same bulk concentration. As expected, and shown in Figure 2.31, cell proliferation
shows dose—response within the range of tested concentrations for both free rhEGF and rhEGF-DELOS
nanovesicles. At low rhEGF concentrations, (0.625-5.0 ng-mL™), rhEGF-DELOS nanovesicles also have

statistically significantly higher cell proliferation activity than free rhEGF at the same bulk concentration.
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Figure 2.31: Cell proliferation assay in 3T3 clone A431 murine fibroblast cell line for 24 h
(rhEGF-DELOS nanovesicles (rhEGF 25 pg-mL?) ( ), rhEGF-DELOS nanovesicles (rhEGF 100
ug-mL?) (blue), free rhEGF 25 pug-mL? (purple), free rhEGF 100 ug-mL?(green)). Data are plotted
as mean = SD (N = 6). The Percentage of Maximal Stimulation was calculated as described in
Methods (in vitro biological activity by cell proliferation assay). Note: the concentration of free
rhEGF is equal to the nanocarrier concentration of rhEGF in loaded formulations (rhEGF-DELOS
nanovesicles) in each corresponding group. P-values, *p < 0.05, **p < 0.01 and ***p <0.001 in
one-way ANOVA followed by Tukey test.
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As discussed in a previous section, the activity increase could be related to the immobilization
of the protein in the vesicle membrane with probably a “site-specific” orientation of the active
protein region towards the surrounding media, which is favorable for interaction with the EGFR. It
is well-known that the EGFR is organized in small clusters of 150 nm average diameter on the cells’
plasma membrane’®. This surface matched well with that of the rhEGF-DELOS nanovesicles with an
average diameter of 50—-70 nm (Figure 2.21 and Figure 2.22). Additionally, the presentation of the
immobilized ligands attached to the DELOS nanovesicles membrane would induce a nanometer-
scale clustering of the ligand. This would favor the multimerization of the receptor; since two
receptors that bind to ligands immobilized on the same DELOS nanovesicles would be nearby,

favoring dimerization-dependent signaling (Figure 2.32).

(a) Free rhEGF
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AKT transcription
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Figure 2.32: Idealized scheme illustrating the potential mechanism of interaction of (a) free
rhEGF and (b) rhEGF-DELOS nanovesicles with the EGF receptor at the cell surface, which
seems more favorable for rhEGF-DELOS nanovesicles.

Chronic wounds, such as DFUs, present a proteolytic environment that can affect the bioavailability
of protein-based drugs used during treatments. Therefore, the protective properties of the
intermediate product were evaluated through their ability to preserve the stability and bioactivity
of rhEGF in the presence of proteases. In this study performed by CIGB laboratory, chymotrypsin
was selected as a protease model because it has many cutting sites in the rhEGF sequence, and
its rhEGF proteolysis was sensitive to the ELISA assay (see Section 6.4.4). The results in Figure
2.33 show that at the same rhEGF bulk concentration, the intermediate product of rhEGF-DELOS
nanovesicles with 25 and 100 pg-mL* of rhEGF (Table 2.5) presented increased stability against
chymotrypsin compared to the free protein. As expected, for the same kind of sample, with higher

rhEGF concentration, higher proteolysis was observed, probably because saturation conditions
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were not reached. Thus, the amount of protein decreases during the first 3 h in all cases, however,
or the rhEGF-DELOS nanovesicles formulations, the decrease was much smaller. Between 3 and 24
h of incubation, the protein contents remained practically constant near to 20% for free rhEGF at
25 pg-mL* and below 5% for free rhEGF at 100 pg-mL™.

. —a— Free rhEGF (25 pg-mL™)
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Figure 2.33: Assessment of time-course proteolytic stability of free rhEGF at 25 and 100 pg-mL™?
(purple and lines, respectively) and rhEGF-DELOS nanovesicles at 25 and 100 yg-mL*
( and blue lines, respectively) against chymotrypsin at 32 °C in the dispersant medium
(histidine buffer (5 mM, pH 7.0)/10% EtOH (v-v')). Purple, green and blue asterisks represent
statistical significance for free rhEGF at 25 pg-mL™, free rhEGF at 100 pg-mL™, rhEGF-DELOS
nanovesicles at 25 ug-mL™, and rhEGF-DELOS nanovesicles at 100 pg-mL™ experimental groups,
respectively, at the indicated time point. *p < 0.05, **p < 0.01, ***p < 0.001 and NS: non-
significant differences. All statistical analyses were conducted by one-way ANOVA followed by
Tukey pairwise comparison.

On the other hand, for rhEGF-DELOS nanovesicles incubated between 6 and 24 h, the amounts
of protein remained practically constant near to 70% for rhEGF-DELOS nanovesicles at 25 ug-mL*
and near to 40% at 100 ug-mL™. At the same rhEGF bulk concentration, the overall percentage of
undamaged protein was about 35-50%; higher when it is nanoformulated in DELOS nanovesicles
than free. It is likely that the free rhEGF degrades much quicker than the rhEGF grafted on DELOS
nanovesicles because the free protein will exhibit multiple degradation sites exposed to the solvent
(Figure 2.34). Solvent exposed active sites of the protein may be recognized by a broader array of
degradative enzymes like proteases. Since the ultimate purpose of this work was the use of the rhEGF-
DELOS nanovesicles as a topical formulation, a high resistance to proteases might be translated to
better bioavailability and a longer and more effective action of the rhEGF in the wound’s areas.
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Figure 2.34: Idealized scheme illustrating the potential protection of rhEGF from wound
environment proteolytic degradation by its incorporation to DELOS nanovesicles as compared
to free protein.

As already mentioned, wound infection is one of the most contributing important factors to wound
chronicity and, thereby, efficient control of infection is an appropriate quality attribute for a drug
topical delivered intended for the treatment of chronic wounds. Samples of the intermediate
product containing rhEGF concentrations of 25 and 100 pg-mL! and Blank-DELOS nanovesicles
were tested in vitro to evaluate their biocidal activity (see Section 6.4.5). The effectiveness of the

different colloidal systems was assayed against bacteria, yeast, and fungus.

As shown in Figures 2.35a,b, the intermediate formulation with and without the presence of rhEGF
(Blank-DELOS nanovesicles) presented antimicrobial activity against Gram-positive bacteria, yeast
and fungi. Remarkable is the fact that some microorganisms sensitive to rhEGF-DELOS nanovesicles
(e.g., Staphylococcus aureus) are among the main microorganisms known to contribute to serious
complications in wound infection and microbial flora of chronic wound biofilms and burns’.
The encountered antimicrobial properties of rhEGF-DELOS nanovesicles demonstrated the great
potential of the preparations based on DELOS nanovesicles as topical formulations. The antimicrobial
activity of QASs has been generally attributed to their ability to destroy cell membrane structure”.
Indeed, QASs exerts antimicrobial activity through its positive charge at physiological pH, which
destabilizes bacterial cell walls and alters bacterial osmotic equilibrium?°. These events result in
the precipitation of cytoplasmic contents and trigger microbial cell death’®. By their antiseptic
activity, rhEGF-DELOS nanovesicles may also act as a prophylactic agent that prevents microbial
infections, hindering the formation of biofilms. In fact, it has already been reported that Blank-
DELOS nanovesicles have antibiofilm activity against Staphylococcus aureus and Pseudomonas

aeruginosa biofilms”’.
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Figure 2.35: Antimicrobial activity of assayed DELOS nanovesicles (a) Scheme illustrating
the rhEGF-DELOS nanovesicles antimicrobial activity against potential wound environment
microorganism. (b) Antimicrobial activity assessed by zone of inhibition during the agar well
diffusion assays: Blank-DELOS nanovesicles and rhEGF-DELOS nanovesicles with rhEGF at 25 and
100 pg-mL? bulk concentration against different microorganisms (N = 3; error bar = SD).
Staphylococcus aurous, Ec: Escherichia coli, Bs: Bacillus subtilis, Ps: Pseudomonas aeruginosa, Ca:
Candida albicans, Ab: Aspergillus brasiliensis. Discontinuous line represents the well diameter.

According to these findings, the anchoring of rhEGF to nanovesicles could favor dimerization-
dependent EGF-EGF receptor signaling while shielding the protein from other degradation pathways,
permitting optimization of their pharmacological properties. Then, this antiseptic activity of the
intermediate product formulation may act as a prophylactic agent preventing microbial infections
hindering the formation of biofilms being therefore attractive for topical treatments.

Another interesting parameter to evaluate the therapeutic efficacy of new nanomedicines for
topical administration is the study of their permeation and diffusion. In this context, the use of in
vitro static diffusion cells to assess skin permeability has become a preferred research approach,
creating greater awareness of the relationships between the skin and the drug formulation”.

In our case, to assess the kinetics and absorption profile of the rhEGF contained in the intermediate
product formulation (Table 2.5) through the skin, ex vivo skin permeation assays in Franz-type
diffusion cells were used thanks to the Leitat Technological Center-Biomed partner of the
Nanonafres’ project. Franz diffusion studies help to evaluate the skin penetration and diffusion

of an active pharmaceutical ingredient through the skin®. To simulate human skin conditions,
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damaged human skin with impaired barrier function due to tape stripping was used to better mimic

the permeation behavior in wounds.

Using this method, described in Section 6.4.6, our approach was to study and compare the
absorption profile of free rhEGF and rhEGF integrated into DELOS nanovesicles, both in a
concentration of 100 pg-mL?®. As a reference, a 100 uL of free rhEGF sample using the same
medium and with an equivalent amount of total rhEGF as contained in DELOS nanovesicles
was applied on 1 cm? of epidermal side of the skin, achieving an applied dose of 10 pg-cm=.
This applied dose is considered to be an infinite dose, compared to the expected 5 pg-cm?
in Heberprot-P® product. It is important to considerer that infinite dose gives data on
pharmacokinetic parameters, since when it is necessary to know the amount absorbed in the
different layers of the skin, the real quantities of finite doses are chosen, but in order to
compare penetration of various active ingredients through the skin, infinite dosage is required

to assess the enough amount in the receptor fluid®®.

Then, following this procedure, aliquots were collected from the receptor side to evaluate
the non-trespassed, the absorbed and permeated rhEGF by ELISA methodology. Based on
these results evaluating the permeation of rhEGF, it was observed that rhEGF was significantly
reduced when encapsulated in DELOS nanovesicles (Figure 2.36a), suggesting that rhEGF
integrated into DELOS nanovesicles might be more strongly absorbed through the skin over
time than the free rhEGF.

Focusing on the permeation kinetics, the results revealed significant differences between
the permeation of free rhEGF and rhEGF integrated into DELOS nanovesicles. As shown in
Figure 2.36a, the rhEGF flux in the linear part of the curve showed that the permeation in
rhEGF-DELOS nanovesicles was 2.7 times slower than in the free rhEGF solution, at 123 and
330 ng-cm™2-h™}, respectively. Careful examination of the data revealed that after 24 h, rhEGF
contained in the free rhEGF solution completely permeated (103% + 28%), while only half of
the dose of the encapsulated rhEGF in rhEGF-DELOS nanovesicles passed to the skin (50%
+ 10%) as observed in Figure 2.36b. This is the most relevant finding and perhaps the most
significant, as the encapsulation of rhEGF in DELOS nanovesicles allows for better retention of
the protein in the skin, achieving a more localized and long-lasting effect and, consequently, a

more effective and efficient treatment.

Additionally, another way to test the effectiveness of rhEGF-DELOS nanovesicles not
trespassing skin, CTAB was quantified by Ultra-High Performance Liquid Chromatography
tandem Mass Spectrometry (UPLC-MS/MS) after 24 h and showed that only 5% of the applied
dose permeated, minimizing the safety concerns when using this cationic surfactant (Figure
2.36¢).
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Figure 2.36: Ex vivo permeation of free rhEGF and rhEGF-DELOS nanovesicles through damaged
skin. (a) rhEGF permeated (quantified in the receptor fluid) during 24 h. (b) rhEGF permeated
(%) after 24 h relative to the applied dose. (c) CTAB permeated (%) after 24 h relative to the
applied dose. The mean of 4 experimental replicates + SD is shown. *p < 0.05 determined via
two-way ANOVA with Sidak post hoc test.

Therefore, thanks to the results obtained in this ex vivo permeation test, it can be concluded that
clearly the free rhEGF permeates more in the skin compared to the rhEGF integrated into the DELOS
nanovesicles, which did not show an effective permeation of rhEGF through the skin suggesting its
inability to reach the circulation system when topically administered and favoring a local effect and
a not systemic absorption. Then, it seems reasonable to assume that this intermediate formulation

has a huge potential for being successfully applied topically, especially to complex wounds.

Furthermore, one of the pharmacological tests to validate the safety of the nanoformulation
prototype for topical administration is the skin irritation test. To do it, in the frame of Nanonafres
project, recommendations were adopted from test guideline 404 published by the Organization

for Economic Co-operation and Development (OECD), which is a reference to ensure the best
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available science for chemical testing. This guidance recommends several strategies involving the
performance of validated and recognized in vitro and ex vivo tests for corrosion and irritation to
avoid unnecessary testing on laboratory animals and offers some alternatives to follow the 3R
fundamental principles: Replacement, Reduction and Refinement to study more efficiently and

ethically both chemical and biological products®?.

In our case, special attention was paid to in vitro human skin models, specifically 3D models of
human skin that are commercially available for skin corrosion and irritation. In particular, the
reconstructed human epidermis EpiSkin™ test has been used as a recognized method for testing
skin irritation (OECD (2015), Test N@. 439: In Vitro Skin Irritation: Reconstructed Human Epidermis
Test Method, OECD Publishing, Paris) and also validated by the European Center for the Validation
of Alternative Methods (ECVAM) in 2003 for skin corrosion analysis®.

This reconstructed human epidermis model is obtained from human keratocytes derived from
the skin and cultured in specialized structures such as collagen or polycarbonate structures
until all the different epidermal layers are fully formed due to cell differentiation®4. These non-
transformed epidermal keratinocytes closely mimic the histological, morphological, biochemical
and physiological characteristics of the upper parts of human skin such as the epidermis®. Then,
thanks to this model, it stands as a biologically and metabolically active barrier that mimics the
route of human topical exposure. Thus, any irreversible damage to the skin can be assessed as

visible necrosis through the epidermis to the dermis.

Following the indications of OCDE Guideline Test No.439: In Vitro Skin Irritation: Reconstructed
Human Epidermis Test Method (28 July 2015), with a refinement of the protocol to adapt it for a
proper evaluation of the DELOS nanovesicles, the test was carried out in collaboration with Leitat
Technological Center partner of Nanonafres project. To do it, the systems of interest were applied
to the skin of 0.5 cm?of surface, in a volume of 20 £ 0.5 pL (40 + 1 pl-cm?) (see Section 6.4.7). The
samples tested for the study were as follows, using the same formulations described in Table 2.5

as reference:
1. Positive control: an irritant agent like SDS 5% w-v™.

2. Negative control: phosphate buffer saline (pH 7.4).

3. Dispersant media: histidine buffer (5 mM, pH 7.0)/10% EtOH (v-v1).

4. Blank-DELOS nanovesicles: intermediate formulation without rhEGF.

5. Intermedia formulation with rhEGF 25 pg-mL™2.
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6. Intermedia formulation with rhEGF 100 pg-mL™>.

7. CTAB in dispersant medium: same CTAB concentration as the intermediate formulation
(Table 2.5). So, 7.3 mM of CTAB was dissolved in histidine buffer (5 mM, pH 7.0)/10% EtOH

(v-vl).

These 7 groups were applied for 24 hand 48 h on the reconstructed skin and the resulting cytotoxicity
as measured by two variables. First, cell viability was measured by mitochondrial activity using MTT
assay, which linearly relates the number of viable cells to mitochondrial activity since its activity is
reflected by the conversion of the tetrazolium salt MTT into formazan crystals. Thus, a variation in
viable cell number can be identified by measuring the formazan concentration revealed in optical

density®®.

Additionally, interleukin-1a (IL-1a), which was also considered as a marker to assess skin irritation,
was quantified by ELISA technique (see Section 6.4.1). This molecule is the principal cytokine
released by keratinocytes in irritation the process and initiator of secondary inflammation

pathways?, so, it was of great interest to be evaluated.

Based on the results summarized in Figure 2.37, we make the following observations. The results
achieved for the dispersant media used in DELOS nanoformulations present proper cell viability
after 24 and 48 hours of exposure, since the feasible values are close to 100%, similar to the

negative control (PBS).

Comparatively, when focusing on empty DELOS nanovesicles and the rhEGF-DELOS nanovesicles
with 25 and 100 ug-mL*of rhEGF, although there is a slight decrease of the feasibility compared
to the negative control, this value is close to 80% and it was considered not to be a proper
tolerability of the nanoformulations by the skin and so, DELOS nanovesicles could be classified

as non-irritant.

Conversely, free CTAB in dispersant media induced an irritant response in both exposure times, 24
and 48 h, since the cell viability was less than 50%. All these findings cause great concern regarding
how CTAB surfactant is structured, since it has potentiality to cause skin irritation when it is in free
solution but improving its tolerability when it is nanostructured in DELOS nanovesicles, which is a

relevant factor to be considered.
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Figure 2.37: In vitro skin irritation of empty DELOS nanovesicles, rhEGF-DELOS nanovesicles
and corresponding controls in the reconstructed human epidermal model Episkin™. Results
obtained of cell viability after 24 h ( ) and 48 h ( ) of exposure. The mean of
3 experimental replicates + SD is shown. *p < 0.05 with respect to negative control (PBS),
determined via two-way ANOVA with Dunnett post hoc test.

Regarding the levels of the released inflammatory interleukin-1a cytokine, they were evaluated
by the ELISA (Enzyme-Linked Immunosorbent Assay) technique, which allows for a more detailed
approach to the experiment. As shown in Figure 2.38, levels of the IL-1a from empty DELOS
nanovesicles induced a slight irritant response after 24 h of exposure but this was not sustained after
48 h. Conversely, compared to the negative control (PBS) tested, the rhEGF-DELOS nanovesicles
groups did not show a significant statistical irritant response compared to the tested negative
control (PBS), the rhEGF-DELOS nanovesicles groups did not show a significant statistical irritant
response, again indicating the suitability of the rhEGF-DELOS nanovesicles nanoformulations for
topical administration.

Finally, by examining the data, significant changes were detected in the IL-1a levels for free CTAB
in dispersant medium since it presented values more than 40 pg-mL™ in both exposure times, 24
and 48 h, which corresponded to values similar to those one observed from the negative control
of the experiment (solution of 5% SDS in PBS). Therefore, this is one of the most relevant results
of this experiment as it shows that the irritability of CTAB can change depending on how it is
nanostructured. The irritation induced by this surfactant is largely reduced when nanostructured
into DELOS nanovesicles, suggesting that rhEGF-DELOS nanovesicles might be well-tolerated by a
topical route.
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Figure 2.38: In vitro skin irritation of empty DELOS nanovesicles, rhEGF-DELOS nanovesicles
and corresponding controls in the Episkin™ reconstructed human epidermal model. Results
obtained of interleukin-1a release, after 24 h ( Jand 48 h ( ) of exposure. The mean of
3 experimental replicates + SD is shown. *p < 0.05 concerning the negative control (PBS).

To summarize, in vitro cellular and tissue assays have been performed presenting promising
results in terms of quality, efficacy and toxicity properties. With these results in mind and following
the assay cascade to evaluate a new nanomedicine implemented by the National Institute of
Health - Nanotechnology Characterization Laboratory (NIH-NCL), further characterization of
the nanoformulation was considered. In particular, we were interested in understanding the
nanoformulations not only in terms of compatibility, efficacy and safety but also in identifying risks

and optimizing the drug formulation through in vivo studies prior to its clinical use’.

The in vivo preclinical efficacy studies of the nanoformulations are crucial to simulate the clinical
environment, therefore another important property to evaluate is the wound healing capacity
(ulcer reduction) of rhEGF-DELOS nanovesicles. In this case, experiments in animal models were
desirable to allow reasonable comparisons to human beings and were therefore performed with

db/db mice, the most widely used mouse model for Type 2 diabetes mellitus. Specifically, excisional
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wound in db/db mice has been validated as a relevant model to stimulate the chronic wounds of

type Il diabetes®,

Then, thanks to the collaboration with Jests Usén Minimally Invasive Surgery Centre (CCMIJU),
the study was conducted comparing the intermediate formulation of rhEGF-DELOS nanovesicles
(Table 2.5) with and without rhEGF (Blank-DELOS nanovesicles), free rhEGF in the equivalent
concentration of the intermediate formulation, which was 100 ug-mL* and the dispersant medium
was used as a control. Indeed, during a treatment applied (see Section 6.5.1) three times a week
for 14 days with a dose of 6 pg-cm, an increase in wound closure rate was observed in the mice
group treated with rhEGF-DELOS nanovesicles (rhEGF 100 ug-mL?) and free rhEGF 100 pg-mL? in
the dispersant media compared to those groups treated with Blank-DELOS nanovesicles and only

the dispersant media (Figure 2.39).

/ ‘Wound incision End of study: necropsy
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Figure 2.39: Overview of the study design of the in vivo wound healing efficacy and toxicity
study of rhEGF-DELOS nanovesicles in cutaneous wound model in db/db mice.
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Actually, comparing with Blank-DELOS nanovesicles statistically significant differences in percent
wound closure were observed in favor of the rhEGF-DELOS nanovesicles since day 2 onwards of
treatment while for free rhEGF, the differences start from day 7 onwards of treatment. Furthermore,
comparing with dispersant media statistically significant differences in percent wound closure were
observed in favor of the rhEGF-DELOS nanovesicles at days 4 and 11 of treatment while for free

rhEGF the differences were only at day 11 of treatment (Figure 2.40).
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Figure 2.40: Closing speed of rhEGF-DELOS nanovesicles (rhEGF 100 pg-mL?) (blue triangles v ),
Blank-DELOS nanovesicles (yellow triangles 4 ), dispersant media (orange squares M) and free
rhEGF 100 ug-mL? (green dots ®). The number of animals were N = 3 (two wound per animal)
except for the free rhEGF group with N = 2. “p < 0.05 (~'rhEGF-DELOS nanovesicles group and

free rhEGF group), statistical analyses were by one-way ANOVA followed by Tukey pairwise
comparison. “Significant differences with respect to the Blank-DELOS nanovesicles group, and
*significant differences with respect to the dispersant media group.

On the other hand, compared to the baseline area of the wound at day 0, statistically significant
differences were observed from day 7 onwards of treatment for the rhEGF-DELOS nanovesicles
group and from day 9 onwards of treatment with free rhEGF, while for Blank-DELOS nanovesicles
and dispersant media groups the differences start from day 11 onwards. So, earlier statistical
differences in percent wound closure compared to control groups and of wound area compared to
the baseline at day O were observed for rhEGF-DELOS nanovesicles in comparison to free rhEGF.
Moreover, baseline wound area at day 0 was statistically significant larger for the group treated
with rhEGF-DELOS nanovesicles compared to the group treated with free rhEGF in the dispersant
media (p = 0.013).

Interestingly, the closing speed of the wound with the first doses of rhEGF-DELOS nanovesicles
was somewhat superior to the free rhEGF although this difference was equilibrated at later dosing
probably because of the high concentration of rhEGF used in this assay, which may compensate for
the higher efficacy of rhEGF-DELOS nanovesicles. Representative photography images of wound
evolution at days 0, 9, 11 and 14 of treatment clearly show the faster speed of closing wound
in the rhEGF-DELOS nanovesicles group with respect to the controls (Figure 2.41a). Because the
current clinical practice demands a complete closure of the wound and not the partial reduction

of the wound area, the percentage of closed wounds in the different groups was also evaluated,
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considering that a wound healing occurs only when the closure was greater than 95%. Under this
criterion, after 11 days of treatment, any group showed all wounds healed. However, the percentage
of wound closure was 67% at 14 days of study for the rhEGF-DELOS nanovesicles group, while for
the control Blank-DELOS nanovesicles, dispersant medium, and free rhEGF control groups was 0%,
17%, and 50%, respectively (Figure 2.41b).

(a) Day 0 Day 9 Day 11 Day 14

Dispersant
medium

Blank-DELOS
nanovesicles

Free rhEGF
100 pg-mL?

rhEGF-DELOS
nanovesicles
100 pg-mLt

hEGF-DELOS
(b) Dispersant Blank-DELOS  Free rhEGF FiE ,L
nanovesicles

. . o
medium  nanovesciles 100 pg-mL 100 pg-mlL!

. Unhealed wound (%) Healed wound (%)

Figure 2.41: (a) Representative photograph during the topical treatment following of the
wound healing process in the groups, bar represent 5 mm. (b) Evolution of healed wounds
of different groups after 11 and 14 days of treatment. Wounds were considered healed only
when more than 95% of wound closure is achieved.

After the wound healing study, the most relevant clinical symptomatology for all mice was evaluated.
All animal groups show high levels of glucose (hyperglycemia) during the treatment (about 600
mg-dL?), compared to normal levels of the specie (about 200 mg-dL?), in agreement with the
pathology of the animals, i.e., their diabetic condition, and no statistically significant difference
(ANOVA p-value = 0.289) were observed among groups (Figure 2.42).
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Figure 2.42: Concentration of glucose at the end of the study, demonstrating similar values
among groups and hyperglycemia levels. Red discontinuous line indicates the normal level of
glucose in mice. Data plotted as mean + SD. The number of animals were N = 3 (two wound per
animal) except for the free rhEGF group with N = 2. None statistical differences for concentration
of glucose at the end of the study among treated animal groups by one-way ANOVA followed
by Tukey pairwise comparison.

Because bodyweight change is considered critical for safety evaluation, this was monitored during the
study. As shown in Figure 2.43, in all treatment groups, a decrease of body weight was observed during
the study, but no statistical differences were observed among the four groups at any time measured
during the 14 days’ treatment period. The decrease in body weight was supposed to be associated with
the conditions of animals, hyperglycemic and obese mice with large wounds, and not causally related to
the rhEGF-DELOS nanovesicles treatment. Furthermore, no further toxicity signs were associated with
the rhEGF-DELOS nanovesicles treatment considering clinical symptoms, hematological and biochemical

evaluations with no statistically significant differences among the study groups in none of the parameters.
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Figure 2.43: Evolution of body weight of all animals was recorded during each treatment with
rhEGF-DELOS nanovesicles (blue triangles¥) Blank-DELOS nanovesicles (yellow triangles ),
dispersant media (orange squares ) and free rhEGF (green dots ®). All animals spearing healthy

throughout the study based on eating and behavior under their condition of hyperglycemic. The
number of animals were N = 3 (two wound per animal) except for the free rhEGF group with N = 2.
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In conclusion, promising results have been obtained during the in vitro preclinical evaluation of
the intermediate product of rhEGF-DELOS nanovesicles to assess the quality, efficacy and toxicity.
Therefore, these results prompted us to continue the preclinical development and testing of the
nanoformulation by evaluating its toxicology in vivo through some of the different assays required

to start human clinical trials.

In the course of the toxicological study experimental design, the required dose to be applied played
an important role. For the purpose of the optimized rhEGF-DELOS nanovesicles safety evaluation,
the inclusion criterion of ulcerative areas is between 2 and 15 cm?. In addition, for both DFUs
and VLUs treatments, it is intended to support the safety use of rhEGF in the planned exploratory
clinical trial with the toxicological information generated as part of lyophilized rhEGF product used
for the indication of DFUs by CIGB.

This toxicology information currently covers a therapeutic dose of up to 75 pg-patient-day* following
the intralesional route, and as previously discussed, the administered dose was of 5 pg-cm2, which
will be our reference value for the efficacy and toxicological studies of rhEGF-DELOS nanovesicles.
At the same time, it is known that lower extremity ulcers of venous etiology are very exudative,
so modulating the volume of nanoformulation to be applied and concentrating the rhEGF-DELOS
nanovesicles formulation, the desired rhEGF administered dose of rhEGF proposed to use it in

clinical trials could be achieved.

To make the dose reasonable for the toxicity studies and finally for the clinical studies on patients,
it was necessary to develop a methodology that allows a higher rhEGF concentration of the
nanoformulation. By modulating the concentration of the nanoformulation, the final suspension

volume is influenced and consequently it adapts perfectly to the required doses for each analysis.

To modulate the volume and concentration of the intermediate formulation (Table 2.5) to achieve
an adequate administration dose, a tangential flow filtration (TFF) was used as the method of

concentration as explained in Section 6.2.2.

TFF is a fast and efficient way to separate and purify different types of particles and is also used to
concentrate solutions. The basics of this technique are really simple, where the feed stream, based
on the sample of interest, flows as one part parallel to the membrane surface, while a portion

passes through the membrane (permeate) while the remainder (retentate) is recirculated back to
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the feed reservoir (Figure 2.44). An important note must be made here on the pore sizes of the
membrane, as these are typically between 0.1 and 10 um and then, the separation of the different
components of the sample can be modulated depending on the pore size chosen. In addition,
special attention was paid to the possibility that this technique can be scaled-up, thus offering the

possibility of being applied in pilot-scale trials if required®.
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Figure 2.44: Schematic diagram of the tangential flow filtration (TFF) mechanism.

As well as being a simple technique, this method is also practical and is therefore also useful for
concentrating samples by simply removing the dispersant medium from a solution while retaining
the solute molecules. As a result, the concentration of the molecules of interest increases equivalent
to the decrease in solution volume. In this study, we evaluated the ability of the nanoformulation
to concentrate 2-, 4-, 8-, and 10-fold the membrane components and rhEGF protein concentration
(Table 2.8) using a TFF system designed with a 100 kDa molecular weight cutoff membrane was
fitted. This limit perfectly retains the nanoformulation as the membrane is up to 6 times lower than

the molecular weight of the system, which is recommended®.

Table 2.8: Final theoretical concentration of each compound of the intermediate product
prototype when concentrating using TFF.

Concentration
Concentration rhEGF CTAB Cholesterol Histidine Ethanol
by TFF (times) (ug-mL?) (mg-mL?) (mg-mL?) (mg-mL?) (mg-mL?)
0 (original
100 2.70 2.83 0.60 0.107
sample)
2 200 5.40 5.66 0.60 0.107
4 400 10.8 11.3 0.60 0.107
8 800 21.6 22.6 0.60 0.107
10 1000 27.0 28.3 0.60 0.107
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Fromthe short review above, we now provide the main findings and contribution of the experimental
procedures carried out during this investigation. First, as shown in Figure 2.45, the macroscopical
appearance of all the concentrated rhEGF-DELOS nanovesicle samples was excellent since none of
them present neither sedimentation nor precipitation.
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Figure 2.45: Macroscopical appearance and schematicillustration of rhEGF-DELOS nanovesicles
formulations: original and concentrated 2-, 4-, 8-, and 10-fold by TFF technique.

To confirm that the concentration step did not produce precipitate, these samples were also
evaluated through an optical microscope (see Section 6.3.9). As can be seen in Figure 2.46b, all
the different samples present, the original and the concentrated ones, showed a minimal number
of precipitates. These results are interesting and help to justify the stability of the samples since
cholesterol would be the membrane compound observed microscopically if they had a tendency to
precipitate as it is the only hydrophobic and insoluble compound.

Alternatively, to confirm the absence of cholesterol precipitation, control samples were prepared.
These controls were based on dispersing the equivalent amount of cholesterol used in each rhEGF-
DELOS nanovesicle sample (Table 2.8) in the same dispersant medium, namely buffer histidine (5

mM, pH 7.0) with 10% EtOH (v-v1), to estimate the cholesterol precipitates in the suspension.

By carefully examining the samples observed in Figure 2.46, this experiment illustrated that the
presence of cholesterol precipitates is proportional to its concentration. Then, when the images
of the cholesterol control group were compared to the rhEGF-DELOS nanovesicles, the results
suggested that the concentration step, performed by the TFF method, did not alter the macro- and

micro-stability of the nanoformulation, thereby avoiding the presence of precipitates.
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2. RHEGF-DELOS NANOVESICLES: A RE(NANO)FORMULATION OF THE RECOMBINANT
HUMAN EPIDERMAL GROWTH FACTOR TOWARDS TOPICAL COMPLEX WOUND HEALING TREATMENT

ORIGINAL 10-fold

(a)

Control

(b)
rhEGF-DELOS
nanovesicles

Figure 2.46: Microscopic appearance of (a) cholesterol as control group in the same
concentration as rhEGF-DELOS nanovesicles and (b) rhEGF-DELOS nanovesicle formulations:
original and concentrated 2-, 4-, 8- and 10-fold by TFF technique. Yellow circles represent the
small amount of cholesterol aggregates found in the samples.

Following this study, the particle size distribution and zeta potential of the samples were evaluated
by DLS showing maintenance of the of particle size distribution and zeta potential values at all
the concentrations tested (see Section 6.3.1 and Table 2.9). At the same time, it was confirmed
again by cryo-TEM images that concentration TFF method was a good approach to obtain high-
quality results in terms of vesicle morphology, as well as all concentrations maintaining spherical
and unilamellar morphology (Figure 2.47). It is noteworthy that, as expected, a large number of

vesicles were observed when concentration cycles were increased.

Table 2.9: Physicochemical characteristics of the rhEGF-DELOS nanovesicles after TFF
concentration

Concentration by TFF (times) Particle size (nm) PDI Zeta Potential (mV)
0 (original sample) 54+1 0.24+0.00 89+2
2 63+1 0.25+0.01 92+3
4 64+1 0.25+0.01 871
8 64+ 1 0.27 £0.00 94+5
10 58+2 0.23+0.01 95+4
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(a) ORIGINAL (b) 2-fold

(c) a-fold (d) 10-fold

Figure 2.47: Cryo-TEM image of rhEGF-DELOS nanovesicles formulations (a) original and
concentrated (b) 2-, (c) 4-, and (d) 10-fold by TFF technique.

Finally, one of the main outcomes of this task was to evaluate the trend of rhEGF encapsulation
efficiency in the nanovesicles when the nanoformulations is concentrated. EE% values were
calculated experimentally using the robust methodology developed in Section 2.2.5 based on
ultracentrifugation and fluorescence and described in Section 6.3.8. The results of the procedure
appeared to be in line with our expectations as more pellet was observed with increasing
concentration of the nanoformulation (Figure 2.48a). At the same time, when evaluating the
encapsulation efficiency value of the samples by fluorescence, an EE% of over 97% is observed in

all cases (Figure 2.48b).

(a) ORIGINAL 2-fold 4-fold 10-fold

(b) rhEGF

973 994 98+5 9715
(EE%) % % % %

Figure 2.48: (a) Macroscopic appearance of the pellet and (b) encapsulation efficiency of
rhEGF in rhEGF-DELOS nanovesicles of the original and concentrated 2-, 4-, and 10-fold by TFF
technique.
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Therefore, all results indicate that our TFF approach with the Repligen KrosFlo® KR2i system is a
promising strategy to achieve the right physicochemical properties of concentrated rhEGF-DELOS
nanovesicles. Thus, through all the physicochemical characterization carried out, TFF is a validated
strategy to perfectly modulate the concentration of the rhEGF-DELOS nanovesicles formulation by
up to 10-fold concentration, in case it is necessary to reduce the volume of the nanoformulation

and thereby to achieve the appropriate required dose for both preclinical and clinical in vivo assays.

Assessing the safety of new pharmaceutical products requires regulatory studies on animals to
protect human health and the environment®. In this context, the risk assessment can be evaluated
by various sources. In our case, toxicological screening is very important for the development of
new drugs and expanding the therapeutic potential of existing molecules, and very useful to study

the associated side effects that they can cause®.

Before performing a regulatory toxicology on animals, which is necessary before administering the
nanoformulation to humans with a range of safety precautions, in the frame of Nanonafres project
a previous discussion was held with the Spanish Agency of Medicines and Medical Devices (AEMPS)
inJuly 2018. Thanks to this meeting, AEMPS supported us in the preclinical studies, not only in terms
of experimental design but also in the results obtained. In order to administer the nanoformulation
in humans with a safety margin, it is previously required to carry out a regulatory toxicology study
with a duration equal to the clinical trial (8 weeks). However, prior to this regulatory study, the
AEMPS suggested conducting a non-GLP pilot dose-finding study, also called 1-week dose range
study in rat, with the aim to assess the tolerability of the initially selected doses of intermediate

formulation of rhEGF-DELOS nanovesicles.

The doses identified as tolerated (according to the criteria of a toxicologist), from the initial study,
will form part of the main study (GLP) of 8-week duration that allows defining a safety margin for
the drug product before its administration in humans. This pilot study should make it possible to
determine the tolerated dose associated with the two potentially toxic components of the product:
CTAB and rhEGF. However, the main objective will be to establish the tolerability of CTAB, since the
tolerability profile of rhEGF has already been described during the development of Heberprot-P®
(Heber Biotec) as the Nanonafres consortium has access to all the toxicological documentation of

Heberprot-P® product.

Therefore, thanks to these recommendations, the toxicological study was conducted by the Leitat
Technological Center with the aim of evaluating the toxicity associated with the administration of
the nanoformulations and also providing information on their side effects. In this case, this study

was designed as a 1-week dose-ranging study in rats, as summarized in Table 2.10 and described
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in detail in Section 6.5.2, with the assessment of biochemical, haematological, and histological
parameters. For this purpose, 30 Sprague-Dawley rats, half male and half female, were given a
subcutaneous injection of 1.4 mL-kg™ of volume of each treatment group every day for one week.
It should be highlighted that choosing subcutaneous administration route instead of topical one
was justified as an estimation of a worst-case exposure of the nanoformulation, such as systemic

absorption.

Table 2.10: Summary of the non-GLP assay looking for the dose.

Animal model Sprague-Dawley rat

Administration Subcutaneous
route

Study duration 5 days

Frequency of

administration Once per day

Groups 1 2 3 4 5
B rhEGF-
. DELOS "hEGF rhEGF-
DlSpersant nanovesides DELOS DELOS
medium . DELOS nanovesicles
) nanovesicles . .
(Higher dose) nanovesicles(original)
(Lower dose) (Higher dose)
Treatment histidine DELOS
buffer | nanovesicles g]EEL(é)FS_ rhEGF-DELOS rnhaEnGof/_ePsliEcngsS
5 me without nanovesicles nanovesicles
pH 7) with rhEGF . concentrated
10% EtOH | concentrated | 4ij ted 1/18 (original) 10-fold
(v-vl) 10-fold
1,4 mLkg?
! 1,4 mL-kg*
. . 1,4 mL-kg? (7,75 1,4 mL-kg* ’ "
Administration |y ;o\ o1 | (37,8 mgrkg | pgkglEGF; | (140 pgkg?rhear; | (1400 Heke
volumes ICTAB) 021 mgkeg | 3,78 mgkg?) rhEGF,
’ 1B)g g 7 g g 37,8 mgkg»l)
Animals 3M + 3F 3M + 3F 3M + 3F 3M + 3F 3M + 3F

The toxicological evaluation of the animals then consisted of the assessment of various clinical
signs such as local tolerance, weight control, haemogram and macroscopic examination of post-

mortem tissues and organs (brain, lungs, heart, liver, spleen, pancreas and kidney). In addition, this
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study also included the quantification of rhEGF by ELISA and CTAB technique by Ultra Performance
Liquid Chromatography (UHPLC) in plasma and in the mentioned organs, which coincided with the

last day of the study.

In this toxicological study, three dose levels of rhEGF-DELOS nanovesicles were evaluated and the

dispersant medium (Group 1) and the Blank-DELOS nanovesicles (Group 2) at the equivalent highest

dose were used as controls to assess the effect of the dispersant medium and the nanovehicle

alone, respectively. Regarding the dose levels of rhEGF-DELOS nanovesicles, these can be justified

as follows:

1.

Lowest dose (Group 3). The lowest dose was chosen because it is the equivalent clinical
dose in the rat. As previously described, our reference model was the administered dose in
Heberprot-P®in humans, which was 75 pg of rhEGF in a mean ulcer size of 16.3 cm? equivalent to
5 ug-cm™. However, if we calculate the dose in reference to the weight of the patient, assuming
60 kg of weight per patient, the rhEGF equivalent dose was 1.25 ug-kg®. Then, to calculate
the equivalent clinical dose in rats for subcutaneous administration, the topical human clinical
dose multiplied by a factor of 6.2 (1.25 ug-kg? - 6.2 = 7.75 pg-kg?) was taken into account®. To
achieve this dose, the rhEGF-DELOS nanovesicle formulation will be diluted 18 times.

Intermediate dose (Group 4). This dose was selected based on the results of a study conducted
as part of the Flucelvax®/Optaflu® influenza vaccine registration process, which showed that
a CTAB exposure of 17.2 mg-kg! was tolerated by intramuscular administration in rabbits®®
(repeated dose GLP study in which two CTAB administrations were made in 1 week (day 1
and day 8)). In our case, with the intermediate dose of rhEGF-DELOS nanovesicles, we would
achieve slightly higher exposure levels (18.9 mg-kg* of CTAB) after 5 days of daily treatment.
Particular attention was paid to the clinical dose of CTAB allowed in 0.225 ug-kg* of CTAB in the
Flucelvax®/Optaflu® influenza vaccine administered intramuscularly. In this case, the rhEGF-

DELOS nanoformulation will be applied directly without any modification.

Higher dose (Group 5). The higher dose corresponds to the maximum feasible dose of rhEGF-
DELOS nanovesicles that can be obtained from the concentrating the intermediate product 10-
fold as explained previously, which might approximate to the Maximum Feasible Dose (MFD), a
dose that attempts to maximize exposure in toxicity studies®.

So, these 5 groups of samples were fully prepared and characterized in the framework of
this Thesis, and the observations from the results of these experiments seem to indicate that
all batches retain similar properties to each other (Table 2.11). It is worth noting that the
lower dose of rhEGF-DELOS nanovesicles (Group 3), although diluted 1/18 v-v* in dispersant
media, this dilution does not affect the physicochemical parameters of the nanoformulation.
At the same time, it should be noted that all other groups: 2, 4 and 5 also have appropriate
physicochemical properties.
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Table 2.11: Physicochemical properties of the administrated batches in the pilot assay “1-week
dose range study in rat”

Batch Mean size (nm) PDI Zeta Potential
(mV)
GROUP 2: Blank-DELOS nanovesicles
62+1 0.43 £0.02 84+1
(Higher dose)
GROUP 3: rhEGF-DELOS nanovesicles
55+1 0.22 £0.01 60+ 7
(Lower dose)
GROUP 4: rhEGF-DELOS nanovesicles
56+1 0.26 £0.00 88+3
(original)
GRUP 5: rhEGF-DELOS nanovesicles
60+1 0.44 £0.00 83+0
(Higher dose)

The results of this study are well documented in the report “Anexo_5_toxicological_Leitat from the

COMRDI15_MT-Justif_Final_vfinal_v11”, which describes the most relevant conclusions obtained

in this study which are the following:

1.

There are no significant differences in behavior, weight, or other conditions in either male
or female treated animals compared to their control, which was the own dispersant media.

Weight loss would be expected if the nanoformulations had a significant toxic effect.

Assessment of clinical grades such as macroscopic alterations of the organs and tissues did
not reveal any evidence of side effects that could be attributed to the administration of the

nanoformulation throughout the study.

Sincethe administration of nanoformulationdid notlead to detectable changesinthe parameters
evaluated previously explained, it is conceivable showed that the highest administered dose of
the nanoformulation, 1400 pg-kg* of DELOS nanovesicles with and without rhEGF, cannot be
considered as an MTD, although it is 180 times higher than the therapeutic dose calculated for
rats.

Blood analysis showed that plasma rhEGF levels were not significant 4 hours after the last

administration of the nanoformulations.

After the 5 days of the study (i.e., 5 administrations), no accumulation of rhEGF was detected in

any tissue since the protein concentrations found were minimal (less than 250 pg-mL™).

There were no effects or alterations in hematological parameters in any of the samples analyzed,

cholesterol level or significant levels of CTAB.
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The outcome of the different toxicological analysis led to the conclusion that no maximum tolerable
dose for topical administration was found after repeated administration. Therefore, although
the objective of finding the Maximum Tolerant Dose has not been achieved, considering all the
positive results, we contemplate that the next step is to perform the central study (GLP) of 8
weeks’ duration that allows defining a safety margin for the drug product before its administration
in humans. This study will be done using the same doses as the explained non-GLP “1-week dose
range study in rat”, and probably this 8-week study will better define the MTD.

In this regard, it is important to note that AEMPS recommends that this study should be conducted
with the final formulation to be translated into the clinic or with a very close version. Therefore,
the definition of the final pharmaceutical form of the rhEGF-DELOS nanovesicles is required prior

to toxicology testing.

Importantly, thanks to this project, Nanomol Technologies SL was able to achieve an adequate scale-
up of the DELOS-susp technology and produce up to 1-2 liters of the nanoformulation. Looking
forward, a pilot plant for the production of the clinical batches of rhEGF-DELOS nanovesicles under
the current Good Manufacturing Practices (GMP) requirements will be available by the end of
2022.

Summarizing, in vivo preclinical assessment on quality and toxicity of the intermediate rhEGF-DELOS
nanovesicles nanoformulation was correctly performed, showing promising results. Although future
studies are needed, this evaluation has had a great relevance for understanding the behaviour of

the nanoformulation, which is a key point in the field of nanomedicine.

This first Chapter deals with the translation of rhEGF-DELOS nanovesicles towards new

pharmaceutical formulation for the treatment of complex wounds.

Once obtained the optimized intermediate product of rhEGF-DELOS nanovesicles, its efficacy and
toxicology have been examined in detail. In terms of efficacy, it presented promising results such
as two times more of in vitro protein-specific bioactivity of the rhEGF when integrated in rhEGF-
DELOS nanovesicles respect to the free rhEGF. At the same time, it presents biocidal activity, against
Gram-positive bacteria, yeast, and fungus, preventing microbial infections hindering the formation

of biofilms being therefore attractive for topical treatments.

Moreover, this intermediate product can be classified as a skin non-irritant system according to the
human epidermal EpiSkin™ model as any signs of cytotoxicity were detected when exposed to a 3D
human reconstructed model EpiSkin™ model for 24 and 48 hours, the exposure time recommended

for clinical trials. In addition, ex vivo permeation testing of rhEGF-DELOS nanovesicles using

125



damaged human skin and a Franz-type cell showed no an effective permeation of rhEGF through

the skin, suggesting that when administered topically it is unable to reach the circulatory system.

Regarding the evaluation of wound healing capacity, through ulcer reduction assessment, rhEGF-
DELOS nanovesicles indicated that when applied by topical route on excisional wounds artificially
produced in genetically diabetic mice a 67% of mice presented a complete wound closure after
14 days without any sign of toxicity while assays with proper controls only showed 0-50% wound
closures. Furthermore, the closing speed of the wound with the first doses of rhEGF-DELOS

nanovesicles was clearly superior to the control free rhEGF.

Lastly, the 1-week dose range study in rats to evaluate the tolerability of rhEGF-DELOS nanovesicles
did not allow the determination of the tolerated dose, but no significant toxicological alterations

were observed, indicating the correct tolerability of the nanoformulations at the tested dose in rats.

In summary, effective translation of the product into the clinic has been correctly achieved,
advancing from TRL3, where a preliminary candidate was defined, to TRL5, in which preclinical
proof-of-concept studies were conducted. Undoubtedly, this novel rhEGF-DELOS nanovesicle
intermediate formulation can be considered as an innovative product with high added value as it
meets the basic requirements of production, storage stability, patient compliance and high efficacy
with minimal side effects. Consequently, it is considered as a potential nanomedicine to enter in
future clinical trials for the treatment of DFUs and VLUs.
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“Yesterday is history, tomorrow is a mystery, but today
is a gift, that is why it’s called the present”

— Master Oogway”

In the previous Chapter, promising results were obtained in the pharmaceutical development of
an intermediate product candidate based on liquid suspension of rhEGF-DELOS nanovesicles for
epidermal regeneration of complex wounds. However, the definition of a final drug product and thus
a marketable final dosage form was still missing. At this point, the translation of this nanoformulation

into a final drug product was also pursued to open new perspectives of the system?™.

As already explained in Chapter 2, the feasibility study of the preclinical phase of the development
of the rhEGF-DELOS nanovesicles formulation, although successful, it still requires an 8-week
GLP toxicological study, which allows to define a safety margin for the drug product before the
administration to humans. In this regard, it is important to note that AEMPS recommended us
that this study should be conducted using the final drug product formulation intended to reach
the clinic, or with a very close version. Therefore, the definition of the final pharmaceutical form
of the rhEGF-DELOS nanovesicles is required prior to toxicological testing. Then, one of the aims
of the present research work was to translate the intermediate nanoformulation of rhEGF-DELOS

nanovesicles developed and optimized in Chapter 2 into a final dosage form.

To understand this section, it is necessary to clarify why the development of a final dosage form is
necessary. Generally, in drug delivery, the active pharmaceutical ingredient (API) is delivered to the
patient through diverse methods and forms named pharmaceutical dosage. Thus, APIs are usually
not supplied as pure chemical compounds to prevent or treat diseases. Then, the development of
a dosage form involves combining the APl with other components, widely known as excipients or

pharmaceutical inactive ingredients and converting it into a final valuable medicinal compound?3.

The pharmaceutical dosage form is important in drug delivery not only because it makes an

active pharmaceutical ingredient administrable, but also because it can influence on compliance,
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pharmacokinetics, manufacturing, shelf life, efficacy of therapy and many other parameters

affecting the outcome of drug therapy?.

Among the dosage forms commonly administered, they can be classified depending on the physical
form of the final pharmaceutical product such as solid (tablets, capsules, powders, etc.), semi-solid
(creams, gel, ointment and paste), liquid form (emulsion, injection, lotion, suspension, etc.) and
gaseous dosage form (gas and aerodispersion)** (Figure 3.1). In view of this, in this research, the
development of two different dosage forms for rhEGF-DELOS nanovesicles was considered, such as
a gaseous form administered via a device such a spray (aerodispersion), and also a semi-solid form,

by converting the formulation into a hydrogel, which had never been studied before.

Classification of dosage forms

Solid Semisolid Liquid Gaseous
I Tablets, capsules, Creams, hydrogel, Emulsion, injection, Gas and
powders, etc. ointment and paste lotion, suspension, etc. aerodispersion

Figure 3.1: Schematic representation of the classification of the different existing types of
dosage forms based on the physical form.

Furthermore, the specific development of the final dosage form of rhEGF-DELOS nanovesicle
formulation was an inspiration and starting point for the company and the research group. In this
way, it was considered to further improve the DELOS platform and have a broader range of potential

DELOS nanovesicle formulations suitable for topical administration.

As explained in the Introduction of this dissertation (Chapter 1), one of the main goals of Nanomol
Technologies SL and the Nanomol Group is research and development to provide powerful
knowledge. In particular, we are interested in expanding the frontiers of the DELOS-susp platform
to generate a wealth of research and understanding. Subsequently, our aim will be also to broaden
and rethink the existing research on the nanoformulation developed for topical administration and

to generate new ones with equally excellent properties.

Therefore, in this Chapter 3, we will work in early stages like TRL2 in terms of Technology Readiness
Level of the research and development of a pharmaceutical product, specifically on technology

formulation.
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To do this, within the scope of this work, we will evaluate for the first time the translation of the
rhEGF-DELOS nanovesicles intermediate product into a final dosage form suitable for topical
administration, e.g., a liquid dispersion administered with a spray in a gaseous dosage form, or
in semi-solid form such as hydrogels. Then, from these studies, we investigated the possibility of
generating new DELOS nanoformulations through the DELOS-susp methodology by evaluating the
use of components of different nature. Afterwards, the most suitable generated nanoformulations

were converted into hydrogels with several hydrogelling agents with innovative properties.

Overall,itshould be notedthatourapproach here would assume several guidelinerecommendations.
For instance, as mentioned in ICH Q5E, “it is important to evaluate the relevant quality attributes
of the product to demonstrate that the manufacturing process changes will not have an adverse
impact onthe quality, safety and efficacy of the drug product”®. Therefore, extensive characterization
of the rhEGF-DELOS nanovesicles drug product will be performed in the following stage of drug
development.

To develop a final drug product, some quality target product profile considerations can be included
as recommended in the ICH Guideline Q8 (R2) Pharmaceutical Development. Among them, we can
find the intended use in clinical setting, the route of administration, the dosage form, the dosage
strengths, the container closure system, the quality criteria of the drug product (sterility, purity,

drug release) appropriate to the intended marketed product, among others®.

It was already explained in the previous Chapter that a distinction was made between the treatments
of DFUs and VLUs in the development of the rhEGF-DELOS nanovesicles. The most important
point to note is that each treatment should have a different final dosage form, as the underlying
pathologies involved in complex wounds vary by wound type, and consequently, different dosage
forms approaches can be applied to achieve successful treatments’.

As mentioned in Chapter 2, it is well known that one of the challenges in managing complex wounds
is to consider wound exudate, mainly in patients with VLUs who generally have increased wound
exudate compared to patients with other forms of chronic skin ulcers such as DFUs. Therefore,
according to current recommendations for managing this excess of wound exudate, this issue
can be addressed through the use of wound dressings that manage this wound exudate while

maintaining a moist wound®®.

Literature on the subject is abundant and easy to find, with pharmaceutical dosage forms such as
liquid dispersions administered by spray, creams, ointments and gels being commonly used for
topical administration?®. Then, after careful consideration, it was suggested that potential dosage
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forms to treat DFUs and VLUs would consist of a packaged product that could be directly applied
topically to patients in hydrogel form to treat DFUs (Figure 3.2a), which is considered a viable
option to absorb wound exudate and keep the wound moist for faster healing!. In contrast, the
use of a gaseous dosage form has been considered as a possible viable option for treating VLUs due
to its highly exudative nature (Figure 3.2b). It has been reported that using a hydrogel on wounds
with excess exudate and applying it to an already moist wound results in even higher fluid levels*?.
Thus, to address this challenge, we investigated for the first-time possible approaches to develop
new dosage forms of rhEGF-DELOS nanovesicles as a final drug product.

(a) Diabetic foot ulcers (b) Venous leg ulcers
(DFUs) (VLUS)

“x
Hydrogel /\ Aerodispersion
(semi-solid dosage i\ (Gaseous dosage form)

Figure 3.2: Representation of the strategic dosage forms approaches of rhEGF-DELOS
nanovesicles to treat complex wounds such as (a) diabetic foot and (b) venous leg ulcers.

To date, skin sprays are a potential therapeutic strategy for wound healing applications due to their
versatility to deliver different types of materials'® such as suspensions of solid or liquid particles.
When these suspensions are sprayed and so-called aerodispersions, they can be applied to the skin

simply by gently pressing the spray container against the skin and initiating the spraying“.

In particular, sprays received special attention in this work since spraying a topical formulation into
a wound can provide certain benefits such as the formation of a film directly on the wound when
applied. This film can then offer physical protection and prevent entry of microorganisms from the
external environment. Importantly, film formation allows control over air and moisture permeability,
thereby maintaining a favorable environment for wound healing and avoiding maceration due to
excessive moisture accumulation?®®. Furthermore, topical sprays present the ability to treat large
wounds or spray over areas with unfavorable topography, to reduce the application time, and the
homogeneous distribution of the sprayed suspensions®:.
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Another benefit in our case is that rhEGF-DELOS nanovesicle intermediate formulation can be
sprayed in liquid suspension directly onto the skin without any prior sample-processing step,
making it a very motivating approach. Therefore, this study provides an exciting opportunity to
advance our knowledge on the development of a final drug product.

Thanks to some collaborating companies, we could define the most suitable type of spray device
for administering rhEGF-DELOS nanovesicles in gaseous dosage form. In particular, Aptar Pharma
Company suggested that the most appropriate was the Airless Dispensing Solution device
with an Advanced Preservative Free pump (Figure 3.3). This spray device allowed the sterile
administration of the product, as already described as an essential CQA for the drug product
(Table 2.2 of Chapter 2), and without the addition of preservatives to ensure the sterility of
the nanoformulation solution over time. In addition, to achieve sample sterility, it would also
be possible to use sterile membrane filtration and then add the sample to the device, thereby
maintaining the sterility.

SPRAY

9]

Aptar £

pharma

ADVANCED
PRESERVATIVE FREE

Figure 3.3: Selected Aptar Pharma device for the administration of the final product of rhEGF-
DELOS nanovesicles as sprayed dosage form.

It is therefore important to evaluate the performance of this spray device to ensure its applicability
for administering our optimized nanoformulation. To achieve this, we estimated in preliminary
experiments that the critical parameters that needed to be evaluated in the current stage of the
project were the position of the spray device, the physicochemical properties of the nanoformulation
before and after spraying, and the coverage area of the sprayed liquid dispersion.

One of the most important points when spraying is to ensure that the suspension is well dispensed
regardless of the position of the bottle (face-down, face-up, lateral...). Special attention should be
paid to the fact that complex wounds, such as venous ulcers, can have different orientations in the

patient and can thus complicate the product administration.

Forthisreason, in order to ensure reproducible dispensing, we evaluated different spray orientations.
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First, as they were preliminary studies, the spray devices were manually filled. Then, the spray device
was fixed in a metal structure at various positions, as shown in Figure 3.4 and finally, the head of
the spray device was pressed, and the sprayed liquid suspension was poured directly into a vial (see
Section 6.2.3).

(a) FACE-UP POSITION (b) FACE-DOWN POSITION (c) VERTICAL/LATERAL
POSITION

Figure 3.4: Image of the three evaluated positions, (a) face-up, (b) face-down and (c) vertical/
lateral for spraying rhEGF-DELOS nanovesicles with the Aptar Pharma device.

With the purpose of studying the relationship between spray device position and the dispensing
efficiency, first the intermediate formulations with and without 100 pg-mL? of rhEGF, henceforth
referred to as rhEGF-DELOS nanovesicles and Blank-DELOS nanovesicles respectively, were
produced by DELOS-susp. Specifically, these formulations were prepared using the composition
described in Table 2.5 in Chapter 2 and then, they were placed in the spray device. Afterwards, 3

positions were evaluated: face-up, face-down and vertical/lateral.

Planned comparisons provided clear support that face-up and face-down positions are critical
positions as it is impossible to spray at a given point because the spray tube itself could not hold
enough sample. Conversely, the results illustrated in Table 3.1 show that the vertical/lateral position
is the most suitable one for spraying Blank-DELOS and rhEGF-DELOS nanovesicles due to its high
recovery fraction value. This value was determined by dividing the experimental volume recovered
by a theoretical volume of 150 pL. A recovery fraction value greater than 98% was obtained for
both sprayed samples, indicating proper spray performance. Furthermore, good repeatability after
10 dispenses was achieved in both cases, as a low relative standard deviation (RSD) was obtained,

which means that the measurement data is precise.

140



Table 3.1: Mean recovered volume, RSD and recovery fraction of Blank-DELOS and rhEGF-
DELOS nanovesicles after 10 dispenses with spray device in vertical/lateral position (N = 10).

Mean recovered volume RSD (%) Recovery fraction (%)!

(L)
BIank-DE.LOS 148 0.41 99
nanovesicles
rhEGF-DELOS 150 0.39 100

nanovesicles

!0btained from dividing the experimental recovered volume to the theoretical one (150 pL).

Summarizing, the present study confirmed that the vertical/lateral position was the most
appropriate spray orientation strategy for the administration of both Blank-DELOS nanovesicles
and rhEGF-DELOS nanovesicles. Therefore, the spray device position is an important parameter to
be taken into account in future clinical trials.

It is worth noting that another important factor to consider for the success of the nanoformulation
treatment using a gaseous dosage form is the application distance, since depending on the

application distance, the amount of treatment applied to a unit of area can change.

To assess the correlation between the sprayed area and the distance, three different distances were
evaluated: 2, 5 and 10 cm, and the corresponding sprayed areas were measured. As can be seen
from the data in Table 3.2, the 2 cm distance behaves differently than the 5 and 10 cm distances.
What is interesting about this data is that a spray distance of 2 cm produces a circumferential-like
surface and therefore an even distribution of the applied suspension, resulting in a final sprayed
area of approximately 4.6 cm? with an RSD of 23% (N = 10).

Conversely, a spray distance of 5 and 10 cm distributes the suspension in an elliptical geometry
and thus non-uniformly, which means that there is a diffusion of the dose, moving from an intense
spray in the center to a less intense one at the extremes. Because of this, these approaches are not

recommended, as they seem inefficient.

Another notable observation is that there is a direct correlation between spray device distance and
area sprayed, as distance increases the area behaves the same, reaching 43.5 cm? of sprayed area

at 10 cm sprayed distance.
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Table 3.2: Characteristics of the correlation between the distances of spray device application
and sprayed area after 10 dispensing (N = 10).

Distance of spray application

2cm 5cm 10 cm
Type of area Circumference (A = 1tr?) Ellipse (A=rvr, 1) Ellipse (A =Tvr 1))
Sprayed area (cm?) 4.6 22.0 435
RSD (%) 23 6.5 9.8

In conclusion, the results presented so far in this section indicates that there is a dependency
between the spray distance and the type of produced area. It should be highlighted that these
distances are just first approximation values, so it would be reasonable to further study other
distances such as between 2 and 5 cm since they are the ones that produce a sprayed area consistent
with the inclusion criteria in the ulcer clinical trials, which were defined as ulcers between 5-15 cm?.

Anotherimportant research question when using this spray device was whether the physicochemical
properties of the intermediate formulation of rhEGF-DELOS nanovesicles with and without
100 pg-mL? rhEGF were changed upon spraying. To confirm that spraying was an appropriate
administration strategy for our nanoformulation, the same procedure as in Section 3.2.1.2 was
followed, using rhEGF-DELOS nanovesicles and Blank-DELOS nanovesicles (Table 2.5). In this case,
the spray device was placed in vertical/lateral position and then, the sprayed solution was evaluated
by DLS (see Section 6.3.1 for more details). The results of the analysis are presented in Table 3.3
showing no differences in terms of mean particle size, polydispersity, and zeta potential values

between the two groups before and after spraying.

Table 3.3: Comparison of physicochemical properties of Blank-DELOS and rhEGF-DELOS
nanovesicles before and after spraying.

Particle size distribution Zeta Potential

Mean (nm) PDI (mV)
Blank-DELOS Before spraying 67+1 0.24 +£0.01 89+1
nanovesicles After spraying 67 +1 0.23+0.01 93 +2
rhEGF-DELOS Before spraying 501 0.22 £0.01 94+4
nanovesicles After spraying 59+ 1 0.2240.01 93+ 10
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Once confirmed that some of the critical quality attributes, such as the particle size distribution, PDI
and zeta potential are not altered, anotherimportant parameter to monitor is whether the entrapment
efficiency of rhEGF into DELOS nanovesicles is affected when the rhEGF-DELOS nanoformulation
suspension is sprayed. To determine it, the entrapment efficiency of rhEGF in the sprayed and non-
sprayed rhEGF-DELOS nanovesicles was analyzed by the optimized methodology described in Section
2.2.5 and in Section 6.3.8. By carefully examining the data, it was determined that no significant
differences were observed between the two groups, since the rhEGF incorporation efficiency of rhEGF-
DELOS nanovesicles was 98 and 100%, before and after spraying respectively. Thus, the results indicate
that the entrapment efficiency of rhEGF is not altered when the rhEGF-DELOS nanovesicle suspension
is sprayed with the Aptar Company’s Airless Dispensing Solution device with an Advanced Preservative

Free pump, which is an important parameter to ensure the effectiveness of the nanoformulation.

In summary, the use of the selected Aptar Pharma device for administering rhEGF-DELOS
nanovesicles as a gaseous dosage form indicates strong potential for its topical application, e.qg.,
for the treatment of complex wounds. Not only does it demonstrate ease of preparation, which
is important when working at industrial scale, but the nanoformulation also exhibits suitable and
unaltered physicochemical properties when aerodispersed.

Despite the wide use of conventional spray dosage form due to their acceptability and ease of use,
research and development of other new rhEGF-DELOS nanovesicle dosage forms for the topical
route of administration remained unexplored. For this reason, there was also the aim to further
explore the possibility of adopting other promising approaches for skin delivery of the rhEGF-DELOS
nanovesicles, such as hydrogels.

A hydrogel is a soft, three-dimensional, cross-linked polymeric material that contains at least
two components, one of which is a liquid that is present in large quantities, and the other is a
hydrogelling agent that can be liquid or solid. Interestingly, the hydrogelling agent is able to retain
a large amount of water in its swollen state while maintaining the structure due to the cross-linking
of the individual polymer chains!®8,

Hydrogels can be classified in many ways due to the different properties. The most common

classification is by the type of cross-linking network such as physical-based or self-assembled (non-
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covalent bonds and dependent on environmental reactions), chemical-based (covalent bonds),
or through biochemical polymers (depending on biological agents). Furthermore, depending
on the source, they can be classified as natural or synthetic polymers, which can have different
physicochemical properties that can affect the final product”. In addition, they can be also
categorized according to their polymer composition, their network morphology/configuration,
their sensitivity to the environment (response) and their electrical charge depending on the ionic
charges of the bound groups'’~*° (Figure 3.5).

Configuration

amorphous,
crystalline, semi-

crystalline
Source ‘ ‘ lonic charge

Natural, non-ionic, ionic,
synthetic, hybrid zwitterionic

- HYDROGELS

CLASSIFICATION

Polymeric

Response s
composition

physical,
chemical, homopolymer,

biochemical copolymer,
multipolymer

Crosslinking

chemical,
physical

Figure 3.5: Schematic representation of the classification of different types of hydrogels.
Adapted from™.

Then, depending on the type of hydrogelling agent used, different properties can be achieved.
For instance, depending on the mucoadhesive characteristics, the hydrogel can provide prolonged
contact at the site of administration compared to an aqueous solution, thereby improving the
therapeutic outcome'”?°, Equally important is the consideration of the combination of hydrogelling
agent properties such as consistency, concentration used and degree of solubility for the
optimization of the topical formulation as these can influence the final product viscosity, which is a
critical parameter for the final product??2.

Furthermore, to develop a semi-solid formulation as a hydrogel for topical application, some essential
parameters must be considered to ensure a good quality of the product. It should be smooth, inert,
physically and chemically stable and compatible not only with the skin but also with the active
ingredient to be incorporated. In addition, it should have a consistency that allows for adequate

spreading and softness upon application, without sensitizing the skin or delaying wound healing®.
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Moreover, the ideal treatment of open wounds should include maintaining moisture at the wound
site, removal of excess exudate, freedom from particles and toxic contaminants, ability to remove
without further trauma, impermeability to bacteria, comfort and the possibility of gas exchange
and infrequent changes® .

With all these factors in mind and for the first time, a polymer called Methocel™K4M was selected
for the development of a rhEGF-DELOS nanovesicle-based hydrogel for the treatment of complex
wounds. Importantly, this polymer was chosen for its non-ionic charge, which is an important
parameter to avoid electrostatic interactions with the vesicles and hence possible aggregation. This
instability phenomenon was previously observed in preliminary studies performed by Nanomol
Group when ionic commercial polymers were used to gellify DELOS nanovesicles, i.e., using
sodium carboxymethyl cellulose (CMC) and Sepineo™ P600 polymers?®=?. For this reason, non-
jonic charged polymers have been intensively considered as a viable option for the development of
rhEGF-DELOS nanovesicle-based hydrogels.

Methocel™ K4M, also known as hydroxypropyl methylcellulose, is a water-soluble cellulose ether
biopolymer derived from cellulose, the most abundant polymer in nature, and a characteristic
product of The Dow Chemical Company®. It is a polymeric backbone of cellulose, a natural
carbohydrate, containing a repeating backbone of anhydroglucose (Figure 3.6). This type of polymer
is a renewable raw material derived primarily from wood pulp, that offers exceptional flexibility and

a combination of properties not typically found in other water-soluble polymers?.

In addition, being a natural polymer can offer several advantages as biomaterials tend to present
inherent soft-tissue like properties, low toxicity, stable cross-linked three-dimensional intact mesh
network and large surface area for cellular contact. Therefore, these properties are really interesting
for their application in both regenerative and reparative processes, such as the treatment of
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Figure 3.6: Molecular structure of Methocel™ K4M. Reproduction from3Z.

complex wounds®°.
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The reason for the name Methocel™ K4M is that there exist several types of Methocel classified
accordingto different rules. The first letter categorizes the type of cellulose ether, i.e., its “chemistry”.
For instance, the letter “A” designates methylcellulose (MC) products and “E,” “F” and “K” different
hydroxypropyl methylcellulose (HPMC) products. Then, the number after the chemistry designation
indicates the viscosity of the product in millipascal seconds (mPa-s), measured at a concentration
of 2 wt% in water at 20 °C. When denoting viscosity, the letter “M” is used to represent a multiplier
of 1000°.

Methocel pharmaceutical grade products meet United States Pharmacopoeia (USP XXIIl),
European Pharmacopoeia (EP) and Japanese Pharmacopoeia (JP) specifications. In addition,
methylcellulose (METHOCEL™ A products) is Generally Recognized As Safe (GRAS) by the U.S. Food
and Drug Administration (FDA)®. Furthermore, this polymer is extensively used in pharmaceutical
applications as it fulfils two essential requirements: biocompatibility and biodegradability, being
also used in injectable formulations and transdermal films or gels, giving the DELOS nanovesicles a

wider range of applications343,

For all these reasons, this polymer represents an attractive option to be tested for transforming

rhEGF-DELOS nanovesicles liquid suspension to a new dosage form such as a hydrogel.

In this work, we first investigated the effect of Methocel™K4M concentration on hydrogel formation.
To this end, different compositions of hydrogels were prepared, as mentioned in Table 3.4, using
3 concentrations of Methocel™K4M: 1, 2 and 4 wt%, which are concentrations commonly used to

prepare topical formulations®’.

To determine whether these concentrations were suitable for the formulation of rhEGF-DELOS
nanovesicles, three different hydrogel-based samples were prepared. These hydrogels were
based on the dispersing medium used for the intermediate rhEGF-DELOS nanovesicle formulation
(buffer histidine (5 mM, pH 7.0)/10% EtOH (v-v1)), as a control group and the intermediate DELOS
nanovesicles formulation with and without 100 pg-mL* of rhEGF, named rhEGF-DELOS nanovesicles
and Blank-DELOS nanovesicles, respectively (Table 2.5). Thus, to prepare the hydrogels, Methocel™
K4M was added to the aqueous dispersion to have the desired final concentration of the hydrogelling
agent. To ensure proper polymer dissolution, the total amount of Methocel™ K4M was added and
left hydrating for a complete swelling at room temperature for 2 h. Then, the dispersion was gently
stirred until the hydrogelling agent was completely dissolved, and a semi-solid form was achieved
(see Section 6.2.4).
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Table 3.4: Screening of the conditions of the prepared Methocel™ K4M-based hydrogels.

. . Blank-DELOS rhEGF-DELOS
Dispersant medium . -
nanovesicles nanovesicles
Methocel™ 1 wt% 2 wt% 2 wt%
K4am 2 wt%
concentration 4 wt% 4 wt%

4 wt%

Once the hydrogels were prepared following the procedure described previously, they were
examined macroscopically (Figure 3.7). Colorless and homogeneous semi-solid formulations
were obtained with the appropriate consistency, thus showing excellent organoleptic properties
at any concentration, and using dispersant medium, Blank-DELOS nanovesicle and rhEGF-DELOS
nanovesicles. Such data should be of great interest for this project as Methocel™ K4M showed no
macroscopic disadvantage.

(a) 1 2

Figure 3.7: Macroscopic appearance of Methocel™ K4M-based hydrogels using a) dispersant
medium, buffer histidine (5 mM, pH 7.0)/10% EtOH (v-v'). From 1 to 3 the concentration of
1, 2 and 4 wt% of Methocel™ K4M is represented. b) 4 and 5 represent hydrogels with 2 wt%
of Methocel™ K4M with Blank- and rhEGF-DELOS nanovesicles respectively, 6 and 7 hydrogels
with 4 wt% of Methocel™ K4M with Blank- and rhEGF-DELOS nanovesicles, respectively.

As mentioned above, this study aimed to formulate a hydrogel based on rhEGF-DELOS nanovesicle-
based hydrogel for being applied to complex wounds. Aside from ensuring that the macroscopic
appearance corresponds to the correct properties, not only the viscosity but also the rheological

properties of dermal drug delivery systems are important when developing new formulations.
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These parameters are relevant as they relate to spreadability and skin feel and can also affect the

skin penetration of the incorporated active ingredients®.

To provide all the desired properties of a hydrogel dressing for complex wounds, hydrogels should
be easy to apply and cover the entire wound without dripping, improving quality of care and patient
compliance. Therefore, to better understand the importance of rheology testing of a material,
rheological concepts are described, and a discussion of the related results follows.

The term “rheology” comes from the Greek word “rheos”, which means “everything flows upon

|II

time interval”. In view of this, rheology is the science concerned with the deformation and flow of
materials induced by applied shear forces®. Thanks to the multiple possibilities offered by this study,
the measurement of rheological properties can have a tremendous impact on the development of

formulations, since it can affect their acceptability, physical stability and even bioavailability*.

Concerning the rheological characterization of hydrogels, it provides insight into the internal
structure complexity of the hydrogel and thus helps to elucidate its behavior®. To study deformation
and flow properties, a force is applied to a material and then the response is evaluated. At this
point, the degree of the fluid’s ability to resist an applied shear force is referred to as internal
friction or viscosity. Therefore, for a given area, a constant force called shear stress is applied to the
top plate, causing it to move at static velocity. As a result of this force, the fluid adjacent to the top
plate flows at the top plate velocity while the fluid adjacent to the stationary bottom plate flows
at zero velocity. This creates a velocity gradient between the plates from top to bottom, which is

called the shear rate (Figure 3.8)*.
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Figure 3.8: Representative image of the parameters used in the viscosity measurement.
Adapted from*2.

Then, by combining the shear stress values with the shear rate, the viscosity value (n) for each

substance can be determined (Equation 3.1).

(3.1)

. . shear stress
viscosity (n) = ——

shear rate

148



In our case, to evaluate the viscosity and rheological behavior of the prepared hydrogels (Table 3.4), a
methodology that simulates the shearing conditions experienced by the hydrogels in in vivo application
was applied, as described in Section 6.3.10. The viscosity results seen from Table 3.5 show that there
is a clear tendency to increase the viscosity value of the hydrogels as the concentration of Methocel™
K4M polymer is increased. In addition, the viscosity performs equally in the different situations of
hydrogels with and without the presence of DELOS nanovesicles. Based on this current work, it was
sufficient to indicate that these results could show that this hydrogelling agent is not altered upon

changing the aqueous medium and incorporating nanovesicles such as DELOS nanovesicles.

Furthermore, it was found that such an approach also provides high-quality results on rhEGF-DELOS
nanovesicles, which present similar viscosity values to the Blank-DELOS nanovesicle formulation. By
carefully examining the value of the apparent viscosity of the hydrogels in the zone where the shear
rate is constant, we can conclude that all have a value in agreement with the appropriate consistency

for topical application and the viscosities reported in the literature for topical formulation products®.

Table 3.5: Viscosity values of the different Methocel™ K4M-based hydrogels examined.

Aqueous phase used Methocel™ K4M content (wt%) Viscosity (Pa-s)
1 0.15
Dispersant medium 2 1.23
4 8.66
2 1.40
Blank-DELOS nanovesicles
4 7.84
) 2 1.32
rhEGF-DELOS nanovesicles
4 9.27

Besides, this study examined the rheological parameters of the Methocel™ K4M-based hydrogels
with different polymer concentrations. One of the main parameters to be described is the type of
flow and deformation that our hydrogel can exhibit. For classification, materials can be divided into

2 categories depending on whether the flow properties follow the Newton’s law or not (Figure 3.9):

- Newtonian system. In this case, the shear rate is directly proportional to the shear stress,
the higher the viscosity, the greater the force per unit area (shear stress) required to

generate a shear rate*.

- Non-Newtonian system. It does not follow Newton’s law of flow and thus, their viscosity is
not constant and depends on the shear rate. Depending on the type of fluid, they can be

classified as plastic, pseudoplastic and dilatant®.
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Figure 3.9: Typical flow curves of shear stress and deformation rate relationship of different
fluids.

One of the main topics to be explored in this project is the ability to produce pseudoplastic
hydrogels, which are hydrogels that lie between elastic and viscous behavior, i.e., have the ability
to recover their original shape when external force is removed*. This pseudoplastic flow concept
is applicable to polymers in solution whose consistency curve starts at the origin and the flow
curve is non-linear (Figure 3.9). Consequently, the viscosity cannot be expressed by a single value
since the viscosity of a pseudoplastic substance decreases with increasing shear rate (rate at which

deformation is applied)*’.

Therefore, it makes sense to assess the flow behavior of the semi-solid systems when evaluating
the developed hydrogels formulations based on DELOS nanovesicles. The flow curves of the
Methocel™K4M-DELOS nanovesicles-based hydrogels were recorded according to the methodology
described in Section 5.3.10. It is shown in Figure 3.10 that increasing the shear rate increased the
shear stress of all Methocel™ K4M-based hydrogels containing dispersing medium, Blank-DELOS
nanovesicles and also rhEGF-DELOS nanovesicles. This result is explained by the non-Newtonian
model of pseudoplastic flow behavior, which is due to the reversible deformation of the hydrogel
together with increasing force velocity in terms of shear rate®. This is a desirable property for
topical products as it indicates that the product can be spread easily under mild forces, allowing

film formation on the skin’s surface.

This shear-induced thinning is a very useful feature for products intended to be applied to ulcers
or damaged skin. However, once the shear stress is removed, it is desirable that the viscosity of
the formulation increases rapidly to avoid leakage*. Within this framework, another important
issue that can arise when characterizing hydrogels is their thixotropic behavior. The return of the
hydrogel to its original structure is termed thixotropy and is assessed by monitoring the change in
viscosity during the post-shear recovery process®. In our case, it can be clearly seen that little or
no thixotropy was observed for Methocel™ K4M-based hydrogel samples at 2 wt% (Figure 3.10a),
while those at 4 wt% exhibited a larger hysteresis area and hence higher thixotropy as did the 2
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wt% hydrogels (Figure 3.10b). This behavior can be understood as a breakdown of the structure

that does not immediately recover when the stress is removed or reduced.

This property can define the therapeutic efficacy of the product, such as retention time at the
site of administration and bioavailability>°. Consequently, thixotropy is a desirable property for
pharmaceutical products such as complex wounds because they should have high consistency in
the container, spread easily, remain at the desired site of application when dispensed and regain

consistency over time?’.
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Figure 3.10: Shear stress as a function of shear rate, (a) 2 wt% and (b) 4 wt% Methocel™-based
hydrogels containing dispersant medium (black), Blank-DELOS nanovesicles (red) and rhEGF-
DELOS nanovesicles (blue).

In conclusion, 2 wt% Methocel™K4M seems to be a suitable choice for producing rhEGF-DELOS
nanovesicle hydrogels for future topical administration, not only because of its good pseudoplasticity
and thixotropic behavior but also because of its ease of preparation. For these reasons, 2 wt%
Methocel™ K4M-based hydrogels were selected as promising final dosage forms to be studied in

more detail.

It is worth noting that the process of gellification changes the properties of the nanovesicle
medium (i.e., viscosity), which could compromise the integrity of the vesicles during the process.
To investigate whether the properties of the nanovesicles are preserved in the hydrogel, mainly
their integrity as a nanostructure, we used fluorescence spectroscopy techniques. In particular, we
integrated fluorophores into DELOS nanovesicles prepared by DELOS-susp composed of CTAB and
cholesterol in an equimolar ratio (7.3 mM each) and using water/10% EtOH (v-v?') as dispersant

medium.
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Specifically, these DELOS nanovesicles containing the fluorophores 1,1’-Dioctadecyl-3,3,3,3’-
tetramethyl-indocarbocyanine perchlorate (Dil) and 1,1’-Dioctadecyl-3,3,3’,3’-tetramethyl-
indodicarbocyanine perchlorate (DiD) (Figure 3.11)>! have been extensively studied in the Nanomol
Group™ and referred to as Dil/DiD-DELOS nanovesicles in the following sections of this work.
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Figure 3.11: Representative picture of the molecular structure of Dil and DiD and their
integration into the membrane of DELOS nanovesicles (Dil/DiD-DELOS nanovesicles).

We are particularly interested in these dyes as they are classified as a well-known Fluorescence
Resonance Energy Transfer (FRET) pair*>°. FRET is a phenomenon that occurs between two
fluorescent molecules by a non-radioactive mechanism. This mechanism is based on a resonant
transfer of electronic excitation energy from an excited-state donor fluorophore to a ground-state
acceptor molecule®. Subsequently, this acceptor molecule will then emit fluorescent light. To ensure
that the FRET phenomenon occurs between two molecules, two requirements must be fulfilled:

1. The emission spectrum of the donor molecule must completely or partially overlap with the
fluorescence absorption spectrum of the acceptor molecule in order to generate enough energy for
dipole-dipole coupling. The extension of the overlap area between these two spectra is related to
the efficiency of the phenomenon, a higher overlap leads to a more efficient FRET (Figure 3.12a).

1. Thedistance range between the donor and acceptor fluorophores should typically be between
1 and 10 nm to observe the energy transfer from donor to acceptor, making FRET a highly
spatially-responsive optical technigue. In most cases, when the distance is greater than about
10 nm, the FRET signal disappears, reading only the emission of the excited molecule (Figure
3.12b). Thus, the FRET efficiency is strongly dependent on the spacing of the fluorphores®”.
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Figure 3.12: (a) Absorption and emission bands of Dil and DiD in ethanol, with the spectral
overlap highlighted in a red region, and (b) Diagram illustrating the relationship between the
distance of the dyes and the FRET signal. When the distance between dyes is in the range
of 1-10 nm, there is FRET emission, while when the distance increases and becomes greater
than 10 nm, the FRET signal vanishes®.

Therefore, this spectroscopic tool, also known as a spectroscopic ruler, is very useful to monitor the
donor-acceptor FRET pair integrated into the nanovesicle membrane, thus probing the stability and
integrity of the nanovesicles. If the FRET emission fluorescence then vanishes, this is an indication
of the disruption of the nanovesicles and thus of a spatial separation of Dil and DiD>"*° (see Figure
3.13). Hence, DELOS fluorescent nanovesicles exhibiting FRET offer interesting properties that can

be applied in studying their integrity when they are converted into a hydrogel dosage form.
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Figure 3.13: Representative scheme of the presence or absence of FRET phenomena in the

whole vs dissociate Dil/DiD-DELOS nanovesicles, respectively.

Importantly, Dil and DiD are amphiphilic molecules whose incorporation into the DELOS nanovesicle
membrane is driven by hydrophobic interactions and whose leakage, once entrapped at the

membrane, is negligible>>®°. On this basis, to investigate the integrity of DELOS nanovesicles in
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the gelled state, Dil/DiD-DELOS nanovesicles were first prepared in water by the DELOS-susp
methodology (see Section 6.2.1). For this purpose, Dil (50 uM) and DiD (50 uM) were dissolved in
ethanol together with the membrane components cholesterol (7.3 mM) and CTAB (7.3 mM) and
added to the reactor. Then, the compressed solution was depressurized onto water.

This Dil/DiD-DELOS nanovesicles formulation, as already reported®, exhibited no differences in
the vesicle size and morphology compared to the control sample, which is based on the same
nanovesicle formulation but without fluorophores (Figure 3.14a,b). Therefore, after preparing the
nanoformulations, Dil/DiD-DELOS nanovesicles by DELOS-susp methodology, they were gellified
with 2 wt% of Methocel™ K4M (see Section 6.2.4) to assess the stability and integrity of the
nanovesicles by the fluorescence emission of the dye pair (Figure 3.14c).

Figure 3.14: Cryo-TEM images of (a) Control sample of DELOS nanovesicles without fluorophores
and (b) Dil/DiD-DELOS nanovesicles, in water; (c) Macroscopic image of the Dil/DiD-DELOS
nanovesicles-based Methocel™ K4M hydrogel.

Thus, to study the integrity of the DELOS nanovesicles when gellified, absorption spectra of
nanovesicles loaded simultaneously with Dil and DiD were first recorded under both conditions,
in liquid dispersion and in gel (Figure 3.15a and Section 6.3.6). Absorption spectra reveal that
nanovesicles either in liquid dispersion or in gel maintain Dil and DiD molecules in the nanovesicle
nanostructure since no change in the main absorption bands (Abs_ =551 nm and Abs_ =650 nm)
is observed. It is worth noting that DiD is prone to form aggregates like H-dimers, which is generally
reported by an increase in the absorption shoulder at 600 nm°%, However, the spectra shown in
Figure 3.15a points out the absence of these aggregates or other non-monomeric forms of DiD.
From this information, we first concluded that nanovesicles appear to maintain their membrane
stability when transferred to the gel.
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Figure 3.15: (a) Absorption and (b) excitation spectra of gellified (red) and non-gellified (black)
Dil/DiD-DELOS nanovesicles.

Secondly, FRET efficiency between Dil and DiD, as a donor and acceptor respectively, was
interrogated through excitation and emission fluorescence spectroscopy (see Section 6.3.7).
Planned comparisons of the gellified and non-gellified groups revealed that the excitation spectra
of the dyes are similar among the groups (Figure 3.15b). More importantly, excitation spectra
also indicated the presence of FRET phenomena since Dil (donor) is excited when probing the DiD
(acceptor) emission at A= 710 nm (Figure 3.15b), highlighted excitation band in grey). Indeed,
the FRET efficiency was estimated through the ratiometric approach from emission spectra upon
excitation at 490 nm using the following Equation 3.25:

Intensity DiD

Efficiency FRET (EFRET' %) - Intensity Dil+Intensity DiD (3:2)

Two emission bands appeared at ~569 and ~673 nm corresponding to the Dil and DiD emission,
indicating again that both dyes are stably entrapped at the nanovesicle membrane indistinctly
of its medium. The estimation of FRET efficiency in the non-gellified and gellified Dil/DiD-DELOS

nanovesicles resulted in similar values of practically 70% (Figure 3.16).
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Figure 3.16: Emission spectra of gellified (red) and non-gellified (black) Dil/DiD-DELOS
nanovesicles with their FRET efficiency value.

Finally, the morphology of Dil/DiD-DELOS nanovesicles-based hydrogel was observed by the cryo-
TEM technique. As observed in Figure 3.17, this analysis indicated that the morphology of these
DELOS nanovesicles was not altered when being gellified with Methocel™ K4M at 2 wt%, suggesting
again their stability in the hydrogel.

(b) EeEsE o |
540 GELLIFIED

Figure 3.17: Cryo-TEM images of (a) non-gellified and (b) gellified Dil/DiD-DELOS nanovesicles.
Dil/DiD-DELOS nanovesicles were prepared using water as the dispersant medium. Gellified
nanovesicles were previously diluted 1:100 in water to ensure adequate fixation and
preservation of the hydrogel sample in the grid.

Taking all these results together, it becomes clear from the spectroscopic data, but also from the
cryo-TEM observation, that the Methocel™ K4M gelling agent does not affect the structure of
the DELOS nanovesicles. Thus, we can affirm that spectroscopic measurements of Dil and DiD in
nanovesicle-based hydrogels demonstrating the preservation of FRET emission are indicative of

membrane integrity.
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Finally, Dil/DiD-DELOS nanovesicle-based hydrogels were examined by confocal fluorescence
microscopy to assess the distribution of the two dyes in the hydrogel (described in Section
5.3.11). During the analysis, Dil and DiD emission signals were recorded showing colocalization
of the two dyes, meaning an overlap of them in the final image due to their close position in the
structure. As shown in Figure 3.18, there is a significant presence of yellow dots representing
the colocalization of the two dyes used, Dil (in green) and DiD (in red), in the same region. This
phenomenon emphasizes that the two dyes associate with the same vesicle structure, again
representing the integrity of the vesicles when gellified with 2 wt% Methocel™ K4M. Furthermore,
the magnification of the confocal image reveals the abundance of dispersed particles with a
particle size smaller than 1 um, suggesting that DELOS nanovesicles are mostly not aggregated

in the hydrogel.

(a)

Figure 3.18: Colocalization analysis of Dil and DiD in Dil/DiD-DELOS nanovesicle-based
Methocel™ K4M hydrogel by confocal imaging, Dil/DiD-DELOS nanovesicles were prepared
using water as dispersant medium. (a) General view of the overlay images of excited Dil with
488 nm light (in ) and DiD with 633 nm light (in red). The color represents the
colocalization of the two dyes, indicating the presence of the two dyes in an unaltered vesicle;
(b) Magnification of the grey box revealing the abundance of particles smaller than 1 um,
indicating the homogeneous dispersion of DELOS nanovesicles in the hydrogel.

Overall, it is worth noting that all of these experimental results go beyond the extensive literature
and demonstrate the integrity of the DELOS nanovesicle formulations when being gellified, which

is an important finding for understanding their behavior.
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Once confirmed the integrity of the DELOS nanovesicles when gellified with 2 wt% of Methocel™
K4M, the most promising hydrogelling agent concentration for preparing Methocel™ K4M DELOS
nanovesicles-based hydrogels, we further evaluated its use in gellifying rhEGF-DELOS nanovesicles.
Once the hydrogel was prepared by mixing the rhEGF-DELOS nanovesicles suspension (Table
2.5) with 2 wt% of Methocel™ K4M (see Section 6.2.4) and presenting proper macroscopical
appearance (Figure 3.19a), the rhEGF-DELOS nanovesicle integrity was also characterized by
cryo-TEM. As observed in Figure 3.19b,c, it was confirmed that the morphology of rhEGF-DELOS
nanovesicles was not altered when being gellified using this formulation. Therefore, it suggests the
stability and integrity of rhEGF-DELOS nanovesicles in the hydrogel, which is an important finding
in understanding their behavior.

rhEGF-DELOS
nanovesicles-gellified

Figure 3.19: (a) Macroscopic image of rhEGF-DELOS nanovesicle-based hydrogel using buffer
histidine (5 mM, pH 7.0)/10% EtOH (v-v?) as dispersant medium, and cryo-TEM images of
(b) non-gellified and (b) gellified rhEGF-DELOS nanovesicles with 2 wt% of Methocel™ K4M.
Gellified nanovesicles were previously diluted 1:100 in water for an adequate fixation and
preservation of the hydrogel sample in the grid.

After confirming the integrity of rhEGF-DELOS nanovesicles upon hydrogelation with 2 wt%
Methocel™ K4M, another step towards a semi-solid dosage form as a new pharmaceutical product
with proper performances was the evaluation of the rhEGF-specific bioactivity in gellified rhEGF-

DELOS nanovesicles.

For this purpose and thanks to the collaborators of CIGB in Cuba, in vitro measurements
were performed to compare free and integrated rhEGF in DELOS nanovesicles both in liquid
dispersion and in gel form. However, prior to the experiment, it was evaluated whether the
hydrogelling agent Methocel™ K4M could interfere with the rhEGF colorimetric assay for
determining the biological activity of the rhEGF. A placebo hydrogel (without both free rhEGF
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and nanovesicles) and a hydrogel containing Blank-DELOS nanovesicles (Table 2.5) were
tested at the same minimum dilution of 1:10,000 as the minimum dilution used to evaluate
rhEGF hydrogels. In addition, the minimal control of rhEGF used in the colorimetric assay, in
which cells are incubated with culture medium only, was used as a comparison to assess the
differences in the data. Then, when comparing the absorbance at 578 nm, no statistically
significant differences were observed between the three different groups evaluated (N = 10
per group, ANOVA p-value = 0.740) (see Section 6.4.2), confirming that Methocel™ K4M does
not affect the colorimetric assay.

Figure 3.20 shows the results of in vitro specific biological activity of all tested samples,
free and integrated rhEGF in DELOS nanovesicles in both liquid dispersion and gellified. As
shown, non-significant statistical differences were observed for the free rhEGF in dispersion
medium and its hydrogel formulation, then the protein’s biological activity was preserved
when gellified. However, the specific bioactivity of the aqueous dispersion and hydrogel of
rhEGF-DELOS nanovesicles increased compared to the aqueous solution of free rhEGF and its

hydrogel formulation.

These results are consistent with previously reported rhEGF-DELOS nanovesicles in Chapter
2, in which higher cell proliferative activity than free rhEGF was obtained at the same bulk
concentration®. On the other hand, the specific bioactivity of the hydrogel-based on rhEGF-
DELOS nanovesicles increased statistically significantly compared to the aqueous solution of the
same rhEGF-DELOS nanovesicles (Figure 3.20). Since there is no change in specific bioactivity for
the free rhEGF in aqueous solution compared to the hydrogel formulation, a plausible reason
for the increase in specific bioactivity of rhEGF-DELOS nanovesicles gellified as compared to the
aqueous solution could be the stability of the binding of rhEGF to the nanovesicles surface area
increased in the presence of Methocel™ K4M. It is likely that the nanoconjugate is more stable
upon dilution in the presence of Methocel™ K4M at the large dilutions (>1:10,000 for 100 pg-mL*
of rhEGF) used in the cell proliferation assay. Recently we have no experimental evidence for this
finding and further studies will be necessary to elucidate the reasons for the increased specific
biological activity of rhEGF-DELOS nanovesicles in the Methocel™ K4M hydrogel compared to
the aqueous dispersion.
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Figure 3.20: In vitro specific biological activity of free rhEGF and rhEGF-DELOS nanovesicles in
a cell proliferation assay in 3T3 A43 murine fibroblast cell line. Free rhEGF and rhEGF-DELOS
nanovesicles 100 pg-mL* were formulated in aqueous solution or in Methocel™K4M hydrogel,
performed by CIGB team from Cuba. Data plotted as mean (N = 3 per group) specific bioactivities
are represented by the height of the bars with 95% confidence intervals represented by the
error bars. Statistical analyzes were performed by one-way ANOVA followed by Tukey pairwise
comparison. *p < 0.05, **p < 0.01, ***p < 0.001 and NS: non-significant differences.

Summarizing, the development of rhEGF-DELOS nanovesicle-based hydrogels using 2 wt%
Methocel™ K4M has presented several and important advantages thereof, such as not only ensuring
the integrity and stability of the nanoformulation, but also achieving adequate rheological properties
for the intended use. It is worth noting here that the bioactivity of the rhEGF, when formulated as
rhEGF-DELOS nanovesicle-based hydrogels, has shown a significant increase, probably due to the
stabilization of the binding of rhEGF to the surface of the nanovesicles in the presence of Methocel™
K4M, confirming the therapeutic potential of rhEGF-DELOS nanovesicle-based hydrogels as a

pharmaceutically significant drug product for complex wound treatments.

The outcome of the development of a final dosage form of rhEGF-DELOS nanovesicles led to different
conclusions. First, convenient dosage forms were developed to facilitate the topical administration
of rhEGF-DELOS nanovesicles, consisting of the suspension administered by both a spray device and
a 2 wt% Methocel™ K4M hydrogel containing rhEGF-DELOS nanovesicles. Consequently, gaseous
and semi-solid dosage forms have been considered as future potential dosage forms for the topical

treatment of complex wounds such as DFUs and VLUs.
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Furthermore, it should be highlighted that FRET fluorescence measurements and cryo-TEM imaging
verified the integrity of the nanoformulation upon gelation. In both cases, it was confirmed that
DELOS nanovesicles maintain their stability in the semi-solid form, which is a relevant factor to

consider for the effectiveness of the formulation and that is not widely considered in the literature.

After observing the promising results in the development of a final drug product based on
rhEGF-DELOS nanovesicles for topical administration, e.g., for the treatment complex wounds,
this framework provided a platform for further research and application. Therefore, it was an
inspiration and a starting point for the company and the research group to further improve the
DELOS platform and have a wider range of potential DELOS nanovesicle formulations suitable for

topical administration.

To this end, in the present study, we report the development of new and promising well-
tolerated DELOS nanoformulations by first exploring the preparation and characterization of the
nanoformulations using different surfactants and dispersant media for those that have fewer
concerns about skin tolerance and thus a greater skin acceptance for topical delivery. Afterwards,
we transformed these new liquid dispersions of DELOS nanovesicles into new semi-solid dosage

forms for being used as more efficient carriers for topical drug delivery.

There are several ways to improve the DELOS nanoformulations for topical applications. One
of the easiest ways to do this is to study the potential impact of different compositions on the
nanovesicles, for example, by changing the membrane components of the nanoformulation such
as the quaternary ammonium surfactant. In the formulation based on rhEGF-DELOS nanovesicles,
described in Chapter 2, the chosen surfactant was CTAB, which consists of a 16-carbon hydrophobic

chain with a charged polar ammonium head and bromide as a counter ion (Figure 3.21a).

It is important to note that CTAB is a surfactant widely used in several cosmetic products and
has demonstrated antibacterial properties that can play an important role in skin formulations
to prevent wound infections® . However, the approach proposed here is based on the use

of a similar surfactant with chloride as counter ion (the major ion in the human body) named
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hexadecyltrimethylammonium chloride (CTAC) (Figure 3.21b), which has also been demonstrated
to possess an antimicrobial activity. The medical regulatory agency FDA has approved CTAC for
topical®, and reported that this ingredient is commonly found in lotions at 0.2 wt%, indicating its
safety at this concentration®7°, Besides, it should be noted that previous work has shown that
cationic surfactants nanostructured in nanovesicles broadly reduced their potential irritation
effect®?.

(a) (b)
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Figure 3.21: Chemical structure of (a) CTAB and (b) CTAC surfactant.

Therefore, assessing the effect of the chloride as the counter ion in DELOS nanovesicle production

would allow the generation of a new DELOS nanovesicle formulation, as another possible optimum

alternative for dermal drug delivery.

On the other hand, it is important to emphasize that, in addition to the composition of the
vesicle itself, dispersant medium is an important subject of study, since it is crucial to provide
stability to the formulation, which must safeguard biocompatibility and be suitable for topical
administration. Therefore, besides the surfactant nature, various dispersant media in the DELOS
nanovesicle systems were evaluated according to the need to strive for better skin compatibility of
the nanoformulations. Five dispersant media were selected: water; sodium citrate buffer (citrate
buffer), pH = 5.0; sodium acetate buffer (acetate buffer), pH = 5.0; histidine buffer, pH = 7.0; and
phosphate-buffered saline (PBS), pH = 7.4.

All buffers were prepared at a concentration of 5 mM to compare all of them to the buffer used
in the previously reported rhEGF-DELOS nanovesicle nanoformulation in Chapter 2, which was
histidine buffer (5 mM, pH = 7.0), for complex wound healing®. Then, to understand in better detail

the dispersant media used, they are listed below.

1. Water: It was used as a reference medium and as a model to prepare DELOS nanovesicle
formulations’>”2,

It contains 1.63 mM of acetic acid and 3.36 mM of sodium
acetate, an interesting molecule associated with esterase metabolites present in the skin
and therefore widely used as a fragrance in cosmetics and as a buffering agent due to its skin
tolerance”.
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1. Citrate buffer (5 mM, pH = 5.0): This buffer contains 2.91 mM of sodium citrate and 2.09
mM of citric acid, which is a metabolic substance found in animals and plants. Its pH is 5.0,
which corresponds to healthy skin’s pH’*7¢. It is used in cosmetics not only as a cheating agent
but also as a pH adjuster, and as a fragrance. Sodium citrate buffer up to 5% w-v* in agueous
solution is reported to be non-irritating to skin and suitable for skin diseases and wound healing

treatment’s%,

It is an essential and neutral amino acid that exhibits
anti-inflammatory and antioxidant properties. It has been used as a therapy to treat some
skin diseases like atopic dermatitis and can easily be combined with proteins or other
amino acids and treated as a supplement for a variety of disorders®-22, Furthermore, recent
results suggest that L-histidine has the potential to facilitate wound healing in both in vitro
and in vivo models of aging skin®. Simultaneously, this medium was used in rhEGF-DELOS
nanovesicle conjugates for the treatment of complex wounds®*84, as previously described
in Chapter 2.

Atthesametime, histidine bufferhasalso beendescribed asthe most common buffer of commercially
available protein therapeutics, such as antibody formulations, with histidine concentrations ranging
from 3 mM to 50 mM and pH = 5.5-6.55%"._ Consequently, this buffer is convenient when a pH close

to 7.0 is required for the treatment of a skin disorder.

This is a commonly used buffer in biological
research based on a saline solution containing sodium chloride (NaCl), sodium hydrogen
phosphate (Na,HPO,) and sodium phosphate monobasic (NaH,PO,) which balances the salt
concentration around the cells, prevents osmosis and is therefore suitable for skin applications®.
Among all PBS recipes, in this Thesis we used PBS consisting of 4.80 mM of NaCl, 0.15 of
Na,HPO, and 0.05 mM NaH_PO,.

To assess all parameters previously described, DELOS nanovesicles were prepared using the
eco-efficient DELOS methodology (see Section 6.2.1). With this in mind, in this investigation we
attempted to evaluate a wide range of possible nanoformulations for being used in topical drug

delivery as summarized in Table 3.6.
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Table 3.6: Overview of the membrane components and dispersant media tested in the DELOS
nanovesicles formulations under study.

Vesicle membrane components Dispersant medium?

Water pH ca. 7.0
Sodium citrate buffer (5 mM, pH =5.0)
Sodium acetate buffer (5 mM, pH =5.0)
Histidine buffer (5 mM, pH = 7.0)
PBS buffer (5 mM, pH =7.4)

Cholesterol:CTAB
(CTAB-DELOS nanovesicles)

Water pH ca. 7.0
Sodium citrate buffer (5 mM, pH =5.0)
Sodium acetate buffer (5 mM, pH =5.0)
Histidine buffer (5 mM, pH = 7.0)
PBS buffer (5 mM, pH =7.4)

Cholesterol:CTAC
(CTAC-DELOS nanovesicles)

L All the samples contain 10% v-v! of EtOH.

As shown in Table 3.6, 10 different nanoformulations were prepared in this work, performing
replicates of each of them. In all cases, the final concentration of the membrane components was
the same as the optimal intermediate product obtained for rhEGF-DELOS nanovesicles, which was
7.3 mM of each compound (cholesterol and surfactant) with a theoretical equimolar ratio between
cholesterol and surfactant (Table 2.5). It should be noted that all DELOS nanoformulations contain
10% v-v! of ethanol from the DELOS-susp process. The presence of this amount of EtOH can be

beneficial since it is known for its positive value as an enhancer for skin treatments®.

Particle size and PDI of the nanoformulations were evaluated using DLS over time. From Figure 3.22,
it can be observed that planned comparisons of the use of CTAB and CTAC surfactant in the DELOS
nanovesicle formulations revealed that both surfactants lead to similar mean nanovesicle size in
the different evaluated dispersant media. Additionally, proper colloidal stability of the nanovesicles
was observed regarding the screening of dispersant media based on water; acetate buffer (5 mM,
pH 5.0); histidine buffer (5 mM, pH = 7.0); and PBS buffer (5 mM, pH = 7.4).

As can be seen in Figure 3.22, for all nanoformulations there was a tendency for the mean particle
size to decrease during the first week and to stabilize over at least one month, the period studied.
This size trend and the great stability of this type of vesicular system have already been shown
in Chapter 2 and described in detail in our Nanomol Group. It could be hypothesized that this
tendency to decrease in particle size over time correlates with the thermodynamic aspects of the
vesicles. DELOS nanovesicles have been shown to be dynamic systems that evolve to an equilibrium
state over time by minimizing the free energy of the system through the formation of small and
energetically stabilized vesicles®. Forinstance, an extreme long-term stability of at least 1000 days at
4 °C for CTAB-DELOS nanovesicles in water with 10% v-v! of EtOH has already been demonstrated®?.
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Figure 3.22: (a) Evolution of CTAB-DELOS nanovesicles and (b) CTAC-DELOS nanovesicles over
time on particle size and polydispersity index (PDI) with the effect of different dispersant media:
water (blue); acetate buffer (5 mM, pH =5.0) ( , horizontal line); histidine buffer (5 mM,
pH =7.0) ( , vertical line); and PBS buffer (5 mM, pH = 7.4) (green, square).

Conversely, the use of citrate buffer (5 mM, pH = 5.0) was the only notable exception in this study,
as it showed immediate sedimentation of vesicle membrane components in all formulations after

one day of production (Figure 3.23).

WATER ACETATE CITRATE HISTIDINE

(a) CTAB-DELOS
nanovesicles

(b) CTAC-DELOS
nanovesicles

Figure 3.23: Macroscopic appearance of (a) CTAB-DELOS nanovesicles and (b) CTAC-DELOS
nanovesicles in water (blue); acetate buffer (5 mM, pH =5.0) ( ); citrate buffer (5 mM, pH
=5.0) (red); histidine buffer (5 mM, pH =7.0) ( ); and PBS buffer (5 mM, pH = 7.4) (green).

This phenomenon was also detected by the zeta potential measurement, which indicates the
degree of repulsion between the charged particles in the dispersion, as explained in Chapter 2.
It is important to know that high positive and negative zeta potential values, i.e., > +30 mV or <
-30 mV, indicate highly charged particles, avoiding particle aggregation due to electrical repulsion.
However, at a small zeta potential value between +30 mV and —30 mV, attraction overcomes

repulsion and the sample is expected to first aggregate and then evolve to sedimentation®?. Zeta
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potential measurements of all obtained nanoformulations are displayed in Figure 3.24. As shown, all
nanoformulations prepared with water, acetate, histidine, and PBS buffers present a zeta potential
value above +100 mV, although in acetate and PBS, a quite lower zeta potential value compared
to histidine and water was observed for both CTAB- and CTAC-DELOS nanovesicles (Figure 3.24).
However, when these vesicles were prepared in citrate buffer, they showed a zeta potential value
below +30 mV. This interesting finding may indicate that there was a strong electrostatic interaction
between the positive charge of the quaternary ammonium surfactant and the negative charge of
the citrate molecule, which hindered vesicle formation and caused aggregation and sedimentation
of the system. Therefore, in this work, the formation of CTAB- and CTAC-DELOS nanovesicles using
citrate buffer (5 mM, pH = 5.0) as the medium was discarded.
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Figure 3.24: Evolution of (a) CTAB-DELOS nanovesicles and (b) CTAC-DELOS nanovesicles over
time on the zeta potential values with the effect of different dispersant media: water (blue);
acetate buffer (5 mM, pH =5.0) ( , horizontal line); citrate buffer (5 mM, pH = 5.0) (red,
waves); histidine buffer (5 mM, pH = 7.0) ( vertical line); and PBS buffer (5 mM, pH =
7.4) ( , square).

Regarding the size and morphology of the obtained nanovesicles, they were also examined using
cryo-TEM. Similarly shaped nanovesicles were observed as seen in Figure 3.25 in the prepared
CTAB- and CTAC-DELOS nanovesicle formulations in water, acetate, histidine, and PBS buffers. It is
remarkable to appreciate that there are almost no variation differences in the morphology of the
vesicles when neither the surfactant, CTAB or CTAC, nor the dispersant medium are changed. In
fact, most of the vesicles are homogeneous unilamellar nanovesicles with spherical morphology,
ranging in size between 50 and 100 nm in diameter, consistent with the results reported in the
literature by our Nanomol Group and Nanomol Technologies SL%3%3795,
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Figure 3.25: Cryo-TEM images of (a) CTAB-DELOS nanovesicles and (b) CTAC-DELOS nanovesicles
in different dispersant media: water (blue); acetate buffer (5 mM, pH = 5.0) (orange); histidine
buffer (5 mM, pH =7.0) (vellow); and PBS buffer (5 mM, pH = 7.4) (green).

Thanks to these favorable physicochemical properties of DELOS nanovesicles, we can propose that
either the use of CTAB or CTAC surfactant with bromide or chloride counterion respectively, and
the presence of water; or acetate; histidine; or PBS buffers in the nanoformulation are promising
components to formulate DELOS nanovesicle liquid dispersions that are more tolerable for skin
application. It should be emphasized that these nanoformulations have the potential to be translated
into other types of treatments that require these formulation properties in terms of pH or composition.

As already explained, the formulation of a drug product includes due consideration of each component
used in the final product, such as the physicochemical and biological properties to achieve proper
patient compliance®. In this case, considering that CTAB-DELOS nanovesicles with and without
integrating rhEGF in histidine buffer (5 mM, pH = 7.0) are compatible with hydrogelling agents such
as Methocel™K4M, it is also relevant to determine if and into what extent the presence of the new
prepared formulations of DELOS nanovesicles can be gelled. Then, CTAB- and CTAC- DELOS nanovesicles
in the different dispersing media tested: water, histidine buffer (5 mM, pH = 7.0), acetate buffer (5 mM,
pH =5.0) and PBS buffer (5 mM, pH = 7.4) were evaluated when gelled with Methocel™K4M polymer.

Furthermore, this study led to the introduction of other innovative hydrogelling agents besides the
Methocel™K4M to expand the possibilities to generate new DELOS nanovesicle-based hydrogels for many

other routes of administration. Therefore, an alternative polymer called Poloxamer 407 was also explored.
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Following the same methodology as described in Section 3.2.2.3, the most promising formulations
mentioned above-CTAB- and CTAC-DELOS nanovesicles dispersed in water, acetate, histidine, and
PBS- were gelled and evaluated using 2 wt% Methocel™ K4M (see details in Section 6.2.4). Note
that the use of 2 wt% hydrogelling agent was a predefined value as previous results described in
this Chapter indicated that this was the most promising in terms of physicochemical properties for
rhEGF-DELOS nanovesicles final drug product and also a concentration commonly used for topical

formulations®.

As previously described, in order to assess the response to translation of the liquid DELOS
nanovesicles dispersion into a semi-solid hydrogel dosage form, there were several important
considerations. First, Methocel™ K4M-based hydrogels were examined macroscopically. Colorless
and homogeneous semi-solid formulations with appropriate consistency were obtained, thus

showing excellent organoleptic properties.

To further evaluate the formulated hydrogels, they were then examined by optical microscopy
(Section 6.3.9). Figure 3.26 illustrates the microscopic appearance of the hydrogels using the
different quaternary ammonium surfactants and dispersant media. Hydrogels enriched with DELOS
nanovesicles dispersed in water or histidine medium showed no change in microscopic appearance.
However, micron-sized particles were observed in the semi-solid formulations enriched with DELOS-
nanovesicles containing sodium acetate and PBS. This is probably related to the negative charge of
acetate and phosphate anions of these buffers and their electrostatic interactions with the cationic
surface charge of the DELOS nanovesicles, as evidenced by the small decrease in zeta potential of
both CTAB- and CTAC-DELOS nanovesicles in acetate and PBS dispersant media (Figure 3.24).
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Figure 3.26: Optical microscopy and macroscopic images of Methocel™ K4M hydrogels of (a)
CTAB-DELOS nanovesicles and (b) CTAC-DELOS nanovesicles in different dispersant media:
water (blue); acetate buffer (5 mM, pH = 5.0) (orange); histidine buffer (5 mM, pH = 7.0)
(vellow); and PBS buffer (5 mM, pH = 7.4) (green).

Moving to a deeper evaluation of hydrogels, the viscosity profile of the hydrogels is a key feature
related to the polymeric network and the strength of the interactions of the components, as stated
before. Then, the viscosity and rheological measurements performed on the formulated hydrogels
based on DELOS nanovesicles provided important information about the three-dimensional
network properties, which were influenced by the presence of different surfactant counterions
and dispersant media (see Section 6.3.10). The viscosity of the control hydrogels (without DELOS
nanovesicles) showed no statistically significant differences between the different dispersant media
evaluated (ANOVA p-value = 0.300) (Figure 3.27).

Viscosity measurements helped to understand the behavior of the hydrogels when containing
DELOS nanovesicles. As can be seen in Figure 3.27, changes in the dispersant medium of the CTAB-
and CTAC-DELOS nanovesicles led to different viscosity values of the obtained hydrogels. The use
of water and histidine buffer (5 mM, pH = 7.0) in the hydrogels showed similar results with the

presence and absence of DELOS nanovesicles with statistically insignificant differences.

However, it was also apparent that the addition of salts such as acetate buffer (5 mM, pH =5.0), and
PBS buffer (5 mM, pH = 7.4) provided a statistically significant increase in viscosity compared to the
control. This increase could be related to the ability of these salts (probably the presence of acetate
and phosphate anions) to induce the presence of micrometric particles in the original formulation
of DELOS nanovesicles, as already observed microscopically (Figure 3.26).
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Itis reported that semi-solid dispersions with a constant solids volume fraction can differ in viscosity
due to differences in particle size and PDI*’. Changes in viscosity can also provide information
about intermolecular interactions®. Regarding the use of the two different quaternary ammonium
surfactants, CTAB or CTAC, in the nanovesicle formulation when being gellified, no differences in

viscosity were found.
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Figure 3.27: Viscosity measurements of the evaluated Methocel™ K4M hydrogels, controls
(samples without the nanovesicles, blue), and DELOS nanovesicle-based hydrogels using CTAB-
( , dots) or CTAC-DELOS (grey, squares) nanovesicles in water, acetate, histidine, and
PBS (N = 3). Data plotted as mean viscosity is represented by the heights of the bars with
95% confidence intervals represented by the error bars. Statistical analyzes were performed
by one-way ANOVA followed by Tukey pairwise comparison. **p < 0.01 and NS: non-significant
differences.

Focusing on the viscosity value of the hydrogels, we can observe that all the hydrogels present
a value consistent with the value obtained with Methocel™-based hydrogels containing rhEGF-
DELOS nanovesicles (Table 3.5), which are values similar to those reported in the literature for

topical formulation products®.

On the other hand, the rheological characterization of the developed DELOS nanovesicle-based
hydrogel formulations was also assessed. The flow curves of the Methocel™ K4M hydrogels based
on DELOS nanovesicles revealed a non-Newtonian pseudoplastic flow behavior. Figure 3.28 displays
the shear stress versus shear rate for all the prepared DELOS nanovesicle-based Methocel™ K4M
hydrogels. In all cases, non-Newtonian model of pseudoplastic flow behavior was observed, as
shown similarly in Section 3.2.2.5 with Methocel™ K4M-based hydrogels containing rhEGF-DELOS
nanovesicles. As previously explained, this is due to the reversible deformation of the hydrogel

together with increasing force velocity in terms of shear rate*. It is important to mention again that
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this is a desirable property for topical products as it indicates that the product can be spread easily
under mild forces, allowing film formation on the skin’s surface.

In addition, little or no thixotropy was observed in all samples, which presented a small or null
hysteresis loop area. Furthermore, no effect on rheological behavior was found when hydrogels
contained CTAB or CTAC, or the different dispersant media.
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Figure 3.28: Shear rate as a function of shear stress of hydrogels enriched with (a) CTAB-DELOS
nanovesicles and (b) CTAC-DELOS nanovesicles in different dispersant media: water (blue m);

acetate buffer (5 mM, pH = 5.0) (orange V); histidine buffer (5 mM, pH = 7.0) (yellow ¢); and
PBS buffer (5 mM, pH = 7.4) (green A).

The results of this study allow concluding that there exists a complete suitability and feasibility
of novel DELOS nanovesicles as a semi-solid dosage form for topical administration. Then, these
liquid dispersions were gellified for the first time by adding 2 wt% Methocel™K4M obtaining DELOS
nanovesicles-based hydrogels with good macroscopic appearance and appropriate rheological
properties for the intended use. However, the presence of particles in the micrometric range
was observed under optical microscopy in those semi-solid formulations that contained sodium
acetate and PBS buffers, probably related to the presence of acetate and phosphate anions and
its potential electrostatic interaction with the cationic surface charge of the nanovesicles. This

change of particle size distribution was correlated with a significant viscosity increase of these
formulations.

Therefore, Methocel™ K4M hydrogels containing CTAB- and CTAC- DELOS nanovesicles formulated
in water and histidine buffer (5 mM, pH = 7.0) will be selected as the optimal ones in future studies.
They have been demonstrated to be the most promising systems as they show advances in stability
over the other studied DELOS nanovesicles-based hydrogels containing acetate (5 mM, pH 5.0) and
PBS buffer (5 mM, pH 7.4).
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As already mentioned in the previous section, the findings on the preparation of Methocel™ K4M
hydrogels containing DELOS nanovesicles have made an important contribution to the field of
converting DELOS nanovesicles into a new suitable semi-solid dosage form for topical administration.
Since most of the current evidence for the preparation of DELOS nanovesicle hydrogels supports
the use of non-ionic hydrogelling agents, this study also provided some important insights into
another approach to expand the possibility of converting DELOS nanovesicle suspensions into a
semi-solid dosage form and so, expand the company’s product portfolio of DELOS nanovesicle final
dosage forms.

Among the non-ionic hydrogelling agents found in the market, Poloxamer is an interesting
polymer that has been proposed for various pharmaceutical applications such as parenteral, oral,
subcutaneous, ophthalmic, rectal and topical administration®*°1, This polymer is based on block
polymers of ethylene oxide and propylene oxide conforming to the general formula shown in Figure
3.29 and to date it is considered to be biodegradable, non-toxic and a stable material accepted
and listed in the US and European Pharmacopeia. In addition, the registered trademarks of these

copolymers may be Pluronic and Synperonic, among other names?%10%192,

O OH
HO™ > Y\O/\/
H;C

a b a

Hydrophilic Hydrophobic
polyethylene polypropylene
oxide (PEQ) oxide (PPO)

Figure 3.29: General chemical structure of Poloxamer, where “a” and “b” are the repeating
units of polyethylenoxide (in blue) and polypropylene oxide (in brown), respectively.

This type of polymer has been widely reported in the literature due to its thermoreversibility
behavior. This property involves the transition from a solution to a gel state upon raising the

temperature above a critical point defined as the gelation temperature (T,

SOFgel). Then, on cooling,

the reverse transition takes place®.

Understandingthe molecular mechanism of thermogelation isimportant not only for gel preparation
but also for the possible behavior it can exhibit in the presence of other particles such as vesicles.
Basically, gel formation occurs due to hydrophobic interactions between the Poloxamer copolymer

chains. As reported in the literature, by increasing the temperature, Poloxamer copolymer
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chains begin to aggregate into a micellar structure as a result of dehydration of the hydrophobic

polyethylene oxide repeat units and define the first step of gelation, as seen in Figure 3.30°°1%4,

In addition, itis also well-documented that the solution-to-gel transition is concentration-dependent
and increases while decreasing concentration of the Poloxamer 407 in an aqueous solution. Thus,
the agueous Poloxamer solution remains in the liquid state below the Tsol_ge‘ value and when the
temperature rises above this value, it adopts a semi-solid state!®.
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Figure 3.30: Schematic representation of the association mechanism of Poloxamer polymer
with increasing temperature.

To ensure that the polymer association mechanism occurs, Poloxamer must be concentrated in an
aqueous solution to undergo thermoreversible gelation. It is clear that considerable attention has
been paid to this phenomenon asitrepresents an interesting option for optimizing drug formulations
and drug delivery applications!®. For example, several advantages of the thermoreversibility

property have been considered in the literature, such as:

1. When used for wound treatment applications, Tsol—gel is known to be one of the key points for in
situ gelling systems. Not only can it be sprayed in liquid form onto the injured tissue, but gels
form in situ with skin temperature. This property is required to avoid the friction of the product

with the injured tissue, which means a reduction of the patient’s suffering®?.

2. Due toits amphiphilic structure, the hydrophobic core of the micelle that can be formed serves
as a compartment for the incorporation of hydrophobic compounds which can sometimes be

challenging?0>:1%,

3. ltis considered a viable approach for transdermal and injectable drug delivery systems*?’. The
thermoreversible capacity of Poloxamer allows for the formation of drug depots in the skin
when administered intradermal. Therefore, the transition of the polymer from liquid to gel
state at skin temperature causes the skin to act as in situ skin patch. This issue has been widely
addressed in the research community as Poloxamer may have the potential to both increase

skin permeation and induce sustained transdermal drug delivery*®.
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Then, among all the large volume of different Poloxamer types that exist in the market, in this Thesis
we examined the effect of using Poloxamer 407 as a possible hydrogelling agent for the conversion
of the liquid DELOS nanovesicles suspension into a semi-solid final dosage form. This polymer was
selected as a proof-of-concept compound due to the significant number of patents associated
with it and the great interest in optimizing drug formulation®. However, it should be noted that
numerous researchers have reported its use as a potential biomaterial in wound healing, which fits
very well with this chapter as this work focuses specifically on topical administration such as the
treatment of complex wounds, among other applications?®1%,

Thus, this study provides an exciting opportunity to advance our knowledge of converting DELOS

nanovesicle liquid suspension into novel hydrogels options as a new semi-solid final dosage form.

Poloxamer 407, also called Pluronic F-127/Kolliphor P 407 or Synperonic PE/F-127, consists of
polyethylene oxide with 101 repeating units and propylene oxide with 56 repeating units arranged

in a triblock structure that exhibits amphiphilic properties® as shown in Figure 3.29.

Literature data indicates that liquid agueous solutions containing from 20 to 40 wt% of Poloxamer
407 convert to a highly gel-like state at human body temperature, which corresponds to the desired
quality since it is fundamental for preventing its removal from the application site, prolonging the
retention of the hydrogel in situ**.

Then, considering this information, in this section, we analyzed the impact of using Poloxamer 407
as a hydrogelling agent to convert the liquid DELOS nanovesicle suspension into a semi-solid dosage
form, using the same strategy as the one used with Methocel™ K4M polymer. So, to evaluate
the Poloxamer 407 potentiality, the main issues addressed in this work is devoted to the gelation
of the nanoformulations previously prepared in Section 3.3.1.3 using this polymer and then the
resulting hydrogels were studied them by visual analysis, micro- and nanoscopic observation and
the rheological response.

Poloxamer 407-based hydrogels were prepared using a 25 wt% of polymer with CTAB- and CTAC-
DELOS nanovesicles obtained in Section 3.3.1.3 containing water, histidine buffer (5 mM, pH 7.0),
acetate buffer (5 mM, pH 5.0) and PBS buffer (5 mM, pH 7.4) as dispersant medium according to
the methodology described in Section 6.2.5. In addition, control Poloxamer 407-based hydrogels
were also prepared by only using the dispersant media and the Poloxamer 407 polymer. To do it,
Poloxamer 407 was mixed until dissolved and kept at between 5-10 °C under magnetic stirring.

This temperature range is necessary to ensure that the polymer is in monomeric form and so the
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aqueous solution of this compound is a liquid, as the sol-gel transition for 25 wt% of polymer is
around 23 °C*2,

It should be highlighted that 25 wt% of Poloxamer 407 polymer is one of the concentrations found
in the literature that has shown satisfactory results for its galenic use as a thermoreversible drug

carrier®113 for this reason was used in our proof-of-concept study.

Hydrogel homogeneity was inspected by visual observations once Poloxamer 407 was dissolved
in either CTAB- and CTAC-DELOS nanovesicles or their respective dispersant media: water, acetate
buffer (5 mM, pH = 5.0), histidine buffer (5 mM, pH = 7.0), and PBS buffer (5 mM, pH =7.4) in 10%
EtOH (v-v!). The macroscopic appearance of the controls, which were the Poloxamer hydrogels
only in the dispersant media of the nanoformulations, presented homogeneity and colorless
transparent hydrogels in all cases (Figure 3.31 — top right for each medium).

For further characterization, optical microscopy was used to check the homogeneity of the
hydrogels (see Section 6.3.9). As shown in Figure 3.31, this technique allowed verification that the
control groups, Poloxamer 407-based hydrogels without the DELOS nanovesicles, exhibited sample
homogeneity without the presence of aggregates.

WATER ACETATE HISTIDINE PBS

Figure 3.31: Macro- and microscopic appearance Poloxamer 407-based hydrogel controls:
in water (blue); acetate buffer (5 mM, pH = 5.0) (orange); histidine buffer (5 mM, pH = 7.0)
( ); and PBS buffer (5 mM, pH = 7.4) (green).

Regarding Poloxamer 407-based hydrogels containing DELOS nanovesicles, all CTAB- and CTAC-
DELOS nanovesicles with different dispersant media showed proper homogeneity and colorless
transparent hydrogels except those placed in acetate buffer (5 mM, pH = 5.0) (Figure 3.32 — top
right for each medium). Furthermore, optical microscopy imaging of hydrogels enriched with
CTAB- or CTAC-DELOS nanovesicles dispersed in water, histidine buffer (5 mM, pH 7.0), and PBS
buffer (5 mM, pH 7.4) showed significant differences compared to the control groups, which were
hydrogels without DELOS nanovesicles. From Figure 3.32, it can be seen micron-sized structures are
present, which get more abundant and bigger in the presence of buffer such as histidine and PBS
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compared to water. Overall, these results indicate clearly, the presence of vesicles and salts impact
in the Poloxamer behavior, which tends to induce aggregation at the microscopic level, as it was not
observed macroscopically. Little is known about these micrometric particles, and it is not clear what
factors can influence them. Although micrometric particles are not a disadvantage in our samples
so far for topical administration, the associated stability over time is a requirement that needs to be

evaluated in the future to ensure the suitability of the hydrogels for correct administration.

WATER HISTIDINE PBS
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Figure 3.32: Microscopic appearance of Poloxamer 407-based hydrogels of (a) CTAB and (b)
CTAC-DELOS nanovesicles in water (blue); histidine buffer (5 mM, pH = 7.0) (ye!low); and PBS
buffer (5 mM, pH =7.4) (green).

Regarding CTAB- and CTAC-DELOS nanovesicles in acetate buffer (5 mM, pH =5.0), their macroscopic
appearance showed a variety of instability patterns (Figure 3.33), such as hydrogel inhomogeneity.
While CTAB-DELOS formulation clearly presented white lumps at the top of the vial (Figure 3.33a),
CTAC-DELOS formulation showed small white features (Figure 3.33b). Then, this suggests that
the presence of acetate buffer in both CTAB- and CTAC-DELOS nanovesicles have an impact on
Poloxamer 407 and limit gelation. Importantly, it has been reported that the gelation process of
Poloxamer can be affected by the presence of other substances or additives, which could be the

situation of our study case!**.
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(b)

Figure 3.32: Macroscopic appearance of Poloxamer 407 (a) CTAB- and (b) CTAC-DELOS
nanovesicle-based hydrogel in acetate buffer (5 mM, pH 5.0). Yellow circles represent the
observed lumps and some small features, indicating the instability of the hydrogel in this
formulation.

For overpassing the resolution limit in optical microscopy and directly observe whether DELOS
nanovesicles maintain their structure upon gellification, cryo-TEM microscope was used (see
Section 6.3.3). First, Poloxamer 407-based hydrogels of CTAB- and CTAC-DELOS nanovesicles in
water were observed. For this purpose, Poloxamer 407-based hydrogels were taken from the
fridge, so in liquid form, and diluted 1:10 in water at room temperature for an adequate fixation

and preservation of the hydrogel sample in the grid.

It should be highlighted that the sample dilutions were frozen at by liquid nitrogen approximately
at-150 °C from Poloxamer 407-based hydrogels at room temperature (around 25 °C), which means
that Poloxamer should be in its micellar/gellified form. Considering that Poloxamer 407 has a critical
micellar concentration (CMC) of 2.8 uM at 37 °C'**, and that we are working at a concentration of
25 wt% (19.84 mM), upon 10-fold dilution (1.98 mM), we are still working above the CMC, thereby

ensuring the presence of Poloxamer micelles*e.

As seen in Figure 3.34, it was quite surprising that both CTAB- and CTAC-DELOS nanovesicles
exhibited a dense layer completely covering the vesicle and thus a considerable increase in DELOS
nanovesicle membrane, acting as a coating agent. Furthermore, the morphology of the vesicles, not
only their spherical shape but also their unilamellarity, is preserved, although there is an increase in

particle size attributed to the polymeric coating of the vesicles.
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Figure 3.34: Cryo-TEM image of Poloxamer 407-based hydrogels containing (a) CTAB- and (b)

CTAC-DELOS nanovesicles in water. Gellified nanovesicles were previously diluted 1:10 in water at
room temperature for an adequate fixation and preservation of the hydrogel sample in the grid.

According to the literature, this effect could be explained by the amphiphilic character of Poloxamer,
as the copolymers exhibit surface-active properties that allow interaction with hydrophobic
surfaces and biological membranes!'’. Furthermore, it has been reported that Poloxamer has been
used in nanomedical applications to modify the surface of polymeric nanoparticles and complex
phospholipid nanovesicles®. Most of the work in the literature has studied the interaction of
phospholipid vesicles with Poloxamer at low concentration and found that this polymer improves
the stabilization and the micromechanical properties of the bilayers, which is related to the stability
and strength of the bilayer.

In principle, when Poloxamer is in monomeric form, the hydrophobic blocks can be incorporated
inside the bilayer, sandwiched between lipid molecules, leading to bilayer expansion, as observed
from atomic force microscopic characterization in the literature!®®1'°, The polymer is thus absorbed
onto particle surfaces from an aqueous solution by hydrophobic interaction of the hydrophobic
moiety acting as an anchor block with the particle surface. Then, the hydrophilic block extends
into the aqueous medium to form a hydrophilic layer!®, as represented in Figure 3.35. Then, it was
suggested that this could be a new relevant strategy to protect and improve the performance of
DELOS nanovesicles, if necessary and depending on the desired application.
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Figure 3.35: Schematic representation of the Poloxamer-coated DELOS nanovesicles. The
interaction between these two compounds is based on the interaction of the hydrophobic block of
the Poloxamer with the vesicle surface, while the hydrophilic part extends to the aqueous medium.

Then, to check whether the presence of buffers such as histidine (5 mM, pH 7.0) and PBS (5 mM, pH
7.4) in the DELOS nanovesicle formulation affect the presence of the vesicle’s surface modification
through the absorptions of a Poloxamer 407 overcoating layer, the hydrogels prepared with these

dispersant media were also observed by cryo-TEM microscopy.

As expected and shown in Figure 3.36, the presence of the absorbed coating layer of Poloxamer 407
was observed on both CTAB- and CTAC-DELOS nanovesicles in histidine buffer (5 mM, pH 7.0) and in PBS
buffer (5 mM, pH 7.4). Then, these results suggest that the presence of salts in histidine and PBS buffers

do not interfere in the interaction between the Poloxamer 407 polymer and the DELOS nanovesicles.
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Figure 3.36: Cryo-TEM image of Poloxamer 407-based hydrogels containing (a) CTAB- and (b)
CTAC-DELOS nanovesicles in (5 mM, pH 7.0) and PBS buffer (5 mM, pH 7.4)
respectively. Gellified nanovesicles were previously diluted 1:10 in water at room temperature
for an adequate fixation and preservation of the hydrogel sample in the grid.
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In order to gain fundamental knowledge about Poloxamer 407-based hydrogels containing DELOS
nanovesicles and thus lay the basis for improved and novel applications, it was of interest to assess
the reversibility of the coating. It is known that Poloxamer exhibits reversible thermal gelation
and so it is temperature-dependent and the self-assembly behavior is driven by the interactions
between the hydrophobic part of the polymer and water with increasing temperature!?l. So, at
low temperatures, Poloxamer 407 should be expected to be in a monomeric form and thus not
adhered to any surface. However, when increasing the temperature around the room temperature
and so close to the L (23 °C) for 25 wt% of polymer, it may form micelles. In this case, DELOS
nanovesicles have already shown to be coated with Poloxamer 407 (Figure 3.34).

Then, to assess the reversibility of this polymer, Poloxamer 407-based hydrogels containing CTAB-
DELOS nanovesicles in water were taken directly from the fridge (4 °C) and rapidly diluted 1:10 in
water and placed back in the fridge. Afterwards, the samples coming out of the fridge then frozen
in the similar manner to the other previously evaluated samples and placed directly on the cryo-
TEM grid to for observation.

As shown in Figure 3.34a and Figure 3.37, the images from direct observation of the hydrogels at
approx. 4 and 25 °C match each other perfectly.

Figure 3.37: Cryo-TEM image of Poloxamer 407-based hydrogels containing CTAB-DELOS
nanovesicles in water. Gellified nanovesicles were previously diluted 1:10 in water and placed
at the fridge at 4 °C before the fixation and preservation of the hydrogel sample in the grid.

In summary, these results are intriguing and help justify the Poloxamer 407 behavior in presence of

DELOS nanovesicles as they illustrate two things:

1. A portion of the polymer in monomeric form can evolve into micelles upon temperature since

increase in the viscosity can be observed by visual inspection.

2. The polymer in monomeric form can interact with DELOS nanovesicles, causing an irreversible

coating of the vesicles independent the temperature. A possible explanation for this
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phenomenon is that the interaction between the Poloxamer 407 polymers and the DELOS
nanovesicle membrane is more favorable, stronger, and preserved than the transition of the

polymer to a monomeric form by changing the temperature alone.

As a result, this may allow new properties of the formulation such as more stability and protection,
among other characteristics that need to be examined more closely. Then, although the hydrogels
exhibit an interesting reversible thermal property macroscopically, irreversible interaction of

Poloxamer with DELOS nanovesicles occurs at the nanoscopic level.

Viscosity measurements contributed to comprehending the behavior of the Poloxamer 407
hydrogels when containing DELOS nanovesicles. The rheological properties like the viscosity and
the rheological behavior of Poloxamer 407-based hydrogels were examined in the gel state at room
temperature (25 °C), using the same methodology used for the Methocel™ K4M-based hydrogels
and described in the Section 6.3.10.

The viscosity results obtained from the rheological analysis are presented in Figure 3.38. From
this data, it is clear that good reproducibility of the results between replicates is achieved of each
studied group: control, CTAB- and CTAC-DELOS nanovesicles-based hydrogels. Additionally, it is
clear that no differences were observed in the control groups of Poloxamer 407 hydrogels, which
were the ones prepared using the Poloxamer 407 polymer with the dispersant media used in the
nanoformulations (water, histidine buffer (5 mM, pH 7.0) and PBS buffer (5 mM, pH 7.4)). Thus, the
presence of different dispersant media, such as the use of salts, did not alter the viscosity values
obtained.

However, the most striking result to emerge from the data is that the Poloxamer-based hydrogels
in presence of CTAB- and CTAC-DELOS nanovesicles presented higher values of viscosity compared
to the controls. Therefore, these results indicate that there is an effect of the presence of both
CTAB- and CTAC-DELOS nanovesicles in gelation properties, making the Poloxamer-based hydrogel
with the presence of DELOS nanovesicles more viscous than the gel in absence of them. The
considerable difference observed between these groups could be attributable to the interaction
between the Poloxamer 407 and the DELOS nanovesicles, as observed previously by the cryo-TEM
images (Figure 3.34 and Figure 3.36).
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Figure 3.38: Viscosity measurements of the evaluated Poloxamer 407-based hydrogels, controls
(samples without the nanovesicles, in blue) and with DELOS nanovesicles-based hydrogels
using CTAB- ( ) or CTAC-DELOS ( ) nanovesicles in water, histidine buffer (5 mM, pH
7.0), and PBS (5 mM, pH 7.4) (N = 2).

Regarding the study of the flow properties of Poloxamer 407-based hydrogels and their deformation,
shear stress changes upon shear rates were evaluated to determine the rheological behavior of the
formulations. As seen in Figure 3.39, all Poloxamer 407-based hydrogels, both the controls and
the CTAB- and CTAC-DELOS nanovesicles in all the dispersant media evaluated, water, histidine
and PBS are classified as non-Newtonian pseudoplastic fluids since they present almost constant
shear stress while the shear rate is increasing. Consequently, it reveals a decrease of the apparent
viscosity, which is the correlation between the shear stress to shear rate, with increasing shear
rate, indicating some intramolecular interactions were present and responsible for shear thinning.
Interestingly, if hydrogels become less viscous as the shear rate increases, it means that it facilitates
the flow of the formulation when applied which is a proper characteristic for the topical practical

use of this type of hydrogels.

Moreover, it is noteworthy to mention that in Figure 3.39 all the hydrogels present a flow curve
with pronounced thixotropy. This is represented as a hysteresis loop visually observed by the area
that encloses the process of shear rate increasing with time until it reaches a maximum shear value
and thereafter, the process is reversed by decreasing the shear rate, leading the formation of up
and down curves®. Specifically, thixotropy is related to viscosity-induced structural changes that

are time-dependent since it needs time for regrouping the structure.
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Figure 3.39: Rheological characterization of Poloxamer 407-based hydrogels in the presence
and absence of CTAB- and CTAC-DELOS nanovesicles in (a) water, (b) histidine buffer (5 mM, pH
7.0) and (c) PBS buffer (5 mM, pH 7.4).

This behaviorisin accordance with the experiments reported in the literature describing the Poloxamer
407 properties when in gel state at high concentrations'?#!%, Together these results provide important
insights into major applications in pharmaceutical formulations including hydrogels, since thixotropic
property plays an integral role in defining therapeutic efficacy of the pharmaceutical formulations by
mainly influencing on the controlled release of loaded drugs and the bioavailability®°.

As summary, Poloxamer 407 as a hydrogelling agent has offered new and promising perspectives
in the development of novel DELOS nanovesicles semi-solid formulations for topical drug delivery,
among other administration routes. Clearly, the most optimal and promising developed semi-solid
formulations are the ones containing CTAB- and CTAC-DELOS nanovesicles in water, histidine buffer
(5 mM, pH 7.0) and PBS (5 mM, pH 7.4), mainly due to their stability over time when gellified with
25 wt% of Poloxamer 407. Furthermore, it should be highlighted that future studies on the current
topic are therefore recommended to investigate in more detail the coating and so interaction and
the respective effect of Poloxamer 407 in DELOS nanovesicles.
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In conclusion, this chapter has approached DELOS nanovesicles to topical drug delivery by

converting them into suitable final dosage forms.

New DELOS nanovesicles formulations were screened by DELOS-susp methodology by using
CTAB or CTAC surfactants and different dispersant media to achieve better skin compatibility of
these DELOS nanovesicle systems. Among these systems, when they were gellified with 2 wt% of
Methocel™ K4M-based hydrogels only CTAB- and CTAC-DELOS nanovesicles formulated in water

and histidine buffer (5 mM, pH 7.0) were chosen as the optimal ones.

Moreover, Poloxamer 407-based hydrogels containing DELOS nanovesicles have presented interesting
results mostly when using CTAB- and CTAC-DELOS nanovesicles in water, histidine buffer (5 mM, pH
7.0) and PBS buffer (5 mM, pH 7.4) with 25 wt% of Poloxamer 407. Overall, a part from observing that
these hydrogels exhibit proper properties in terms of rheological behavior for topical use, a complete
coating of the DELOS nanovesicles is produced by the polymer independently of the temperature.
Then, the use of Poloxamer 407 in the development of new DELOS nanovesicle-based hydrogels is a

promising agent to confer potential new properties on the DELOS nanovesicle drug delivery system.

Finally, after observing all the possibilities of converting DELOS nanovesicles into a semi-solid dosage
form by either Methocel™ K4M or Poloxamer 407, some recommendations for their improvement
were made. There is evidence of the possibility of using Hydroxypropyl Methyl Cellulose derivatives
such as Methocel™ K4M with Poloxamer 407, which has been used in the literature to modulate the
viscoelastic and adhesive properties or even prolong drug release of Poloxamer 407 hydrogels!©%124,

Then, there is much room for further progress in the field of hydrogels of DELOS nanovesicles.

In this context, this study has contributed to the internal know-how of the Nanomol Group
and Nanomol Technologies, while expanding the use of the DELOS platform which is owned by
the company. Moreover, all the learned knowledge is relevant for the development of a final
pharmaceutical product related to hydrogels. For instance, it can be applied to other projects of the
company that require a final formulation in semi-solid dosage form such as oral and subcutaneous

applications, and thus expanding the company’s product portfolio.

1. Part of the above reported results have been published in “Ballell-Hosa, L., Gonzélez-
Mira, E., Santana, H., Morla-Folch, J., Moreno-Masip, M., Martinez-Prieto, V.,... & Ventosa,
N. (2022). DELOS Nanovesicles-Based Hydrogels: An Advanced Formulation for Topical
Use. Pharmaceutics, 14(1), 199”12,
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“Try again, fail again, fail better”

— Samuel Beckett

In the previous Chapters, DELOS nanovesicles have been described as an emerging strategy
platform for the diagnosis and therapy of different health-related problems within the
company’s research and development arm. However, Nanomol Technologies SL is also
interested in being involved in fundamental research to enrich internal know-how. Therefore,
the purpose of this Chapter is to present new research lines in which new and valuable
proof-of-concepts are evaluated. Then, since we will concentrate on basic research and thus
on initial product development approaches, we will focus on TRL such as TRLs like TRL1 and
TRL2.

With this aim in mind, our company, together with Nanomol Group, the two institutions
involved in this thesis, have participated in many collaborative projects around the world. In
this Chapter, part of the research leading to these results was funded by a European project
called MSCA-RISE-2017 Research and Innovation Staff Exchange Nano-OligoMed Project,
which is financed by the European Union’s Horizon 2020 research and innovation program

under Marie Sktodowska-Curie grant agreement number 778133.

Considering that this is a Research and Innovation Staff Exchange (RISE) project, it stimulates
international and cross-sector collaboration through exchanging research and innovation staff, and

sharing knowledge and ideas from research to market (and vice-versa).

Then, this project aims to develop a framework to investigate the development and optimization of
novel hybrid bio-responsible nano/microstructured materials for system delivery of oligonucleotide-
based therapeutic agents. In particular, the scientific aim of this project is the creation of degradable
hybrid structures with the delicate programmable oligonucleotides or artificial oligonucleotide-

mimics that will enable:
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1. The degradation of the drug carrier at the presence of a specific input as a function of the

intrinsic bio-responsive feature of oligonucleotides.

2. The activation of a therapeutic function because of the biomolecular interaction between the

oligonucleotide-based material and the molecular target.

3. The delivery of the chemical payload (DNA and/or artificial mimics, even in combination with

cancer drugs) upon cell internalization.

As part of this thesis, this project was supported by two internships by collaborating with the
laboratory of Prof. Luisa de Cola at the University of Strasbourg in France and with the group of
Prof. Maria E. Lanio at the University of Havana in Cuba. Considering that DELOS nanovesicles have
demonstrated to be excellent candidates to be used as nanocarriers for the protection and delivery
of active ingredients?, in both stays, the aim was the development of hybrid structures using DELOS
nanovesicles. (Figure 4.1). This approach is a good strategy to provide not only versatility but also
an opportunity for enhancement of colloidal properties of the nanoformulations and result in

additional advantages over conventional drug delivery systems (DDSs).

Specific ligand 3

Stimulus

Figure 4.1: Schematic illustration of a hybrid DELOS nanovesicle-based system.

Motivated by the above considerations, in this work we aimed to investigate the possibility of
developing new hybrid DELOS nanovesicles-based systems by combining them with two current
attractive tools for biotechnological and pharmaceutical applications. Bionanotechnology is an area
of science that has transformed the field of drug delivery by integrating biological molecules into
nanomaterials, which can lead to improved therapeutic outcomes, not only by making treatments
more effective and valuable, but also by reducing their adverse side effects?3. Among all the different

existing approaches, and as demonstrated in Chapter 2 in rhEGF-DELOS nanovesicles formulation
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development, the interaction of a protein with some nanomaterials can be a suitable strategy for

their functionalization. Therefore, it can enhance the behaviour of the material such a nanocarrier.

In this study, we seek to examine one type of proteins that represents an attractive target for the
development of new hybrid biologic-organic nanoparticles based on DELOS nanovesicles and pore-
forming proteins (PFPs) like actinoporins. In particular, the use of pore-forming proteins such as
sticholysins®, largely characterized by the Center of Protein Studies at the University of Havana,
will be of interest to be integrated into DELOS nanovesicles in order to develop these new hybrid
systems. One of the most significant characteristic that this type of protein presents is their capacity
to bind specifically to sphingomyelin-containing membranes and suffer a conformational change
that drives them to make pores>® (Figure 4.2).

EA 4N

Figure 4.2: Schematic representation showing most of the steps generally accepted for the pore
formation mechanism of actinoporins. (a) In solution, they remain soluble and stably folded.
However, (b,c,d) upon interaction with a lipid membrane containing sphingomyelin, the protein
is extended and inserted in the membrane. (e) Finally, a pore is established. Adapted from>.

The pore-forming ability of these proteins is a valuable characteristic from a biochemical point of
view as they represent a potential use in facilitating drug cell penetration, e.g. oligonucleotides,
which are of great interest within the Nano-OligoMed project®. Understanding the cellular uptake
and intracellular transport of oligonucleotides provides an important basic underpinning for the

emerging field of oligonucleotide-based therapeutics’.

Nonetheless, all forms of oligonucleotides, whether “free” or linked to a drug delivery
system, can enter the interior of the cell by endocytic uptake. Endocytosis includes several
stages. First, the drug is surrounded by membrane cell invaginations that pinch off to form
membrane-bound vesicles, also known as early endosomes. Afterwards, these endosomes
traffic downstream endomembrane compartments, initially maturing into late endosomes
where drugs can be delivered to various destinations. However, a substantial fraction of the
internalized molecules will be transported to lysosomes for degradations. The late endosome
fuse with lysosomes where degradation of the endocyted molecules takes place due to the
presence of hydrolases®?°.
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Although it appears to be a very idyllic process, a key hindrance to the therapeutic use of
oligonucleotides concerns their inability to escape endosomal compartments to reach the cytosol
or nucleus of their target cells in sufficient concentrations®t. Therefore, recent attention has focused
on the late endosomal body as a key site for the release of oligonucleotides from this compartment

to the cytosol or nucleus of cells®2.

Inview of this problematic, in this project we aim to encapsulate oligonucleotides in DELOS nanovesicles
that contain sticholysins in their surface. Consequently, using our approach, it is expected that once
the hybrid formulation has been entrapped in endosomes, these pore-forming proteins will disrupt

these membranes and allow the oligonucleotide delivery to the cytosol**!* (Figure 4.3).
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Figure 4.3: Schematicillustration of the endocytosis pathways of the hybrid DELOS nanovesicles
containing pore-forming proteins with the objective to deliver oligonucleotides to the cytosol.

In addition, despite the exploratory nature of this study, it offers some insight into new DELOS
nanovesicles biomedical applications taking advantage of the functional activity of sticholysins.
Interestingly, as these proteins present immunomodulatory properties, the most impactful results
reported in the literature were the production of a vaccine platform containing sticholysins.
Therefore, as these experimental results encouraged to approach cancer in both preventive and
therapeutic scenarios, this proof-of-concept study will serve as a base for future studies in vaccine

development using this new hybrid DELOS nanovesicles'® (Figure 4.4a).

On the other hand, thanks to the collaboration with the laboratory of Prof. Luisa de Cola, another
approach to be explored was the creation of hybrid organic/inorganic nanostructures based on silica-
coated DELOS nanovesicles (Figure 4.4b). Undoubtedly, the creation of such a hybrid material is expected
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4. OPENING THE FRONTIERS OF DELOS NANOVESICLES FOR ADVANCES IN EMERGING NEW DELIVERY SYSTEMS

to be a promising class of materials due to the different but complementary nature of the properties
intrinsic in these diverse classes of materials. Consequently, complementarity leads to a perfect synergy
of properties of the desired material and therefore to a very wide field of applications?®, not only the
oligonucleotide delivery as expected in the frame of this project but also many other applications. For
instance, the use of a silica coating in DELOS nanovesicles can enhance its stability and improve the

encapsulation efficiency of some molecules by inhibiting the leakage from the nanoformulation.

(b)

Figure 4.4: Schematic representation of the two evaluated hybrid DELOS nanovesicles systems
(a) hybrid system based on sticholysins and DELOS nanovesicles and (b) hybrid system based
on silica-coating DELOS nanovesicles.

Finally, outside of this Nano-OligoMed European project, but in the scope of this Ph.D. thesis,
different DELOS nanovesicle formulations have been extensively characterized to explore new
research lines for the topical drug delivery, a part of complex wounds as defined in the previous
Chapters. In particular, this study has helped to improve our understanding of the antimicrobial
activity of different formulations of DELOS nanovesicles not only in bacteria but also as an antifungal
agent. Moreover, it helped to evaluate a broad spectrum of options basically focused on skin

diseases in which antimicrobial treatments are needed.

4.2 Hybrid biologic-organic structures based on pore-forming proteins
and DELOS nanovesicles

4.2.1 Characteristics of Sticholysins, pore-forming toxins produced by the Caribbean Sea

anemone Stichodactyla helianthus

Sea anemones are sedentary soft-bodied animals that rely on their venomous secretions to not only
paralyze and prepare prey for digestion, but also to defend themselves against predators by secreting

large numbers of peptide and protein toxins, enzymes and cytolysins. Regarding cytolysins, they are pore-
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forming toxins that exert their activity by creating pores in selected membranes, specifically the ones
containing sphingomyelin?~2°. It should be pointed out that up to now, several families of cytolysins have
been identified from diversity wide variety of sources. Particularly, those produced by sea anemones

have been named actinoporins, given their functional activity and the order they belong to.

Actinoporins have been found to possess important physicochemical properties for the design
of molecular tools with potential medical and biotechnological applications?!. A part from being
pore-forming proteins, they constitute an attractive target in the construction of membrane-acting
immunotoxins directed against tumour cells?* and also as an agent with immunomodulatory
properties>?* Consequently, integratingtheminto DELOS nanovesicles, forminganew hybrid system,
might give new functions to the nanoformulation. It would not only endow immunostimulatory
properties to the system but also it might facilitate drugs to enter into the cytosol by the formed

pores and so increase the efficacy of conventional cytosolic anticancer agents?.

It is worth remarking that most of the actinoporins isolated from sea anemones are small proteins
with molecular weight around 20 kDa and with an isoelectric point generally basic, usually above
nine. Moreover, most of them are cysteine-less proteins and consequently lack intramolecular or
intermolecular disulphide bonds?®.

If we focus on Stichodactyla helianthus, a sea anemone from the Caribbean Sea, it produces three isoforms
of actinoporin: sticholysins |, Il, and Ill, denoted as Stl, Stll, and Stlll respectively, with the former two being

fairly abundant and easily purified in large quantities, while Stlll is expressed at much lower levels®.

Regarding StI and Stll, they are the most studied sticholysins at the Faculty of Biology of the
University of Havana, our collaborators of Nano-OligoMed project. Both Stl and Stll show a high
amino acid sequence identity between them (93%)?"?8, with the main differences being found in
their N-terminus, which is more hydrophobic in Stll than in Stl (Figure 4.5). Then, considering that
this region is involved in pore formation, different pore-forming activities are found between both

proteins, partly due to their different membrane-binding affinities**.

(a) st (b) Stl

Figure 4.5: Three-dimensional structures of (a) Stll and (b) Stl showing their similarity. o helices
are depicted in red and yellow. B-strands are in light blue. Regions with non-periodic secondary
structures are in light grey. Adapted from?®.
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4. OPENING THE FRONTIERS OF DELOS NANOVESICLES FOR ADVANCES IN EMERGING NEW DELIVERY SYSTEMS

In terms of three-dimensional (3D) structure, both Stl and Stll consist of a tightly folded
B-sandwich flanked by two a-helices, one of them located at the N-terminus and directly involved
in transmembrane pore formation®>3l. Moreover, another well-studied protein domain involved
in the initial membrane binding step is the exposed aromatic amino acid cluster situated on the
broad loop at the bottom of the molecule and the helix a2 as illustrated in Figure 4.6. Although
this part of the protein is known to have affinity for the membrane interface®"*, their tryptophan
residues have also been shown to be essential for the process of membrane binding. For instance,
tryptophan 111 (indicated as W111) present in Stl has demonstrated to be key for sphingomyelin
recognition®2. It should be mentioned that in the case of Stll, this tryptophan is located in the
position 110 instead of 111.

(a) (b)
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Figure 4.6: (a) Three-dimensional structure of Stl, in which the Trp residue (W) W111 is
highlighted in yellow round, which is an important amino acid for the interaction of sticholysins
with cell membranes. It is important to highlight that Stll present similar structure, but the Trp
residue is placed in position 110 instead of 111. (b) Stl topology in membrane, showing that
the W111 residue is placed in the lipid membrane. Adapted from.

In this regard, it is hypothesized that sticholysin bind the membrane first via the aromatic cluster
and then, N-terminal helix translocates from the surface of the B-sandwich to the membrane
and, finally crosses the lipid bilayer, forming the cation-selective pore3, as previously observed

in Figure 4.2.

Knowing that the targeting and attachment of proteins to membranes is one of the key steps
in many cellular processes, two forms of sticholysins were specifically studied during this Ph.D.
thesis, namely Stll and a mutant of recombinant Stl. It is important to emphasize that although it
seems logical to evaluate the Stl instead of the Stll, due to availability factors, the Stl could not be
examined. Then, while Stl will be considered in further studies, Stll was used as a first approach in

this study due to the high similarity between Stil and Stl.
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As previously mentioned, most sea anemone actinoporins are cysteine-less proteins. Therefore,
the introduction of cysteine (Cys) residues by site-directed mutagenesis has been a useful strategy
for understanding the structure-function relationship of actinoporins. In our case, a single mutant
of Stl named StIW111C was used, in which the Trp 111 residue located at the membrane binding

region (Figure 4.6) was changed for a cysteine.

What is interesting about this mutant is that it can spontaneously dimerize through disulphide
bridging. Then, thanks to this dimerization, the lytic activity of the protein can be inactivated
but recovered under a reducing environment?*335_ For instance, it has been demonstrated that
it exhibited eight-fold lower pore formation activity than the Stl due to its lower affinity for the
membrane®. Therefore, this behaviour confirmed the importance of residue 111 in binding of
the protein to the lipid bilayer®* and so in its pore-forming ability. Therefore, using this mutant,
designated StIW111C, could be possible to design constructions with low unspecific cytotoxicity

activity for delivering molecules to the cytosol of target cells.

Knowing all these characteristics and that the interest in these toxins lays in its pore-forming
capacity, forming pores with a diameter of around 2 nm in cell membranes®” and helping in the
delivery in the cytosol or nucleus of cells, the aim of this work is to develop a new hybrid system
based on DELOS nanovesicles that contains sticholysins in their structure as an approach to optimize

the drug delivery of oligonucleotides.

Therefore, the aim of this research project has therefore been to study for the first time the
interaction of DELOS nanovesicles and sticholysins as a proof-of-concept for the development of
thesenew hybrid systems for oligonucleotide delivery purposes. In particular, the objective of this
research was to study whether or not sticholysins and DELOS nanovesicles could interact and the
effects of the interactions.

With this idea in mind, DELOS nanovesicles will be considered as the nanocarrier responsible for
integrating oligonucleotides and also the sticholysins, which will be the factor that would enhance

the delivery of nucleic acids to the cytosol thanks to their pore-forming capacity.

When considering DELOS nanovesicles, it is important to know that they are based on the mixture
of sterols and ionic surfactants, such as cationic quaternary ammonium surfactants. Then, due
to the negatively charged nature of oligonucleotides, the use of cationic formulations has
been described as an intriguing strategy for the development of new nucleic acid drug delivery
systems3#3°, For instance, it has been reported that nucleic acid-based cationic liposomes are

potential bionanomaterial in the application of therapeutic nucleic acid delivery*.
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Then, considering this information and the possible surfactants used for the preparation of DELOS
nanovesicles, CTAB surfactant was considered. As seen in Figure 4.7a and described previously,
CTAB consists of a 16-carbon hydrophobic chain and a charged polar ammonium head with bromide
as a counter ion. Interestingly, this surfactant exhibits many properties such as its potentiality for

being used in DNA extraction and also in nanoparticle synthesis*.

Furthermore, previous studies reported that this cationic surfactant can induce conformational
changes in sticholysin proteins during surfactant—protein interaction*?. Then, studying the
interaction of these pore-forming proteins with CTAB-DELOS nanovesicles seems to be a reliable

and useful approach.

In addition, for this proof-of-concept study, we also tried Myristalkonium chloride (MKC) surfactant,
which is widely used in Nanomol Group for parenteral applications®. As shown in Figure 4.7b,
MKC is a fourteen-carbon homolog of benzalkonium chloride (BAK). BAK is a mixture of different
homologs with alkyl chain lengths ranging from 8 to 18 carbon atoms*, which has already been
used as an antimicrobial preservative in 74% of ophthalmic preparations (EMA/352187/2012)%
and parenteral formulations on the EU and USA market, thus backing up the safety of its use*. Up
to now, MKC-DELOS nanovesicle formulation based on cholesterol and MKC has proven to be a
stable lipid-based nanovesicle platform for in vivo injections as it is not destroyed in the presence of
human serum, its structure seems to be preserved even after intravenous injection in mice. More

importantly, no toxicity was found®’.

It should be mentioned that both types of used surfactants, MKC and CTAB, although they are
cationic quaternary ammonium surfactants, they present different polar heads. While CTAB has
three methyl group in the ammonium polar head, MKC contains besides a benzene ring on it
(Figure 4.7b). So, it could be interesting to evaluate if there is any effect of the surfactant polar

head on the interaction with sticholysins.

(a) (b)
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Figure 4.7: Molecular structures of quaternary ammonium surfactants (a) CTAB and (b) MKC in
which polar head differences can be observed.
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Therefore, having all this information in mind and with the objective to create hybrid structures
based on sticholysins and DELOS nanovesicles for the delivery of oligonucleotides, this work
specifically concentrates on studying if there exists any evidence of interaction between both
systems. Specifically, the interaction between the pore-forming proteins described above, Stll and
StIW111C, and DELOS nanovesicle formulations prepared using surfactants of different nature (CTAB
and MKC) were investigated by using different characterization techniques such as fluorescence

spectroscopy and acrylamide quenching to provide useful information about it.

In order to address the questions outlined above, the intrinsic fluorescence of sticholysin proteins
has been considered as one of the key characteristics to be assessed, as it has been extensively

investigated in the literature as an attempt to evaluate lipid-protein interactions®**°,

Towards this aim, the use of fluorescence spectroscopy to study proteins is focused on evaluating
their intrinsic fluorescence originated from the aromatic amino acids (tryptophan (Trp), tyrosine
(Tyr), and phenylalanine (Phe)) that absorb UV light for excitation®®>2. Among these three amino
acids, tryptophan is usually the one to be studied since its emission is highly sensitive to its local
environment, and hence it is often used as a reporter group for protein conformational changes®.
For instance, changes in the fluorescence emission spectrum of a protein observed upon addition

of lipid vesicles can be a useful tool for studying protein structure and dynamics®*.

As stated above, it is remarkable to mention that the presence of tryptophan in sticholysins is
conserved in most other known actinoporins and are located in strategic positions, including the
cluster of amino acids involved in the first steps of membrane-protein interaction®. Stll contains
five tryptophans residues while StIW111C has four. So, by using the mutant StIW111C, it was
interesting to examine the relevance of this residue located in the cluster of aromatic amino acids
that plays a role in membrane recognition and binding but have only a minor influence on the
following diffusion and oligomerization steps needed to finally assemble a functional pore®. Then,
by comparing the changes in fluorescence intensity related tryptophan residues when the protein
is free or interacting with the nanovesicles, it would be possible to estimate whether any interaction

is happening in these moieties.

Therefore, the question of how sticholysins can interact with DELOS nanovesicles is the area to
which this thesis now turns. In this context, to get a concise understanding of this concept, firstly

we have been prompted to study and compare the behaviour of Stll with the surfactants used in
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the preparation of the DELOS nanovesicles to be tested. Specifically, CTAB and MKC in monomeric

form were evaluated (Figure 4.7).

The effect of CTAB surfactant on the conformation and function of Stll has already been studied
by fluorescence spectroscopy by Prof. Lanio and coworkers (2007). In this case, it was conclusively
shown that the interaction of this surfactant with Stll induces subtle conformational changes
in the protein that favour the formation of lytic competent structures*. Then, knowing that an
interaction could occur between CTAB and Stll, we first tried to reproduce the same previously

reported process.

First, surfactant-induced Stll conformational changes were assessed by measuring the protein’s
intrinsic fluorescence intensity by exciting its Trp residues. To do it, Stll was placed in PBS (100 mM,
pH 7.4) in a total concentration of 1 uM at room temperature (25 °C). Afterwards, the Trp residues
of Stll were excited at 295 nm, and fluorescence spectra were recorded in the range of 315-375
nm. Then, the free surfactants were titrated by stepwise addition and after each added volume,

fluorescence spectrum was recorded (see Section 6.7.1).

As indicated in Figure 4.8, and based on previous information*?, it was confirmed that the
fluorescence intensity of Stll increased with increasing CTAB concentration and reached a constant
value at surfactant concentrations above 100 puM. Therefore, these data suggest that CTAB
provokes significant changes in the environment of Trp residues of the protein and so changes in

the protein conformation. As a result, these residues increase their exposure to solvent and thus

their fluorescence intensity increases®.
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Figure 4.8: Effect of surfactant concentration on the fluorescence intensity of Stll (excitation =
295 nm). CTAB:StII (M), MKC:Stll (M). Stll concentration 1 uM. F/F  is the ratio of fluorescence
intensities in the presence and absence of surfactant.
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Contrary to expectations, the addition of MKC surfactant was first evaluated in this work showing
the opposite effect than CTAB, and so suggesting a different kind of interaction with Stll. In this
case, MKC induced a decrease in the protein’s intrinsic fluorescence intensity with increasing
concentration of surfactant. Apparently, the MKC surfactant acts as a quencher causing a reduction
in fluorescence intensity, what could be related to the differences in the polar heads of the two
surfactants (Figure 4.7).

As an explanation, we hypothesize that, considering that the MKC surfactant contains a benzene
group in its polar head (Figure 4.7b), a M- stacking interaction could occur between this aromatic
ring and the Stll tryptophan residues (Figure 4.9). Then, this could explain the quenching effect
of this surfactant on the intrinsic Stll fluorescence. Moreover, as reported, it can be hypothesized
that the quenching effect can also result from tryptophan exposure upon protein unfolding due to
the interaction of the surfactant. As a result, it will lead to an overall decrease in the intensity of

emission®?.

(a) (b)

-1t
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Figure 4.9:Image of (a) Stll protein and its tryptophan more exposed (Trp110) and (b) hypothesis
of m-m interactions coming from the benzene ring of the MKC surfactant polar head and the
most exposed aromatic tryptophan ring of the Stll.

In addition, the data shown in Figure 4.8 indicate that significant changes in the environment of
tryptophan residues occur at concentrations below the critical micellar concentration (CMC) of
the surfactant (CMC_,,= 0.9 mM, and CMC = 2.18 mM) and thus occur in surfactant monomer
form. Furthermore, as is evident from the data, the addition of both surfactants in monomer form
causes saturation of the Stll fluorescence intensity. Interestingly, the signal saturates at lower MKC

surfactant concentration (15 uM) compared to CTAB (around 200 uM).

In conclusion, Stll was shown to interact oppositely with the two evaluated cationic surfactants, CTAB
and MKC, which was not expected since both are quaternary ammonium surfactants. However, the
chemistry of the surfactant head group has a determining role in protein—surfactant interactions,
and so it could be the reason for their opposite behaviour upon interaction with sticholysins
measured by fluorescence spectroscopy. Interestingly, as MKC surfactant has shown to produce a

quenching effect on the Trp of Stll, it will be further studied in next steps.
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Once observed that MKC surfactant in monomer form can interact with Stll, we were also interested

going to a step forward by examining the interaction of MKC-DELOS nanovesicles with sticholysins.

In the present work, we extend our previous work by incorporating the two sticholysins of interest,
Stll and StIW111C, and using three different MKC-based systems: MKC-monomers, MKC-micelles
and MKC-DELOS nanovesicles, as shown in Figure 4.10. MKC-DELOS nanovesicles were prepared
using a protocol based on DELOS-susp technology (described in detail in Section 6.2.1) and using an
equimolar ratio between cholesterol and MKC and a concentration of 7.3 mM of each component.
In this protocol, the cholesterol is dissolved in ethanol, and the ethanolic solution is introduced
inside a high-pressure vessel and pressurized with CO,. Finally, the CO,-expanded solution is then
depressurized over an aqueous solution of MKC in PBS (100 mM, pH 7.4).

It has to be mentioned that as stated in the Doctoral Thesis of Dr. Guillem Vargas, the use of a saline
medium such as PBS (100 mM, pH 7.4) for the preparation of MKC-DELOS nanovesicles is required

to achieve a nanoformulation with appropriate physicochemical properties®.

;\-71 § %* ..
*:\ * % MKC-DELOS
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e

Figure 4.10: Schematic representation of MKC-monomer, MKC-micelles and MKC-DELOS
nanovesicles.

Then, to explore how these MKC-based systems interact with sticholysins (Stll and Stiw111C),
titration of the different sticholysins with increasing amounts of MKC-based systems was performed
(see Section 6.7.1). The methodology used was the same as previously described. First, Stll or
StIW111C at a protein concentration of 1 UM were placed in PBS (100 mM, pH 7.4) in a total
constant concentration of 1 uM at room temperature (25 °C). Afterwards, the Trp residues of Stll
and StIW111C were excited at 295 nm, and fluorescence spectra were recorded in the range of
315-375 nm. Finally, the MKC-based systems, also placed in PBS (100 mM, pH 7.4) were titrated by
stepwise addition from 0 to 34.16 uM of surfactant concentration for MKC-monomer and to 60.55
UM for MKC-DELOS nanovesicles, while for MKC-micelles the evaluated concentration was up to
11.33 mM. Then, after each addition, fluorescence spectrum was recorded.
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Figure 4.11shows a representative series of intrinsic Trp fluorescence emission spectra recorded after
the titration of increasing amounts of MKC-based systems over Stll or StIW111C. The fluorescence
emission spectra in absence of MKC-based systems in Stll and StiIW111C showed a A__ of 334 nm
and 350 nm, respectively. However, when the proteins were titrated with increasing amounts of

MKC-based systems, their fluorescent intensities were found to be significantly decreased.

From Figure 4.11a, it can be observed that as the ratio of MKC-based systems/Stll protein starts
to grow, a dramatic decrease of the fluorescence intensity of the protein is induced, indicating the
quenching between the surfactant-based system and the protein. In addition, a slight blue-shift can
be observed, what could indicate that the tryptophans of the protein enter in a more hydrophobic

environment such as the DELOS nanovesicles membrane®®’.

Conversely, as plotted in Figure 4.11b, because of the lower Trp content of StIW111C, the fluorescence
spectra exhibit considerable lower reduction of the intrinsic fluorescence intensity of the protein
compared to the spectra of Stll when interacting with the MKC-based systems. In addition, this
reduction involves a slight red-shift in the wavelength of maximum emission, suggesting that StiwW111C
seems to have less interaction with DELOS nanovesicles membrane compared to Stll. This effect could
be due to the absence of Trp 111, which is an important residue for the membrane union (Figure
4.11b). Moreover, the reason of this minimum red-shift effect would be that the StIW111C protein’s
buried tryptophan residues are subjected to a more polar environment. Therefore, Trp residues have

a greater solvent exposure due to an interaction with the surfactant-based systems®.
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Figure 4.11: Normalized intrinsic Trp fluorescence emission spectra (excitation 295 nm) recorded
after the titration of (a) Stll (1 uM) and (b) StIW111C (1 uM) with increasing amounts of MKC
surfactant (vertical black arrows) by adding MKC-monomers, MKC-micelles and MKC-DELOS
nanovesicles respectively. The top curve is a spectrum of the sticholysin fluorescence without the
addition of any MKC-based system and decreasing curves are the fluorescence of sticholysin +
MKC-based system interaction upon addition of increasing concentration of MKC-based system.
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Taken together, the present findings confirm that, in general, all three MKC-based systems
evaluated in the titration experiment provoke a decrease in the intrinsic fluorescence intensity
of both sticholysins as the MKC surfactant concentration is increased. Focusing on Stll, it shows
a larger decrease in fluorescence intensity than StIW111C when working with MKC-monomers
and MKC-DELOS nanovesicles (Figure 4.12 a,c). This phenomenon could be related to the absence
of tryptophan 111 in the StIW111C structure, the most exposed tryptophan residue in the Sts
structure and the one associated with membrane binding?!. Consequently, this tryptophan appears
to have a relevant role in detecting the interaction between the protein and the MKC surfactant.
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Figure 4.12: Plot of the ratio of total fluorescence intensity (excitation = 295 nm) of 1 uM of
Stll at 334 nm ( ) and 1 uM of StIW111C at 350 nm (red) in the presence (F) and in the
absence (F ) of (a) MKC-monomers, (b) MKC-micelles and (c) MKC-DELOS nanovesicles versus
their concentration.

Interestingly, as shown in Figure 4.12b, the titration of MKC-micelles over both sticholysins, a similar
decrease in fluorescence intensity was also detected. However, in this case, signal saturation was rapidly
reached with increasing MKC concentration. This could be related to the presence of higher concentrations
of MKC compared to the other groups, since we are working above the CMC value to have the surfactant
in its micellar form. Then, above CMC, the high amount of surfactant molecules can bind to the most

accessible tryptophans of the protein and rapidly saturate their fluorescence emission signal.

Finally, increasing concentrations of MKC-DELOS nanovesicles also caused a decrease in intrinsic
fluorescence intensity for Stll and StIW111C. In this case, although it bears a resemblance to
the interaction profile of MKC-monomers, MKC-monomers achieve a greater reduction in Stll

tryptophan fluorescence intensity with almost half the MKC concentration. As shown in Figure 4.12,
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while MKC-monomers achieve 65% of fluorescence reduction with 35 uM of MKC surfactant, MKC-
DELOS nanovesicles achieve 55% with nearly 60 uM of MKC surfactant. This phenomenon could
be attributed to how is the surfactant nanostructured. Therefore, the different arrangement of the
surfactant can impact on the accessibility of the MKC benzene ring for the Stll tryptophan residues.
As discussed in the literature, a possible explanation could be that the nature of a surfactant-protein
interaction depends on the geometric properties of the surfactant. The presence of monomeric
surfactant is of potential concern as it can interact with regions of the protein that would not be

accessible to a surfactant integrated into a bilayer such as in DELOS nanovesicles or micelles™.

Atthesametime,itisalsoreportedthatthefactorsresponsible for protein properties may dependon
the physicochemical properties of the microenvironment in which the protein works®®¢!. Therefore,
variations in the structure of the MKC surfactant could alter the protein microenvironment and

thus be determinative of the protein-surfactant interaction®2.

In summary, fluorescence interaction analysis provides a useful approach to detect differences in
the interaction between sticholysins and surfactant-based systems, demonstrating that depending

on the quaternary ammonium surfactant disposition, the interaction can change.

In the light of the reported results evaluating the interaction of surfactant-based systems with
sticholysins, Stll demonstrate more changes in fluorescence emission in the presence of DELOS
nanovesicles and so, there could be more interaction compared to StiIW111C. However, more
studies should be carried out to determine the potentiality of the new hybrid system. For instance,
not only should structural studies be carried out to understand the structure of the proteins when
interacting with DELOS nanovesicles but also the reversibility of the interaction should be considered.
Furthermore, the cytotoxicity of the protein is a key parameter to consider when it is interacting

with DELOS nanovesicles compared when it is in free form.

Considering previous measurements, CTAB-DELOS nanovesicle formulation was also analysed to
expand the use of DELOS nanovesicles to interact with sticholysins as a strategy to create a new

drug delivery platform.

For this purpose and as explained previously, CTAB-DELOS nanovesicle system was chosen as a
well-established reference DELOS nanovesicle system. In this case, this system was also prepared
by DELOS-sup procedure, following the same steps and concentrations as mentioned in previous
Section 4.2.3.3 but CTAB surfactant was used instead of MKC (see Section 6.2.1). Then, the same
titration experiment of this DELOS nanovesicle system over sticholysins was performed as previously
described (see Section 6.7.1).
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As shown in Figure 4.13, the result of this analysis is then compared with the one obtained with
MKC-DELOS nanovesicles. From these results, it is clear that CTAB-DELOS nanovesicles had a similar
tendency of fluorescence intensity reduction of the protein tryptophans as observed previously
for MKC-DELOS nanovesicles (Figure 4.12). Moreover, the reduction of tryptophan fluorescence of
the sticholysins was more abrupt in Stll compared to StIW111C. These findings indicated again that
such reduction was significantly associated with the interaction of the most exposed tryptophan of
sticholysins, which is absent in the mutant StiIW111C, with DELOS nanovesicle membrane.

Furthermore, by comparing MKC- versus CTAB-DELOS nanovesicles, it can be observed that the
reduction in fluorescence intensity using CTAB-DELOS nanovesicles was not as severe as in MKC-
DELOS nanovesicles. Up to now, it was hypothesized that the benzene ring of the MKC surfactant
of MKC-DELOS nanovesicles was one of the responsible factors for the interaction of DELOS
nanovesicles and sticholysins interaction. However, thanks to the use of CTAB-DELOS nanovesicles,
it is also suggested that the protein-DELOS nanovesicle interaction might also involve other
parameters such as electrostatic affinity, adsorption, among other types of interactions®%4,
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Figure 4.13: Plot of the ratio of total fluorescence intensity (excitation = 295 nm) of (a) 1 uM of
Stllat 334 nmand (b) 1 uM of StIW111Cat 350 nm in the presence (F) and in the absence (F ) of
increasing concentrations of MKC- and CTAB-DELOS nanovesicle ( and blue, respectively).

Interestingly, it should be pointed out that marked differences in the titration of CTAB surfactant
assembled into DELOS nanovesicles or as a free monomer over sticholysins were obtained, which
to the best of our knowledge is unprecedented in the literature. Intrinsic sticholysin fluorescence
profiles reveal that when the CTAB surfactant is assembled into DELOS nanovesicles, the Sts

fluorescence decreases, while in monomeric form, it acts as a fluorescence intensity enhancer of
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these proteins (ref), as shown in Figure 4.8. These observations, in turn, indicate that sticholysin
proteins can exhibit different fluorescence properties depending on both the type and assembly
approach of the quaternary ammonium surfactant form. Furthermore, these differences may be
due to different surfactant recognition sites in sticholysins, which could be close to the tryptophan
residues. Consequently, different conformational changes can occur, causing differences in

fluorescence emission.

It should be highlighted that this new hybrid system will be studied in more detail outside the scope
of this Thesis. Not only circular dichroism will be performed to understand the conformational
change of proteins upon interaction with DELOS nanovesicles but also the reversibility of the

interaction will be considered.

To further study the interaction of sticholysins and the surfactant-based systems, we next explored
a fluorescence quenching method. Indeed, fluorescence quenching is a powerful method to
study the solvent accessibility and localization of fluorescent molecules within assemblies such
as lipid bilayers. Therefore, it allows determining the depth of penetration of tryptophan residues
into membranes, which helps to interpret the nature of interaction of the proteins with different
systems, such as vesicles®. In this regard, the level of exposure of tryptophan residues in proteins

could be estimated by the efficiency of tryptophan fluorescence quenching.

In the present study, acrylamide (2-propenamide) was used as a model quencher molecule as
it is widely used as a quencher of tryptophan fluorescence in studies designed to elucidate the
structure and function of proteins®®. This substance can diffuse into the interior of the protein and
then induce a quenching reaction by physical contact with the excited indole ring of tryptophan
or proteins located on the surface of the protein, or by the presence of channels leading to the

interior of the protein®’.

Quenching intrinsic protein fluorescence by acrylamide is a proper method to monitor protein
conformational changes associated with an interaction. In our case, an attempt was made to
correlate the accessibility of surfactant-based systems with the tryptophan regions of the proteins
by quenching fluorescence with acrylamide. Therefore, when the proteins interacts or binds with
the surfactant-based systems close to the protein’s tryptophan, the acrylamide’s accessibility for

the tryptophan can change and so the quenching capacity®®.

Thus, to investigate the tryptophan exposure of the two types of sticholysins in the presence of
surfactant-based systems, we recorded the fluorescence emission spectra of each protein, Stll

and StIW111C, containing the mixture of 1 uM of protein and the maximum concentration of
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the surfactant-based system evaluated in previous section and then, progressive additions of
acrylamide were used. Afterwards, changes in the fluorescence intensity of the proteins were
monitored in the presence and absence of all evaluated surfactant-based systems (see Section
6.7.1 for details).

To confirm the quenching mechanism, the spectral data was evaluated by Stern-Vomer equation
(Equation 4.1), where F and F are fluorescent intensities of protein in absence and presence of the
guencher respectively, Ksv is the Stern-Volmer quenching constant, which denotes the accessibility
of tryptophan to the quencher and the quenching efficacy, and Q is the concentration of the

quencher.
Fy
T 1+ Ke (Q)

Equation 4.1: Stern-Volmer relationship, where F_and F are the fluorescence intensities in the
absence and presence of quencher, respectively, K, is the Stern-Volmer quenching constant
and Q is the quencher concentration.

By plotting F /F vs Q, the slope obtained is equal to the Stern-Volmer constant, as shown in Figure
4.14. In all the cases studied, a positive and linear deviation from the Stern-Volmer behaviour was
observed, indicating that an homogeneous population of Trp is equally accessible to quencher, and
therefore, most likely, also in terms of protein conformation in the Trp microenvironment®>67:68,
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Figure 4.14: Stern-Volmer plots of (a) Stll and (b) StIW111C Trp quenching by acrylamide in the
absence and presence of MKC-monomer, MKC-micelles, MKC- and CTAB-DELOS nanovesicles. F
is the measured fluorescence intensity and F_is the initial fluorescence intensity in the absence
of acrylamide but in the maximum concentration of the surfactant-based system.

Key results then emerge from the extracted Stern-Volmer constant given in Table 4.1. On the one
hand, free Stll and StIW111C showed different Stern-Volmer constants, 4.83 + 0.06 -103and 10.40
+ 0.35-103 M7, respectively. These values agree with the difference of number of tryptophans
present in both proteins and so the difference of accessibility of tryptophan to quencher.

On the other hand, similar conclusions were reached by the comparison of both proteins, Stll and
StIW111C in the presence of all surfactant-based systems. First, when evaluating the presence of
MKC-monomer and MKC-micelles in sticholysins, differences in the quenching curves, and so the
Stern-Volmer constant (Figure 4.14 and Table 4.1), were observed compared to the free protein.
These differences in quenching might be related to the capacity of MKC-monomers and MKC-

micelles to quench Trp residues and so, acrylamide do not have access to that tryptophans.

Contrary to expectations, this study did not find a significant difference in the Stern-Volmer constants of
both proteins in the presence of both MKC- and CTAB-DELOS nanovesicles compared to the free protein.
This phenomenon indicates that the protein tryptophans, with and without the presence of DELOS
nanovesicles, are almost equally accessible to quenchers. Then, the results obtained here suggest that
DELOS nanovesicles do not promote a change in protein structure. However, it is crucial at this stage to
mention that acrylamide might compete with DELOS nanovesicles to quench the protein tryptophans,

indicating a transient and weak binding affinity between sticholysins and DELOS nanovesicles.
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Table 4.1: Stern-Volmer constants of sticholysins in solution and the presence of surfactant-
based systems.

System* Stll (-10°M™?) StIW111C (-103 M)
Free protein 4.83 £0.06 10.40+0.35
MKC-monomer 1.68 £ 0.06 7.10+0.27
MKC-micelles 1.40 £ 0.07 8.60+£0.63
MKC-DELOS nanovesicles 430+0.14 12.40 £ 0.37
CTAB-DELOS nanovesicles 4.36+0.10 10.02 £ 0.66

*All systems were evaluated in PBS (100 mM, pH 7.4).

In this context, it is useful to note that although fluorescence spectroscopy has not provided
detailed information about the structure of protein folding, acrylamide suggests that the interaction
between the components of this new hybrid system is dynamic. Then, although many other studies
are suggested to be carried out to understand this new hybrid system, different strategies can be
applied to improve the interaction. On the one hand, one approach to enhance the strength of
the interaction would be anchoring a moiety in the protein that would help the membrane protein
integration. However, another strategy could be to favor the electrostatic interaction between
DELOS nanovesicles and sticholysins with tunable pH sensitivity. It would be then interesting that
sticholysins are released from DELOS nanovesicles upon cell internalization, specifically at late
endosome pH (Figure 4.3). Then, sticholysins would favor the pore-forming capacity in these

membranes and help deliver the desired active components such as oligonucleotides.

In summary, this study has shown that different interactions can emerge from the development
of a new hybrid biologic-organic system composed of DELOS nanovesicles and sticholysins for the

oligonucleotide delivery.

On the one hand, the results indicate that the structural arrangement of the surfactant molecules
has an impact on the way sticholysins, Stll and StIW111C, and MKC-based system interact, as the
effects are completely different using MKC-monomers, MKC-micelles or MKC-DELOS nanovesicles.
Fortunately, we have provided experimental evidence supporting that DELOS nanovesicles
could interact with sticholysins mostly through m-m interactions when there is the presence of
MKC surfactant. However, acrylamide quenching studies suggest that the interaction of Stll and
StIW111C with CTAB- and MKC-DELOS nanovesicles might be transient.
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Taken together, this study has demonstrated, for the first time, that MKC- and CTAB DELOS
nanovesicles are feasible formulations to interact with sticholysins and so create a new hybrid
formulation for the delivery of oligonucleotides, among other applications. Consequently, this
study opened up new challenges in this field and so open a new area of possibilities for being used
in future delivery systems.

However, little is known about how the formation of this new hybrid system can influence
the physical, chemical, and biological properties of sticholysins when interacting with DELOS
nanovesicles. For this reason, more research is required to understand in detail the interaction
between DELOS nanovesicles and sticholysins. Experiments using circular dichroism to understand
how the secondary structure of the protein changes when interacting with DELOS nanovesicles,
or the use of DLS and cryo-TEM to observe other important physicochemical characteristics of the
hybrid system are needed. Moreover, studying the reversibility of the interaction would be also
a key factor to consider. Depending on the interaction strength, changes in the protein would be
considered to favour stronger interactions with DELOS nanovesicles.

Finally, it should be mentioned that the present study makes several noteworthy contributions to
the development of a methodology for studying proteins and DELOS nanovesicles by fluorescence
spectroscopy. Then, this research extends the current know-how of the Nanomol Group and
Nanomol Technologies for studying protein-vesicle interactions and for sure, it would be very useful
for studying other types of proteins in the future.

As already explained in the Introduction of this Chapter, one of the main scientific goals of the
Nano-OligoMed project is the creation of new degradable hybrid structures that integrate sensitive

programmable oligonucleotides or artificial oligonucleotide-mimics.

In this regard, the design and preparation of nanostructured materials with one or more
predetermined functions, i.e., the development of so-called functional or multifunctional materials,
represents an extraordinary challenge for the science and technology of materials. Examples
include hybrid materials that are provided with specific function in response to different stimuli.
Therefore, they can act on their environment through predictable activity, either spontaneously or
by stimulating physical and chemical processes®.
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The development of hybrid DELOS nanovesicles with the capacity to respond to a given stimulus
has attracted extensive interest owing to their dramatically enhanced selectivity and specificity. To
date, current efforts to create hybrid systems in the world of nanoparticles have revolved around
the modification of the surface such as the use of polymers or coatings to enhance their properties
and so the applicability”®”

For instance, nanoparticle surface coatings are often required to increase their stability, to reduce
immune clearance and thereby increase circulation times allowing the carriers to reach their
target site, which is usually solved by using synthetic polymers, most commonly polyethylene
glycol (PEG)”2. However, other alternative bioinspired or synthetic strategies exist for nanoparticle
shielding strategies. For instance, some ways in which polymers can become part of the architecture
of the nanoparticle are by physical or chemical absorption or by electrostatic interaction, among
others’®’*, However, the appropriate coating will need to be chosen based on the requirements of
the nanoparticle application (Figure 4.15).

Polymerized
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Distributed/
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Figure 4.15: Representative image of some of the nanoparticle surface coating approaches
used. Adapted from?*.

With this objective in mind, in collaboration with the laboratory of Prof. Luisa de Cola (Laboratory
of Supramolecular Biomaterials and Chemistry) in the Supramolecular Science and Engineering
Institute (ISIS) from the University of Strasbourg in France, we explored the creation of hybrid organic/
inorganic nanostructures based on DELOS nanovesicles and inert silica. Among all the possible
coatings, in this Thesis we will focus on silica-based coatings due to our collaborators’ expertise in
nano and porous silica structures, such as silica mesoporous nanoparticles (MSNPs) for biomedical
applications (Figure 4.16a). Up to now, there are growing appeals for silica due to its promising

characteristics like chemical inertness, its biocompatibility and also it is inexpensive, hydrophilic and
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low-priced”’® (Figure 4.16b). Additionally, not only does the FDA approve silica a material for oral
use, but it has also been reported to be stable at around pH 1-2 when it forms a coating. Then,
silica may be an appropriate strategy to protect nanovesicles from the harsh environment of the

gastrointestinal tract, making it an attractive material to enhance oral delivery”” 78

Figure 4.16: (a) TEM image of MSNPs, showing the nanochannel pattern and dimensions,
adapted from” and (b) Scheme of the principle characteristics of silica-based particles.

In terms of silica functionalities, a large number of silica-coated nanoparticles models have
demonstrated that its use can be a proper strategy to overcome some problems associated with
current technologies, such as the stability of the liposome bilayers®#. Additionally, when used as
a coating agent in nanoparticles, it can offer several remarkable properties such as protection the
inner structure, protection against internal leakage and also the ability to control the release of the

integrated drug®®2,

Then, of particular interest is the combination of silica and DELOS nanovesicles, what may lead to
new hybrid materials with new characteristics. For instance, the use of silica might endow protection
to DELOS nanovesicles in front of aggressive dispersant media such as the gastric one and at the
same time, converting them into a system with a favourable on-demand site-specific controlled
drug release. Herein, we present a simple and highly efficient method to prepare silica-coated
DELOS nanovesicles, which was successfully achieved for the first time during the thesis of Dr.
Kubli from ISIS in the frame of the same Nano-OligoMed project. In this regard, this Chapter is
devoted to exploring and discussing the physicochemical properties of this organic-inorganic hybrid

nanomaterial, and its stimuli-responsive capacity has been evaluated by using different approaches.
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4. OPENING THE FRONTIERS OF DELOS NANOVESICLES FOR ADVANCES IN EMERGING NEW DELIVERY SYSTEMS

4.3.2 Fundamentals of the silica-coated DELOS nanovesicles (SCDN)

The preparation of SCDN was based on the optimized methodology previously studied by Dr.
Mariel Kubli. This methodology was developed during her stay in Nanomol Group in the frame of
Nano-OligoMed project, obtaining promising results in covering DELOS nanovesicles with silica
(Figure 4.17).

SILICA COATING

2001 nm

Figure 4.17: Schematic representation of a SCDN and its morphology observed a by cryo-TEM
and using the optimized formulation obtained by Dr. Mariel Kubli, in which a thicker layer of
the vesicle is observed indicating the presence of the silica coating around DELOS nanovesicles.

This methodology, described in Section 6.7.2, basically involves coupling a precursor inorganic
silica framework material with DELOS nanovesicles by template synthesis. A fundamental condition
for this method is that an attractive interaction between the template and the silica precursor is
produced to ensure inclusion of the structure director without phase separation taking place®:.
So, in case of using positively charged DELOS nanovesicles, an interaction of the silica precursor
(negatively charged above its isoelectric point around pH = 2%°) and the cationic surfactant will be
produced.

Then, the synthesis of the silica coating typically involves the hydrolysis and condensation of
silanes, in agueous solution under basic or acidic catalysis, as observed in Figure 4.18a, producing
silica silica frameworks over time® 8, For instance, the silica precursor used in this work is the an
alkoxysilane such as tetramethyl orthosilicate (TEMQOS), as shown in Figure 4.18b.
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Figure 4.18: (a) Reaction scheme of the hydrolysis and condensation of silica precursors, (b)
TEMOS chemical structure and a representation of a silica framework representative of the
coating in DELOS nanovesicles.

It should be noted that the presence of surfactants such as CTAB micelles during these reactions is
known to acts as a structure-directing agent®. Then, in our case, DELOS nanovesicles are used as
templates for the deposition of silica from aqueous solution leading to silica-coated vehicles®*#8°
(Figure 4.17).

Knowing that SCDN can be produced, the present Chapter concentrates on their preparation and
characterization to demonstrate its potentiality. In particular, this work will focus on evaluating the

silica coating behaviour, such as its stability and so it integrity in different dispersant media.

In an attempt to understand the behaviour of SCDN, the stability and so the integrity of the
coating was evaluated in presence of different dispersant media. To do it, FRET phenomenon was

considered as a proper strategy as explained in Section 3.2.2.6 from Chapter 3.

However, in this case, the experimental set up was based on using DELOS nanovesicles integrating Dil
dye (donor) in the membrane of the vesicles and Alexa Fluor 647 dye (acceptor) in the silica coating
(Figure 4.19). In particular, Alexa Fluor 647 is also a synthetic cyanine dye that has demonstrated to

be more resistant to photobleaching and brighter than cyanine dies®.
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4. OPENING THE FRONTIERS OF DELOS NANOVESICLES FOR ADVANCES IN EMERGING NEW DELIVERY SYSTEMS
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Figure 4.19: Schematic representation of the Dil-SCDN integrating Alexa Fluor 647 dye in the
silica coating.

Itisimportantto highlightthat both dyes are considered a FRET dye pair as one essential requirement
for FRET phenomena is accomplished, which is that the emission spectra of the donor fluorophore

and the absorption spectra of the acceptor molecule overlap, as observed in Figure 4.20.
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Figure 4.20: Absorption and emission spectra of Dil ( ) and Alexa Fluor 647 dye (red),
used as a FRET pair. The blue hatched area shows the overlap between the donor emission
and acceptor absorption spectra, which is a necessary requirement for FRET. Adapted from®.

Then, as stated in Chapter 3, FRET establishes the possibility of studying on a localized spatial scale
the interactions between two dyes. Specifically, if the intermolecular distance between these two
dyes is close enough (less than 10 nm), energy transfer can take place between the donor and
the acceptor, and the FRET effect can be detected. Therefore, it can be understood that upon
modification of the silica coating, such as destabilization and hence a breaking, a reduction in the
FRET effect is expected to be observed by increasing the distance between the donor and acceptor
dyes®294,

221



Before starting all the preparation of samples for FRET study, we first confirmed that the preparation
of SCDN could be perfectly achieved. To do it, Dil-SCON sample was prepared using Dil-DELOS
nanovesicles and TEMOS as silica precursor for the silica coating (Figure 4.21) (see Section 6.7.2).

Briefly, Dil-DELOS nanovesicles were prepared by DELOS-susp using 1:1 molar ratio of
cholesterol:CTAB with 7.3 mM of each component, 100 uM of Dil, and water/10% EtOH (v-v?)
as dispersant medium (see Section 6.2.1). Then, in order to prepare Dil-SCDN, TEMOS (DELOS

nanovesicle:TEMOS molar ratio of 1:108) was dissolved in ethanol and added to a syringe.

Afterwards, it was added in 1 uL-min*? in a balloon where Dil-DELOS nanovesicles in water were
found around pH 3.0 under stirring. Once finished the addition of TEMOS, the solution was left
stirring for 5 days to ensure a proper coating. Finally, the reaction was stopped by changing the
dispersant medium of the sample to water around pH 6.0-7.0. Then, samples were left in the fridge
for better conservation.

It should be mentioned that Dil-DELOS nanovesicles without any coating, now called uncoated
Dil-DELOS nanovesicles (Figure 4.21) were evaluated as a control sample, as they follow the same

methodology described for the preparation of Dil-SCDN but without any silica precursor involved.

(a) (b)

Uncoated sample Dil-SCDN
Dil-DELOS Dil-DELOS nanovesicles
nanovesicles + silica coating (TEMOS)

Figure 4.21: Representative image of the uncoated Dil-DELOS nanovesicles and the Dil-SCDN.

Then, once samples were prepared, they were characterized by DLS (see Section 6.3.1). First, it
was proven that the procedure used for preparing SCDN did not provoke any alteration of the
nanovesicles. As observed for the control sample, it presents proper particle size distribution, PDI
and zeta potential values, compared to the non-processed sample. Moreover, as shown in Table
4.2, both uncoated Dil-DELOS nanovesicles and Dil-SCDN systems presented a similar particle size
distribution suggesting that the presence of TEMOS silica around the DELOS nanovesicles do not

destabilize the particle size of the system.
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In terms of zeta potential values, a difference between them was observed. As shown in Table 4.2, a
reduction of the zeta potential was observed comparing the uncoated Dil-DELOS nanovesicles and
the Dil-SCDN. Therefore, it indicates the strong electrostatic interaction between the negatively
charged silica and the positively charged DELOS nanovesicles and so the presence of silica coating
around the DELOS nanovesicles.

Table 4.2: Physicochemical characterization of the hydrophobic drug model (Dil) systems used
for the release study.

Size (nm) PDI Zeta Potential (mV)
Non-processed DELOS nanovesicles 133+1 0.3+£0.0 95+1
Uncoated Dil-DELOS nanovesicles 120+ 0 0.2+0.1 94 +1
Dil-SCDN 119+3 0.2+0.0 10+1

To prepare proper samples for evaluating the evolution of the stability the silica coating, two
groups of samples were synthetized following the procedure explained in Section 6.7.2, which
were (Figure 4.22):

1. Control system: the uncoated Dil-DELOS nanovesicles were prepared as explained in previous
section.

1. Alexa-SCDN: This system was synthesized at room temperature by acid catalyzed polymerization
of silica precursors, which were all the components forming the silica coating. In this case, the
silica precursors were based on TEMOS mixed with Alexa Fluor 647 dye, which was incorporated
in the coating thanks to the presence of aminopropylthriethoxysilane (APTES). This molecule
was used to covalent link the Alexa Fluor 647 dye by the primary amine of the APTES with the
ester group of the Alexa Fluor 647 dye (see Table 4.3 for quantitates).

Then, to prepare Alexa-SCDN, the methodology of preparation was the same as used in Dil-SCDN.

Table 4.3: Composition of the silica coating components in Alexa-SCDN.

Molar ratio membrane components:coating component

System TEMOS APTES Alexa Fluor 647 dye

Alexa-SCDN 108 0.04 0.03
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(b)

Uncoated sample Alexa-SCDN
Dil-DELOS Dil-DELOS nanovesicles + silica coating
nanovesicles (TEMOS + APTES + Alexa Fluor 647 analog)
o

Figure 4.22: Schematic description of all the evaluated samples for the stability studies, (a)
uncoated sample (control) and (b) Alexa-SCDN.

Once the samples were produced, in order to check its physicochemical properties, DLS and zeta
potential measurements were carried out. The results of zeta potential are presented in Table 4.4.
However, the evaluation of the particle size for Alexa-SCDN could not be possible since Alexa Fluor
647 is a blue dye that absorbs at 647 nm, a similar operative wavelength of the Zetasizer equipment
which is 655 nm.

Regarding the zeta potential values, some differences can be observed (Table 4.4). Again, a decrease
in zeta potential of Alexa-SCDN compared to the uncoated Dil-DELOS nanovesicles was observed
indicating the presence of the negatively charged silica coating around the DELOS nanovesicles,

and so confirming the presence of a silica coating.

Table 4.4: Zeta potential values the studied systems before the breakability study.

Zeta Potential (mV)
Uncoated Dil-DELOS nanovesicles under procedure +95+1
Alexa-SCDN -20+2

Following the characterization of the samples, the presence of silica in the samples was also confirmed
by attenuated total reflectance Fourier transform infrared spectroscopy (ATR-FTIR). This technique is
based on evaluating the interaction of infrared light (IR) with mater. So, when the IR beam is directed
onto a sample, the absorbed wavelengths depend on the molecular vibrations of the substance. As a
result, this is an effective technique for determining chemical bonding structures such as Si-O bond®>°®,

whose IR band for its stretching vibration mode is reported to be in the range of 1000-1200 cm™%7%,

Samples were analysed using the methodology described in Section 6.7.3. As can be seen in Figure
4.23a, the spectrum of the uncoated Dil-DELOS nanovesicles, used as a control, did not show silica-

related peak due to its absence, confirming the proper use of this technique. Then, as expected and
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indicated in Figure 4.23b, the ATR-FTRIR spectra of Alexa-SDCN reveal the presence of the typical
peaks for silica vibrational modes between 1000 and 1100 cm’?, attributed to the stretching of Si-O
bonds. Therefore, the presence of the silica content in the Alexa-SCDN indicated that the silica
coating was successfully formed around DELOS nanovesicles.
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Figure 4.23: ATR-FTIR spectra of (a) uncoated Dil-DELOS nanovesicles, (b) Alexa-SCDN.

Alternatively, another approach was used to gain insight into the properties and performance
of the systems of interest. In this case, a scanning transmission electron microscope (STEM) was
employed, which helped us to identify the coating of DELOS nanovesicles (see Section 6.7.4).

STEM was a perfect tool to visualize the structure of the silica coating in DELOS nanovesicles directly
from the original batch as the sample did not undergo any modification. This microscope uses a
focused beam of electrons that scans across the sample in a raster pattern. What is interesting about
itis that STEM beam is focused on a large angle and converges to a focal point giving more contrast
in the samples compared to TEM®. It is important to highlight that Dr. Mariel Kubli previously tried
using TEM, but the contrast of the silica coating versus the inner part, where DELOS nanovesicles
are supposed to be placed could not be observed. For this reason, cryo-TEM has been commonly
used to observe these kinds of samples. However, cryo-TEM was not available while conducting
these experiments in Luisa de Cola’s laboratory, and therefore STEM proved to be a suitable and

inexpensive technique that can be used to characterize SCDN samples from now on.

One thing to consider is that STEM works at high vacuum, so if no treatment is applied to the
nanovesicular system, such as a proper coating, they are supposed to break under. So, in our
case, this was confirmed by evaluating the uncoated-DELOS nanovesicles. As can be observed in
Figure 4.24a, any uncoated-DELOS nanovesicles was detected since DELOS nanovesicles lose their
structure when in vacuum. Consequently, what was only observed was a layer that was being burnt
as the electron beam was irradiating the sample, which could be associated to the aggregates of
the membrane components of the sample on their own.
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Remarkably, as shown in Figure 4.24b, Alexa-SCDN presented round-shape and homogeneous
SCDN, indicating the presence of silica coating distributed across the DELOS nanovesicle surface

and what is more, silica protects DELOS nanovesicles to get broken in vacuum.

(b)

Figure 4.24: STEM images of (a) uncoated Dil-DELOS nanovesicles, (b) Alexa-SCDN.

4.3.4 Stability of the silica coating in SCDN by fluorescence

The medical potential of silica-based nanomaterials has been extensively demonstrated in simple
fluids, such as water and buffers. However, their physicochemical properties and biological activity
can significantly change when exposed to complex media'®. For this reason, the main purpose of
the present investigation is to characterize our new hybrid systems based on SCDN by evaluating
the stability and integrity of the silica coating.

To this end, the integrity of the silica coating in Alexa-SCDN was evaluated in different media such as
water and PBS with and without the presence of glutathione (GSH). Glutathione is a water-soluble
tripeptide composed of the amino acids glutamine, cysteine, and glycine (Figure 4.25), being the
most important low molecular weight antioxidant synthesized in cells. Due to the presence of
a thiol group as part of the cysteine residue and which is a potent reducing agent, GSH plays a
role in protecting the cells from oxidative damage by neutralizing many reactive oxygen species
(ROS)™01102 I addition, although it is present in in the cytosol of cells in the range 1-10 mM, it is
not surprising that an imbalance of GSH is observed in a wide range of pathologies!®'%, Therefore,
evaluating the impact of GSH in the integrity of the silica coating would be of great interest, as it is

a relevant molecule present in our body.
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Figure 4.25: Chemical structure of GSH and its corresponding pKa. Adapted from'%,

Then, this study was conducted as described in Section 6.7.5. First, samples were dispersed in a
cuvette by diluting them 1:4 in different dispersant media such as water, and PBS at pH 7.4 (0.01
M phosphate buffer, 0.0027 M of potassium chloride and 0.137 M of sodium chloride), to check if
the presence of salts could influence the integrity of the silica coating. In addition, the presence of
GSH (10 mM) was also evaluated in the stability of the silica coating. It should be highlighted that
GSH presents a pl of 5.93, and so it is negatively charged at water and PBS working pH (Figure 4.25).

Finally, all the samples were placed at 37 °C and stirred up to 4 days (96 h) to evaluate long-term
conditions. So, to evaluate the integrity of the silica coating, samples were excited at 500 nm and

observing the emission in the range of 525-800 nm over time.

Figure 4.26a,b presents the macroscopic appearance evolution over time of the uncoated Dil-DELOS
nanovesicles in the presence of water and water with the presence of GSH respectively. From visual
inspection, negligible effects of the samples could be observed. Regarding the fluorescence spectra
(recorded at donor (Dil) excitation wavelength) of uncoated Dil-DELOS nanovesicles in water and
water with GSH are represented in Figure 4.26c¢,b respectively.

From these graphs, it was discovered that the fluorescence emission from Dil integrated into
uncoated Dil-DELOS nanovesicles is stable when diluted in water up to 50 h after their dilution.
However, after 96 h its intensity is reduced by half (Figure 4.26c¢). In contrast, when evaluating the
presence of GSH in the sample, it can be observed that although the Dil fluorescence emission
is conserved up to 50 h, Dil fluorescence emission slightly increases after 96 h. Then, it could be
assumed that GSH enhanced the photostability with the Dil dye, stabilizing it. A similar interaction
was previously reported, which provided information on cyanine-based fluorescent probes for the
detection of glutathione. In this case, near-infrared fluorescent cyanines presented a reactivity
profile with thiols by promoting sulfonamide cleavage, making it a good strategy for the design of
thiol-selective probes®.
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Figure 4.26: Macroscopic appearance evolution of uncoated Dil-DELOS nanovesicles in (a)
water and (b) water + GSH. Time-dependent spectral evolution of Dil fluorescence emission in
uncoated Dil-DELOS nanovesicles in (c) water and (d) water + GSH.

Next, the macroscopic appearance and spectral properties of uncoated Dil-DELOS nanovesicles
after PBS dilution in the absence and presence of GSH were investigated. On the one hand, as
observed macroscopically (Figure 4.27a), the presence of PBS salts in the sample provokes a
constant decrease in the fluorescence emission of Dil over time (Figure 4.27c). Therefore, it seems
that PBS salts can be interacting with the DELOS nanovesicle bilayer provoking its destabilization.
Surprisingly, opposed results were obtained in the presence of GSH. As shown in Figure 4.27b,d,
one can clearly see that the Dil fluorescence emission is kept almost constant with a slight increase.
Then, these observations highlighted that the stability of Dil fluorescence emission over time is

mainly GSH responsible.

This finding was unexpected and suggests that probably, GSH is negatively charged at water and
PBS pH, and so it can be located around the DELOS nanovesicles by electrostatic interaction and
so stabilizing the system, which is a very relevant factor. Surprisingly, this interaction may help
phosphate salts from PBS to not interact directly with the DELOS nanovesicle membrane and so

stabilize the formulation.
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Figure 4.27: Macroscopic appearance evolution of uncoated Dil-DELOS nanovesicles in (a)
PBS and (b) PBS + GSH. Time-dependent spectral evolution of Dil fluorescence emission in
uncoated Dil-DELOS nanovesicles in (c) PBS and (d) PBS + GSH.

The stability of the silica coating in Alexa-SCDN after its transfer to different aqueous media was also
studied. First, if we focus on using water as dispersant medium with the absence and presence of
GSH (Figure 4.28a,b), no macroscopic changes were observed. Then, the time-dependent emission
fluorescence was monitored under the Dil excitation (500 nm), from which different results
emerged. First, the results demonstrate the adequacy of the FRET method, as the functionalization
of the DELOS nanovesicles with Dil dye and the silica coating with Alexa 647 analog demonstrates
that this phenomenon can be generated (Figure 4.28c,d).

As can be seen from these plots, the fluorescence emission of the Alexa Fluor 647 (maximum
emission around 690 nm) shows similar emission profiles over time for the absence and presence

of GSH in water. In the presence of water (Figure 4.28c), FRET was characterized by a decrease
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in the donor (Dil) emission and an increase in acceptor (Alexa Fluor 647) emission. As a result,
enhancement of FRET phenomenon was observed over time, which has been reported to be due
to continuous thermodynamic dye distribution between the system?%. Then, these results suggest
that the Alexa Fluor 647 integrated into the silica coating was not static and therefore a dynamic
process was likely involved, such e.g., its exchange or penetration into the membrane of DELOS

nanovesicles.

In the case of the dispersant based on water in the presence of GSH, as observed in Figure 4.28d,
the fluorescence emission of the Alexa Fluor 647 dye over time shows emission profiles similar
to those in Figure 4.28c, again indicating that FRET phenomena can occur dynamically. However,
in this case, the Dil fluorescence emission (emission peak around 564 nm) increases after 7 h of
incubation and is maintained over time, so it is not reduced as expected suggesting that GSH plays
a role in stabilizing Dil. However, it can also be observed that the presence of a Dil fluorescence
emission shoulder close to 600 nm was reduced over time, indicating that GSH is responsible for
the alteration of Dil molecule.

It is important to highlight that all these results are interesting findings for understanding the
behaviour of the silica coating, and it could be hypothesized that silica coating is stable in water at

least after 96 h in the presence and absence of GSH.

(C) 260000
240000 ——t=0h
£ 220000 —t=7h
£ 200000-
2 180000
2 160000
£ 140000
£ 120000
S 100000
g 80000 -
£ 60000
W 40000

20000 /
0= ; - . -
w 550 600 650 700 750 800
E Wavelength (nm)

(d) 280000
260000 ——t=0h
@ 240000 t=7h
£ 2200000 \WATER + GSH ——t=30h
> 200000 _
= t=50h
@ 180000 i
$ 180000
€ 140000 A
c 120000 A
S 100000-
@ 80000-
£ 50000
W 40000

20000/
550 600 650 700 750 800
A

Wavelength (nm)

Figure 4.28: Macroscopic appearance evolution of Alexa-SCDN in (a) water and (b) water +
GSH. Time-dependent spectral evolution of the FRET between Dil and Alexa 647 analog in
Alexa-SCDN in (c) water and (d) water + GSH.
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Despite the excellent FRET phenomenon of the Alexa-SCDN in water with and without GSH, its
stability is significantly different when they are transferred into PBS. In this case, macroscopic
aggregation can be observed for this system in PBS but not with the presence of GSH (Figure
4.29a,b). This phenomenon is accompanied by a reduction of the FRET phenomena over time
for the presence of PBS. Then, the stability of the silica coating in Alexa-SCDN seems to be PBS
dependent.

As discussed in the literature, the high ionic strength of dispersant media such as PBS is associated
with the induction of aggregation of silica nanoparticles, thereby modifying and even losing their
functionality. Therefore, the stability of SCDN appears to be questioned when exposed to biological
media such as PBS. To understand this phenomenon, it is important to know that the colloidal
stability of such systems is determined by the balance of different interaction forces, which can be

modified by parameters such as pH and electrolyte concentration (ionic strength)?0108,

Since the isoelectric point of silica close to pH = 2%°, when working with PBS at pH 7.4, a negative
surface charge of the particles is observed coming from the proton dissociation of surface acidic
silanol groups (=Si-OH —> = SI-O’). However, the presence of electrolytes in solution, such as
PBS salts, can create a shielding effect on the electrostatic forces and promote a reduction of
repulsion between particles and lead to loss of colloidal stability. It should be noted that in our
case, silica coating is functionalized with APTES which brings to positive surface charges (-NH3")
that counterbalance the negative charges of acidic silanol groups (=Si-O7), and so it reduces the

absolute value zeta potential and electrostatic repulsion compared to the absence of it19%1%,

Regardless of the previous results and hypotheses, when GSH is present, the FRET phenomenon
stabilizes and even shows an increase in donor and acceptor fluorescence emission. In addition, the
presence of GSH causes the second peak of Dil related to aggregation to disappear. Consequently,
the presence of GSH peptide could favourably affect the stability of all systems evaluated over time.
It should be emphasized that incubation with GSH, which has a pl of 5.93, and is therefore negatively
charged at physiological pH like PBS, avoiding SCDN to aggregate. Following the previous assumption,
the absence of aggregation could be attributed to the presence of peptide absorption in the surface

of SCDN, thus providing negative charge on the silica surface, as a source of colloidal stability*®.

Again, contrary to expectations, GSH provides stability not only in Alexa-SCDN, but also in uncoated
Dil-DELOS nanovesicles. Then, this suggests that the stabilization mechanism might depend not
only on the electrostatic interactions as it stabilizes negatively charged silica and positively charged
DELOS nanovesicles, but other interactions such hydrogen bonding can also take place. Therefore,
the strategy of using this molecule in the dispersant medium might be used in the future as an

approach to stabilize both systems, uncoated DELOS nanovesicles and SCDN in general.

Moreover, for future studies, it will be recommended to study the colloidal stability in detail by
dynamic light scattering and zeta potential measurements.
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Figure 4.29: Macroscopic appearance evolution of Alexa-SCDN in (a) PBS and (b) PBS + GSH.
Time-dependent spectral evolution of the FRET between Dil and Alexa Fluor 647 in Alexa-SCDN
in (c) PBS and (d) PBS + GSH.

Taken together, these results suggest that could be possible that the GSH is diffused inside of the
silica coating or maybe the silica coating is porous enough to help GSH to reach Dil dye. In addition,
we also wonder if Alexa Fluor 647 dye is properly incorporated into the silica coating or if it diffuses
into the DELOS nanovesicles membrane. Then, all of these cast doubts whether FRET phenomenon

is the right mechanism to understand the breakability of the system.

In summary, we have built up evidence for the role of dispersant media on the stability and integrity
of the silica coating, which can be affected by pH and ionic strength. Moreover, GSH seems to play
an important role in stabilizing the system, which is an important parameter that could occur due
to electrostatic forces or hydrogen bonding. However, additional tests should be considered to gain

a better understanding.

To further characterize the integrity of the silica coating, a possible hypothesis came out

wondering if silica coating could protect DELOS nanovesicles under simulated gastrointestinal
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conditions compared to uncoated DELOS nanovesicles. As previously mentioned, silica is a
good tool for oral delivery due to its resistance to acidic pH and enzymatic degradation!®
(Figure 4.16). Then, it was hypothesized that using a silica coating in DELOS nanovesicles could
be a new strategy to expand the use of DELOS nanovesicles for oral delivery.

Furthermore, in this work, two dispersant media were evaluated. Not only was simulated
gastric fluid (SGF at pH 1.2, composed of 34 mM of NaCl and 0.07 mM HCI) evaluated but
also PBS pH 7.4, to confirm the results previously observed and try to characterize them more
precisely.

In this study, standard-SCDN was prepared using CTAB-DELOS nanovesicles without any
dye and with TEMOS as silica precursor. To prepare it, DELOS nanovesicles were prepared
by DELOS-susp using 1:1 molar ratio of cholesterol:CTAB with 7.3 mM of each component,
and water/10% EtOH (v-v?) as dispersant medium (see Section 6.2.1). Then, standard-SCDN
were prepared following the same procedure described in Section 6.7.2. In this case, as the
obtained samples were evaluated by non-fluorescence techniques, they did not contain any
fluorophore in the silica coating. As a result, standard-SCDN were prepared by just using TEMOS
as a silica precursor, considering the same relationship used before, molar ratio membrane

components:silica precursor 1:108.

Once the standard-SCDN was prepared, to analyse the stability of the samples, they were
diluted 1:4 in PBS and in SGF (34 mM NaCl and 0.07 mM HCI, pH 1.2) and then, they were
for 24 h at 37 °C with continuous stirring. After that time, in order to assess the morphology
of the systems, cryo-TEM and scanning electron microscopy (SEM) was used. It must be
clarified that these experiments were done at ICMAB-CSIC facilities and so all the microscopic
characterization was carried out in collaboration with the Microscopy service of Autonomous
University of Barcelona.

In line with the results previously observed, standard-SCDN presented a proper morphology
as observed by SEM (Figure 4.30b), indicating that proper silica coating was achieved around
DELOS nanovesicles. In addition, in this case element mapping by scanning electron microscopy
with energy dispersive x-ray analysis (SEM-EDX) was used to generate more information about
the sample. As observed in Figure 30c, EDX detector revealed that the silica element was
present in the sample and concentrated in the surface of the DELOS nanovesicles, which
correspond to the contrast in the bright-field of SEM images.
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Figure 4.30: (a) Schematic representation, (b) SEM image of standard-SCDN and (c) EDX graph
showing the presence of silicon in the sample.

4.3.5.1 Characterization of standard-SCDN in PBS after 24 h of incubation

Once the SCDN system has been incubated in PBS after 24 h, precipitation of the system was
macroscopically observed suggesting its instability with this dispersant medium (Figure 4.31a), as
previously observed in Section 4.3.4.2. To investigate the influence of PBS on the stability and so
the degradability of the silica coating, different microscopic techniques were used. As observed in
Figure 4.31b, SEM images show the presence of big aggregates of SCDN. However, the round shape
SCDN can be individually observed, suggesting that silica coating is not fully degraded after 24 h of
incubation in PBS.

Moreover, regarding cryo-TEM microscopy (Figure 4.31c), it can be observed how the SCDN are
still spherical and although aggregated, they silica coating can be found using this approach since
the membrane of the vesicles seem to be thicker and darker. Then, it can be suggested that the
presence of PBS in standard-SCDN does not fully degrade silica coating but aggregate SCDN, as
expected from the results observed in section 4.X. Again, this might be due to the presence of
high concentration of salts in PBS, reducing the electrostatic charge of silica and so, promoting a

reduction of the particle repulsion and leading to the loss of colloidal stability and aggregation.
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Figure 4.31: (a) Macroscopic appearance, (b) SEM image of the aggregates in presence of PBS
and (c) cryo-TEM image showing of frozen standard-SCDN after 24 h of incubation in PBS.

Finally, the influence of SGF on standard-SCDN on the silica coating behaviour was examined. The
results, shown in Figure 4.32a, indicates some condensation of the particles since two phases can
be observed in the vial. When observing this system by SEM, different key points emerge. On the
one hand, as observing Figure 4.32b, a big layer can be observed which could be related to the
high presence of salts and free silica. However, despite this layer, during this gastric environment,
standard-SCDN can be perfectly observed and distributed without aggregation (Figure 4.32c). Then,
it suggests that silica coating persisted after 24 h demonstrating stability what could be related to

a more protection of DELOS nanovesicles compared to uncoated samples.

Interestingly, this phenomenon could be again related to the electrostatic interactions. In this case,
instead of having negatively charged SCDN, the simulated gastric fluid with pH values as low as pH
2.0, will result in the net particle charge of SCDN being positive!!!.

As reported, SGF produces low silica dissolution as the silica solubility is strongly pH dependent and
is the highest under alkaline pH conditions. This finding has important implications for developing

a new hybrid system based on DELOS nanovesicles for oral drug delivery.
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Figure 4.32: (a) Macroscopic appearance, (b) SEM image of the aggregates in presence of PBS
and (c) cryo-TEM image showing of frozen standard-SCDN after 24 h of incubation in SGF.

In summary, it seems that silica coating stability can be modulated under a given use of dispersant
media. Depending the type of buffer pH and composition different behaviour depending on desired

administration route.

It should be highlighted that this new hybrid system has provided promising results in presence of
SGF and so, opening new strategies for using DELOS nanovesicles for oral route. In addition, although
this studies have been focused on characterizing some of the physicochemical characteristics of the
hybrid system, future studies will be focused on the oligonucleotide integration, as desired in the

frame of Nano-OligoMed project.

On this basis, we conclude that a new hybrid system based on SCDN have been deeply produced and
characterized to construct a new hybrid DELOS nanoformulation for delivery of oligonucleotides,

following the methodology studied by Dr. Mariel Kubli.

The stability of SCDN has demonstrated to be strongly dependent on the dispersant medium
in which the system is found. The presence of ionic salts such as PBS buffer on SCDN provokes
destabilization of the formulation compared to water and SGF. Moreover, future research should
focus on the interaction of GSH and SCDN as it has been shown to be an important parameter to

stabilize the systems, contrary the expected behaviour.
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Up to now, it has been indicated that SCDN have potential applications to be further explored,
such as oral delivery. However, looking forward, new approaches of the characterization with
a broader perspective will be carried out to fully understand the behavior and the advantages
of these new hybrid formulations. Further attempts could also be related to investigating the
formation of SCDN using other DELOS nanovesicle formulations such as MKC-DELOS nanovesicles,
what would be of great interest since it has been deeply studied in the frame of Nano-OligoMed
project. Finally, the integration of oligonucleotides into this hybrid system will be also considered
to be studied.

As already mentioned in the Introduction of this Chapter, another area that required further
exploration for DELOS nanovesicles is defining their potentiality as antimicrobial agents in skin
diseases. This represents an important topic to study as people worldwide remain at risk of
infectious diseases and current treatments are being depleted due to antibiotic resistance.
Therefore, the synthesis and formulation of novel materials to combat antimicrobial resistance

is crucial**?.

In order to fully understand this section, it is necessary to first clarify the reason why antimicrobial
resistance exists. Numerous reports have highlighted that the resistance of microorganisms
to disinfection is often associated with the presence of biofilms on surfaces!®. A biofilm forms
when microorganisms grow adhered to almost any surface and form architecturally complex
communities. These communities are enclosed in an extracellular polymeric matrix produced by
the bacteria themselves and composed of proteins, lipids and polysaccharides'**, that provides

structural stability and protection to the biofilms'!® (Figure 4.33).

After the biofilm has matured into three-dimensional structures where the biofilm exhibits
maximum resistance to antibiotics, the biofilm community undergoes a disassembly process
that causes to focal areas of the biofilm to disintegrate, releasing bacterial cells that can spread
to other sites where new biofilms can be formed!*®. Since biofilms are dynamic and complex
systems, bacteria have evolved a vast network of tools to modify and tune biofilm progress
with changing environmental conditions. Therefore, biofilm formation is used as a strategy for

survival and persistence in the human host and can serve as a reservoir for spread to new sites

of infection®1%7,
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Figure 4.33: Schematic representation of the stages of biofilm development and dispersion.

One ofthe common characteristics of biofilmsis that they show increased resistance to antimicrobial,
immunological, predatory, and chemical attack compared to bacteria as “free entities” in liquid
environment. Therefore, biofilms are extremely tolerant of removal and eradication®®. Then,
biofilms can influence humans in many ways as they can form in natural, medical and industrial
environments. For example, biofilms are a well-recognized problem observedin prolonged infections
due to colonization of medical devices such as implants or prostheses, and so it is an important
consideration as a risk factor for complications postoperatively!®®. Furthermore, infections have
been linked to the formation of biofilms on human surfaces such as teeth, skin and the urinary tract

or even in different types of wounds, such as chronic infections, causing their failure to heal#11>118,

Given that biofilm infections contribute significantly to patient morbidity and healthcare costs, new
strategies to treat these infections are urgently required. Of note, biofilm infections are usually
formed by more than one bacterial species simultaneously interacting between them and so
increasing persistence. As a result, personalized antimicrobial treatment approaches are expected

to emerget’12°,

So far, there have been various approaches preventing biofilm formation, which can be divided
into two groups. The first group focuses on targeting the biofilm by using some strategies such
as the dissolution of the already established biofilm by physical or photodynamic treatment. In
addition, targeting the biofilm matrix for degradation and disruption of biofilm regulation are also
being considered, among other strategies. Then, another group of anti-biofilm technologies is
considering modifying the biomaterial surfaces with changed physical and chemical properties
that prevent adhesion and thus biofilm formation??+12,
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However, the available evidence shows that although for device-associated biofilms removal of
the implant (if possible) is the best therapeutic option, for tissue-related biofilms the only therapy
available today is antibiotic treatment. Then, despite long-term antibiotic therapy, to which
bacteria show in vitro susceptibility, biofilm-growing bacteria persist and destroy infected tissues
due to a long-term inflammatory response, resulting in chronic infection??. Therefore, it is now
generally agreed that effective treatment of biofilms requires combination therapy of an antibiofilm

compound with an effective antibiotic, but no antibiofilm therapies are currently used clinically*°.

Considering that biofilms can be very challenging in biomedical contexts due to the exponential rise
in antibiotic resistant bacteria, a promising strategy may be the use of DELOS nanovesicles as an

alternative platform to treat antibiotic resistant biofilms.

The interesting characteristicabout DELOS nanovesicles is that the membranes themselves can harbour
antimicrobial compounds such as QAC, which show an inherent antibiofilm effect as they target the
bacterial cell membrane. The mechanism of action is based on electrostatic interactions between the
positively charged QAC head and the negatively charged bacterial cell membrane. Then, permeation of
the QAC side chains into the intramembrane region occurs, resulting in leakage of cytoplasmic material
and cell lysis. Consequently, the use of QAC prevent deposition and growth of bacterial biofilms'*1?>, In
addition, QACs have shown to be present antifungal effect. In this case, it is reported that QAC does not
provoke fungus cell lysis but rather change of cell surface charge from negative to positive!?>.

Then, since a large body of evidence suggests that QAC are one of the most effective class of
disinfectants for nearly a century!?*, in the frame of this thesis, there was the desire to characterize
in detail DELOS nanovesicles of different nature as strategy to develop a product to treat resistance

biofilms and other microbial diseases.

Up to now, as experimentally demonstrated in Chapter 2, DELOS nanovesicles themselves (devoid
of any active principle) presented antiseptic activity being, in this case, attractive for topical

treatments'?®.

Inaddition, inview of all that has been mentioned so far about the potentiality of DELOS nanovesicles,
it can be also suggested to integrate antibiotics in this nanovesicular system. This strategy would
not only make the antibiotic formulation more active thanks to the synergy with the nanovesicle

antimicrobial activity but also wound open new perspectives in the treatment of antibiotics.

Then, here we report on the preparation of DELOS nanovesicles by DELOS-susp containing

equimolar amounts of cholesterol and one of the quaternary ammonium surfactants reported in
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Table 4.5, which were CTAB and CTAC (as described in Chapter 3), MKC (as described previously in
this Chapter) and Cetylpyridinium chloride (CPC) and Stearalkonium chloride (ST).

It has already been seen in the previous section that CTAB, CTAC and MKC are promising QACs
that a part from presenting proper physicochemical properties when used for DELOS nanovesicles
production, they are known to have antimicrobial properties. However, in this study there was the
aim to obtain a wide screening of DELOS nanovesicles as antimicrobial agents as a proof-of-concept.
Therefore, CPC- and ST-DELOS nanovesicles were also considered as they have been studied in
Nanomol Group and Nanomol Technologies SL while presenting promising physicochemical

properties.

CPC is a cationic quaternary pyridinium surfactant compound (Figure 4.34c) used as antimicrobial
in various oral care, cosmetics, pharmaceutical and home care products. What is more, it
isconsidered as safe and efficacious by US FDA for use in oral care, commonly found in mouthwashes,
toothpastes!?’. On the other hand, ST is also a cationic quaternary ammonium salt (Figure 4.34d)
that is broadly used in cosmetic products for its surfactant and antimicrobial properties!®. Then, on
the basis of the evidence at hand, we aim to investigate the antimicrobial effect of these surfactant

when being part of DELOS nanovesicles as new antimicrobial product approach.

(a) CTAB (b) CTAC
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~ N~ Cr
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Figure 4.34: Chemical structure of the quaternary ammonium surfactants used in the DELOS
nanovesicle production: (a) CTAB, (b) CTAC, (c) CPC, (d) ST, (e) MKC.

DELOS nanovesicles using different surfactant nature (Figure 4.34) were prepared and characterized
inourfacilitiesandthen, they were sent to the Eurofins Scientificcompany to study theirantimicrobial
effects. In particular, as a first study to assess the DELOS nanovesicles antimicrobial potentiality,
their Minimum Inhibitory Concentration (MIC) was determined in presence of microbial strains

linked to skin infection disorders.

240



DELOS nanovesicles were prepared by DELOS-susp using the composition described in Table 4.5
(see Section 6.2.1). It should be mentioned that the dispersant medium used for each formulation
is the one that has presented more stability. In all the cases water/10% EtOH (v-v!) was used as
dispersant media, except for the DELOS nanovesicles composed on cholesterol and MKC. In this
case, MKC-DELOS nanovesicles were produces using PBS (100 mM, pH 7.4)/10% EtOH (v-v!) as
dispersant medium, which reported suitable and promising results in the Doctoral Thesis of Dr.

Guillem Vargas®.

Table 4.5: Sample composition of all the DELOS nanovesicles prepared for the MIC evaluation.

DELOS nanovesicles

Sample Surfactant component Sterol component Dispersant medium
Chol:CPC  CPC 2_18'3&'.\:4 .+ Chol ;fmr;'.\:q' g Water/10% EtOH (v-v?)
Chol:CTAB  CTAB g;’m“;'_\;'q' .+ Chol 2.872'3m“;'_\fr; B Water/10% EtOH (v-v?)
Chol:CTAC  CTAC 2.37 43mr2'~\r/1lq' 1+ Chol ;fm”;'.\r/'ﬁ g Water/10% EtOH (v-v?)

Chol:ST ST 3.1763mn;'-\r/|ﬁ .+ Chol 2.;'23mmg'f/'n'w Water/10% EtOH (v-v?)
e e JAT oo T3 e o

Physicochemical properties such as size, PDI and zeta potential were measured after 2
weeks after their preparation, as they are deeply studied systems in our group and defined
to present proper characteristics. As can be observed in Table 4.6, all the samples yielded
to an average size distribution of 70-110 nm and low PDI for CPC-, CTAC- and MKC-DELOS
nanovesicles around 0.2, and slightly higher PDI values around 0.4 for CTAB and ST-DELOS
nanovesicles. Furthermore, all the formulations exhibited positive zeta potential values after
2 weeks of production and higher than +30 mV, considered optimum for good stabilization of

the nanoformulations®?°.
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Table 4.6: Physicochemical characterization of the different formulations of DELOS nanovesicles
after 2 weeks of production.

DELOS nanovesicles

Sample Surfactant component Size (nm) PDI Zeta Potential (mV)
Chol:CPC CPC 76+1 0.25+0.01 111+4
Chol:CTAB CTAB 70+4 0.41+0.02 84 +4
Chol:CTAC CTAC 72+1 0.28+0.01 104 £ 2

Chol:ST ST 86+0 0.36+0.01 89+6
Chol:MKC MKC 107 +£2 0.23+0.01 59+5

In addition, samples were also characterized by cryo-TEM after 1 month of production. As shown
in Figure 4.35, the analysis of the CPC-, CTAB-, CTAC- and ST-DELOS nanovesicles revealed the
presence of spherical, homogeneous, and unilamellar vesicles, as expected. In contrast, MKC-DELOS
nanovesicles presented oval or peanut shaped instead of being spherical due to the presence of PBS

salts, causing this non-spherical shape, as reported in the Doctoral Thesis of Dr. Guillem Vargas®.

(a) (b) (c)

CPC-DELOS nanovesicles CTAB-DELOS nanovesicles CTAC-DELOS nanovesicles

(d) (e)

ST-DELOS nanovesicles MKC-DELOS nanovesicles

200 nm|

Figure 4.35: Cryo-TEM images of (a) CPC-, (b) CTAB-, (c) CTAC-, (d) ST-DELOS nanovesicles in
water/10% EtOH (v-v!) and (e) MKC-DELOS nanovesicles in PBS 100 mM/10% EtOH (v-v!) after
1 months of production.
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One way to validate the effectiveness of the decontamination and disinfection of DELOS nanovesicles
is to compare the behaviour of selected microorganisms when treated with the nanoformulation.
The “gold standard” for determining the susceptibility of organisms to antimicrobial agents is the
minimum inhibitory concentration (MIC). MIC is thus defined as the lowest concentration of an
antimicrobial agent that inhibits the visible growth of a microorganism after incubation'*%3, To
quantify it, serial dilutions of the antimicrobial agent are made in the culture media and then,
the microorganism is added at a constant concentration. After that, the dilutions are incubated
at the temperature and time depending on the microorganism and finally a spectrophotometric
and visual inspection is performed. It should be emphasized that the presence of turbidity in the

sample corresponds to microbial growth (Figure 4.36).

Then, knowing MIC value can have a significant influence on the choice of a therapeutic strategy,

which affects the efficiency of infection therapy.

Increasing concentration of antimicrobial agent
LB B B e ——

I MIC

I |
bidity = No turbidity =
| L ! inhibition of
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|

o/ N\ o/ e . \

Figure 4.36: Schematic representation of the preparation of antimicrobial agent in increasing
concentration and inoculated with microorganisms from tubes. The MIC value is determined
when no turbidity or growth is observed.

In this regard, in the present study carried out in Eurofins Scientific company, it was evaluated the
MIC value of the DELOS nanovesicle formulations described in Table 4.5 against different microbial

strains involved in skin disorders described in Table 4.7.

It should be mentioned that on the skin surface, mainly bacteria of the genera of Propionibacteria
and Staphylococci constitute the microbial community. The interaction between members of
this cutaneous microbiota is essential for maintaining healthy skin. However, they can also act as
opportunistic pathogens and when perturbed may lead to various skin diseases®**!*, producing
different effects. For instance, Staphylococcus aureus skin infections represent a major threat to
public health given the massive numbers of infections as well as the widespread emergence of

antibiotic resistant strains®3*.
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In addition, it has long been known that a part from bacteria, fungi can also colonize the skin and
nails, affecting more than 20-25% of the world’s population'*>*3. For this reason, fungi, such as
relevant yeasts and molds, were also considered for this study. Therefore, in this study, we aim to

compare the susceptibility of different bacterial and fungal strains typically found in the skin when

DELOS nanovesicles are present acting as an antimicrobial agent.

Table 4.7 Summary of the different types of microorganisms studied and their characteristics.

Type of

. . Strain
microorganism

Characteristics

Acinetobacter baumannii
ATCC 15149
(Gram-negative bacteria)

Standard strain clinically relevant for
skin infections®®’

Propionibacterium acnes

Common skin organism, notably

Bacteria (Gram-positive bacteria) recognized for its role in acne!*®
Staphylococcus aureus ATCC Found in the vast majority of bacterial
29213 skin infections®®, relevant for atopic
(Gram-positive bacteria) dermatitis and psoriasis

Malassezia furfur ATCC 14251 Typically in atopic dermatitis and
(Lipophilic yeast) psoriasis'°

Candida albicans ATCC 10231 It colonizes skin, mucosa and
(Hydrophilic yeast) reproductive tract!#

Fungi

Trichonphyton mentagrophytes
ATCC 9533 (mold)

Prevalent in skin foot diseases'*?

Tricophyton rubrum CECT2794
(mold)

Most common fungus causing

infections that remain to the surface of

skin, hair or nails of in human®

The antimicrobial activity is tested by following the methodology developed in Eurofins Scientific

company and described in Section 6.4.8.

244



Based on the results of the screening of the different types of bacteria and DELOS nanovesicles
presented, the detailed MIC values of all bacteria evaluated are shown in Table 4.8. From this
table, we make the following observations. On the one hand, proper and very promising MIC
results were obtained with Propionibacterium acnes and Staphylococcus aureus ATCC 29213, both
gram-positive bacteria. These two bacteria have interesting MIC values in the presence of DELOS
nanovesicles as antimicrobial agent, close to the range of commercial antibacterial agents (Table
4.9). Then, these antimicrobial activities make DELOS nanovesicles suitable candidates to kill these

two types of gram-positive bacteria.

However, Acinetobacter baumannii ATCC 15149 presented a high MIC value in comparison to the
other two bacteria. This suggests that a higher concentration of DELOS nanovesicles is required to

completely kill this gram-negative bacterium.

Table 4.8: MIC values of the different DELOS nanovesicles against three different bacteria.

MIC (pg-mL?) Bacteria

DELOS Acinetobacter Propionibacterium Staphylococcus aureus
nanovesicles baumannii ATCC 15149 acnes ATCC 29213
Chol:CPC 80 5 5
Chol:CTAB 80 5 5
Chol:CTAC 70 9 9
Chol:ST 464 6 12
Chol:MKC 80 5 5

Table 4.9: MIC quality control ranges for Staphylococcus aureus ATCC 29213.

Controls MIC Range (ug-mL?)
Clindamycin (topic) 0.06-0.25
Fusidic acid (topic) 0.06-0.25
Tobramycin (ocular) 0.12-1

Itis important to highlight here that, as seen in the literature, the MIC values for QACs such as MKC
and CTAB are inthe range of 5-10 pg-mL*and 0.75-3 pug-mL* across different strains'*?, respectively.
Hence, one of the issues that emerges from these findings is that when nanostructuring these QACs

in DELOS nanovesicles, the antimicrobial effect of the surfactant is not affected. Consequently, we
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can consider DELOS nanovesicles as a proper approach for the treatment of bacterial infection of
Propionibacterium acnes and Staphylococcus aureus ATCC 29213, avoiding the antibiotic resistance
and so being a useful alternative to target not only acne therapy but also some other skin-related
infections, such as atopic dermatitis and psoriasis.

In addition, it is important to highlight that the use DELOS nanovesicles as antibacterial agents
present additional benefits. As already mentioned in Chapter 1, DELOS-susp is an eco-efficient
platform that allows scalable production of the nanovesicular systems, and so the capacity of

producing high quantities in an easy way' 1%,

Moreover, as shown in Section 2.3.1.5 from Chapter 2, CTAB-DELOS nanovesicles demonstrated
proper skin tolerance in the Episkin™ skin irritation test. It should be emphasized that in this case,
the evaluated membrane concentration was around 1000 times higher compared to the obtained
MICs values. Therefore, DELOS nanovesicles can be classified not only as antibacterial substances
but also as non-irritating and thus well-tolerated when administered topically, which are important

requirements for appropriate topical administration*.

The antifungal, also known as antimycotic, effect of DELOS nanovesicles with strains of Malassezia
furfur (yeast) and Candida albicans (yeast) and Trichophyton mentagrophytes (mold) and
Tricophyton rubrum (mold) was determined using the same procedure as previously described
in Section 6.4.8.

Ascan be seenin Table 4.10, we did not observe any effect for any of the studied DELOS nanovesicles
formulations in the Malassezia furfur as all MIC values are very high, while anti-yeast activity was
observed for Candida albicans. In this case, a similar MIC range for antibacterial activity was obtained
for all DELOS nanovesicle formulations. It should be noted that the presence of surfactants such as
CPC, MKC and ST, which have an aromatic ring in their polar head present slightly lower MIC values.
Recently, the importance of aromatic rings has been reported in the literature, suggesting that

aromatic rings may have an impact on the interaction with some yeasts and fungit24147,148,

Regarding the mold (Table 4.10), all DELOS nanovesicles were effective for Trichophyton
mentagrophytes as they exhibited a low MIC value close to the range of standard controls
(Table 4.11) and also as previously observed for the acceptable antibacterial activity of DELOS
nanovesicles (Table 4.8). However, DELOS nanovesicles showed almost no antimicrobial activity
against Tricophyton rubrum. Therefore, it can be assumed that DELOS nanovesicles are a promising
treatment for dermatomycosis caused by Trichophyton mentagrophytes, mainly present in skin
foot such as nail infection®.
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Table 4.10: MIC values of the different DELOS nanovesicles against yeast and mold (fungi).

MIC (ug-mL?) Fungi

Yeast Yeast Mold Mold
Malassezia Candida Trichophyton Tricophyton
DELOS ;
nanovesicles furfur albicans mentagrophytes rubrum
ATCC 14251  ATCC 10231 ATCC 9533 CECT2794
Chol:CPC >1240 2 5 >1240
Chol:CTAB >1330 10 5 >1330
Chol:CTAC >1170 9 5 >1170
Chol:ST >1550 6 12 116
Chol:MKC >1345 5 5 >1345

Table 4.11: MIC quality control ranges for antifungal products to treat skin infections.

MIC Range (ug-mL?)

Controls Trichophyton mentagrophytes Tricophyton rubrum
Ciclopirox 0.5-2 0.5-2
Terbinafine 0.002-0.008 -

This study showed the potent and antimicrobial activity of DELOS nanovesicles. The outcome of
the different MIC determinations confirmed the antimicrobial effect of CPC-, CTAB-, CTAC-, ST- and
MKC-DELOS nanovesicles in different strains such as gram-positive bacteria like Propionibacterium
acnes and Staphylococcus aureus ATCC 29213, yeast such as Candida albicans ATCC 10231 and
fungi like Trichophyton mentagrophytes ATCC 9533. In all the cases, the MIC value obtained was

acceptable in the range of 2-10 pg-mL?, as expected.

From these results, we can confirm that the antimicrobial activity of DELOS nanovesicles targeting
various bacteria and fungi offers a great advantage over the antibiotics, since they can act
simultaneously with different microorganisms. Then, DELOS nanovesicles appear to be promising
candidates to overcome some of the disadvantages of current treatments. Importantly, compared
to antibiotics, they can increase antimicrobial efficacy while reducing the resistance usually induced.
At the same time, it is important to consider that CTAB-DELOS nanovesicles are non-irritant in high
concentrations as previously shown by the Episkin™ test, further demonstrating the potentiality
of their use for topical applications. Furthermore, since DELOS nanovesicles are nanocarriers, they
can incorporate antibiotics onto them and act synergistically while reducing the cytotoxicity of

antibiotics and also lowering the MIC value.
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What is more, DELOS nanovesicles produced by the DELOS-susp platform have enormous potential
not only because of their ease of preparation but also using surfactants in their formulation, which

are cheaper and more stable alternatives compared to antibiotic production.

As there is abundant room for further progress in understanding of the behaviour of the
antimicrobial effect of DELOS nanovesicles, also new strains of the microorganisms that has shown
to be susceptible to them will be considered.

So, the use of DELOS nanovesicles are a possible strategy for addressing and overcoming bacteria-
resistance and so to combat persistent infections such as the ones presents in complex wounds,
deeply studied in this thesis. Then, observing that DELOS nanovesicles present antimicrobial
activity, next steps will focus on evaluating the antibiofilm activity in in vitro and in vivo models.
Furthermore, in future investigations, the treatment of atopic dermatitis, psoriasis, acne and some
other skin-related infections, such as nail and foot inflections will be considered as they are the
ones that have shown to be the most promising to treat their related-antimicrobials by DELOS

nanovesicles.
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“Luck is what happens when preparation meets opportunity”

- Seneca

From the work carried out in this Ph.D. Thesis on the translation of new DELOS nanovesicles into

new pharmaceutical products, the following conclusions can be withdrawn:

1. The intermediate formulation of rhEGF-DELOS nanovesicles was successfully developed
using the compressed CO,-based DELOS-susp platform for the topical treatment of complex
wounds, such as Diabetic Foot Ulcers (DFUs) and Venous Leg Ulcers (VLUs). To do it, the
critical parameters that can impact on the performance of the drug product were optimized to
improve the quality and safety of the nanoformulations. Specifically, excellent physicochemical
properties were obtained using histidine buffer (5 mM, pH 7.0) as dispersant medium and by
loading the CTAB in the organic phase during the production of rhEGF-nanovesicles by DELOS-
susp. Furthermore, a complete reproducibility of the physicochemical characteristics of the
intermediate product from bench-scale to pilot-scale was achieved, which is a relevant factor

for the production of a pharmaceutical product at an industrial scale.

2. Preclinical assessment of the rhEGF-DELOS nanovesicles was carried out, examining the efficacy
and toxicology and obtaining promising results. The nanoformulation was considered non-skin
irritant and presented enhanced wound healing capacity compared to the free protein, which
are desired characteristics for the treatment of complex wounds. Moreover, a 1-week dose
range study in rats demonstrated that rhEGF-DELOS nanovesicles are well tolerated at the tested
dose. Undoubtedly, rhEGF-DELOS nanovesicle intermediate formulation can be considered as an
innovative product with high added value, since it meets the basic requirements of production,
storage stability, patient compliance and high efficacy with minimal side effects. Consequently, this

new nanovesicular formulation is ready to enter clinical trials for the treatment of DFUs and VLUs.

3. The translation of the rhEGF-DELOS nanovesicle intermediate product into gaseous and

hydrogel dosage forms was successfully achieved, as a spray device and a 2 wt% Methocel™
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K4M hydrogel containing rhEGF-DELOS nanovesicles, respectively. In both cases, proper
characteristics of the dosage forms were obtained for the intended uses. Furthermore, the
integrity of the nanoformulation upon gelation was verified, which is a relevant factor to
consider for the effectiveness of the formulation and that is not widely considered in the
literature. Consequently, gaseous and semi-solid dosage forms of rhEGF-DELOS nanovesicles
have been considered as future potential dosage forms for the topical treatment of complex
wounds such as DFUs and VLUs.

New DELOS nanovesicle formulations were designed for topical administration. CTAB- and
CTAC-DELQOS nanovesicles in water; acetate buffer (5 mM, pH = 5.0); histidine buffer (5 mM, pH
= 7.0); and PBS buffer (5 mM, pH = 7.4) were successfully prepared by DELOS-susp to pursue

more skin-tolerability studies of DELOS nanovesicle systems.

In addition, they were efficiently gellified with 2 wt% Methocel™ K4M presenting appropriate
physicochemical properties such as suitable rheological properties for the intended use.
Methocel™ K4M hydrogels containing DELOS nanovesicles formulated in water and histidine

buffer were selected as the optimal ones.

Proper formulatabilty was also observed on developing other innovative DELOS nanovesicles-
based hydrogels. We have shown for the first time the feasibility of using 25wt% of Poloxamer
407 polymer for the preparation of promising hydrogels of CTAB- and CTAC-DELOS nanovesicles
in water; histidine buffer (5 mM, pH = 7.0); and PBS buffer (5 mM, pH = 7.4). These hydrogels
present thermoreversibility, being liquid-like at low temperatures and gel at body temperature,
allowing the ease of preparation and manageability. In addition, the use of Poloxamer 407
produce an irreversible coating around the vesicles, what could give new properties to the
formulation.

It was demonstrated for the first time, that MKC- and CTAB-DELOS nanovesicles are feasible
formulations to interact with pore-forming proteins called sticholysins and so create a new
biologic-organic hybrid formulation for the enhance of drug delivery using DELOS nanovesicles.
These pore-forming proteins produced by the Caribbean Sea anemone Stichodactyla helianthus
have proven to have a potential use in facilitating drug cell penetration, consequently, this
study opened new challenges in this field and so open a new area of possibilities for being used

in future delivery systems.

Hybrid inorganic-organic structures based on DELOS nanovesicles coated with a silica shell have
been deeply characterized. It has demonstrated that the stability of such structures is strongly
dependent on the dispersant medium in which the system is found. In this regard, promising
results have been found in presence of simulated gastric fluid and so, opening new strategies

for using DELOS nanovesicles as nanocarriers for oral administration route.
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8. CPC-, CTAB-, CTAC-, ST- and MKC-DELOS nanovesicles showed significant antimicrobial activity
against as gram-positive bacteria like Propionibacterium acnes and Staphylococcus aureus ATCC
29213, yeast such as Candida albicans ATCC 10231 and fungi like Trichophyton mentagrophytes
ATCC 9533. Thus, DELOS nanovesicles might be an encouraging alternative to develop metal-
free new antimicrobial treatments for skin diseases and offer new approaches in front of the

current multidrug resistance problematic.

Based on these general conclusions, we can confirm that this Ph.D. Thesis has contributed to the

translation of DELOS nanovesicles into new pharmaceutical products.
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The most important thing is to try and inspire people so that
they can be great in whatever they want to do.

— Kobe Bryant

Cholesten-3B-ol (Chol, purity 95%) was purchased from PanReac AppliChem (Castellar del Vallés,
Spain). Cetyltrimethylammonium bromide (CTAB BioUltra, purity 299.0%), Cetyltrimethylammonium
chloride (CTAC, purity = 98.0%) and Cetylpyridinium chloride (CPC, purity > 98.0%) were purchased
from Sigma-Aldrich (Madrid, Spain). Myristalkonium chloride (MKC, purity 99.2%) was acquired
from US Biological Life Science (Salem, USA). Stearalkonium chloride (ST, purity > 98.0%) was
obtained from TCl America (Cambridge, MA).

Ethanol (EtOH, HPLC grade purity), was obtained from Teknokroma (Sant Cugat del Vallés, Spain)
and CO, (purity 99.9%) was supplied by Carburos Metalicos S.A. (Barcelona, Spain). However, in
Section 4.3.3 and Section 4.3.4, the EtOH used was Ethanol absolute anhydrous Pure acquired
from Carlo Erba Reagents (Val-de-Reuil, France).

The water used was pre-treated with the Milli-Q Advantage A10 water purification system (Millipore
Ibérica, Madrid, Spain). Buffer histidine was prepared using I-Histidine (Sigma Aldrich, St. Louis,
MO, USA). Buffer phosphate and buffer PBS were prepared by using sodium chloride (NaCl, purity
> 99.5%) acquired from Thermo Fisher Scientific (Waltham, MA, USA), sodium hydrogen phosphate
(Na,HPO,, purity >99.0%) and sodium phosphate monobasic dihydrate (NaH,PO,-2H.O, purity
299.0%) acquired from Merck KgaA (Darmstadt, Germany). Hepes (C,H N.O,S, purity >99.5%)
was purchased from Sigma-Aldrich (St. Louis, MO, USA). Buffer citrate was prepared using sodium
citrate dehydrate purchased in Sigma Aldrich (St. Louis, MO, USA) and citric acid from Thermo Fisher
Scientific (Waltham, MA, USA). Acetate buffer was obtained using sodium acetate (Sigma Aldrich, St.

Louis, MO, USA) and acetic acid glacial purchased in Thermo Fisher Scientific (Waltham, MA, USA).
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All the chemicals were used without further purification.

The recombinant human epidermal growth factor (rhEGF) used in all the experiments was
produced by recombinant DNA technology using Saccharomyces cerevisiae and provided by the
Center of Genetic Engineering and Biotechnology (La Habana, Cuba). L-Glutathione reduced
(GSH, purity 98%) was purchased from Sigma-Aldrich (Saint Louis, USA). Sticholysin | and I
were produced and provided by the University of Havana-Center of Molecular Immunology.
Stl (Swiss Protein Data Bank P07845) was obtained from the sea anemone by the procedure
described by Lanio et al. (2001) and Stl W111C was expressed and purified following the
methods described by Pentdn et al. (2011). Acrylamide was obtained from Sigma-Aldrich (St
Louis, MO, USA).

1,1’-dioctadecyl-3,3,3’,3’-tetramethylindocarbocyanine  perchlorate  (Dil), 1,1’-dioctadecyl-
3,3,3’,3’-tetramethylindodicarbocyanine perchlorate (DiD) were purchased from Life Technologies
(Carlsbad, USA). AFDye 647 NHS Ester (Alexa Fluor 647 analog) was acquired from Fluoroprobes
(Scottsdale, USA).

Methocel™ K4M was provided by Dow Chemical Co. (Midland, Ml, USA). Poloxamer 407 was
obtained from Sigma-Aldrich (St Louis, MO, USA).

Tetra methyl orthosilicate (TEMOS, purity 98%), 3-Aminopropyl)tiethoxysilane (APTES, purity 99%)
were obtained from Sigma-Aldrich (Saint Louis, USA).

Simulated gastric fluid (SGF) was prepared using sodium chloride (NaCl) obtained from Thermo
Fisher Scientific (Waltham, MA, USA), and hydrochloric acid (HCI, 37% a.r) purchased from Chem-
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Lab (Belgium). In Section 4.3, Phosphate Buffered Saline Tablets (PBS) were obtained from Sigma-
Aldrich (Saint Louis, USA). Dissolving one tablet of PBS buffer in 1 liter of deionized water yields 140
mM NaCl, 10 mM phosphate buffer, and 3 mM KCI, pH 7.4 at 25°C.

DELOS nanovesicles were prepared using DELOS-susp methodology, based on compressed CO,
and developed by Nanomol group (ICMAB-CSIC) and Nanomol Technologies SL. Depending on the
desired batch size, two different configurations were used: the small lab-scale equipment (7.5 mL
high-pressure vessel, batch size 25 — 75 mL) or the intermediate lab-scale equipment (25 mL or 50

mL high-pressure vessel, batch size 150 — 900 mL).

The small lab-scale equipment used for the preparation of nanoconjugates using DELOS-susp
is schematized in Figure 6.1. Briefly, the configuration consists of a 7.5 mL high pressure vessel
(R), for which the temperature is kept using an external fluid heating jacket. CO, is pumped into
the reactor through a thermostatic syringe pump (model 260D, ISCO Inc., Lincoln, US) (P) to
introduce CO, inside the vessel through valves V-001 and V-002 until reaching working pressure.
Further, by using a manual depressurization valve (V-007), the expanded liquid solution
contained in the vessel (T-101) is depressurized into an aqueous phase placed in a collector
(T-102) at atmospheric pressure, while at the same time, pressure of nitrogen (N,) is adjusted
by a pressure regulator (V-003) and introduced through valves V-004 and V-005 directly from a
pressurized reservoir to the vessel.

267



Aquecus
solution —

Figure 6.1: Process diagram of the small lab-scale equipment (7.5 mL high-pressure vessel) set-
up used for the preparation of nanovesicles by DELOS-susp.

Theintermediatelab-scale equipment usedto prepare nanovesicles using DELOS-susp is schematized
in Figure 6.2. In this case, the configuration consists of a 25 mL or a 50 mL (independent and
interchangeable) high-pressure vessel (T-101), for which the temperature is maintained using an
external fluid heating jacket. Temperature and pressure inside R are monitored by a temperature
indicator (TIC) and a pressure indicator (PI). CO, is pumped into the reactor through a thermostatic
syringe pump (model 260D, ISCO Inc., Lincoln, US) (P) to introduce CO, inside the vessel through
valves V-001 and V-002 until reaching working pressure. A variable speed stirrer (5-101) inside
T-101, ensures the homogeneity of the mixture in the volumetrically expanded phase. Further,
by using a depressurization micrometric valve (V-007), the expanded liquid solution contained in
the vessel is depressurized into an aqueous phase placed in a collector (T-102) under magnetic
agitation (S-102) at atmospheric pressure, while at the same time, pressure of nitrogen (N,) is
adjusted by a pressure adjustment valve (V-003) and introduced through valves V-004 and V-005

directly from a pressurized reservoir to the vessel.
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Figure 6.2: Process diagram of the intermediate lab-scale equipment (25/50 mL high pressure
vessel) set up used for the preparation of nanovesicles by DELOS-susp.

The preparation of DELOS nanovesicles by DELOS-susp was performed according to the following
procedure.

A desired mass of hydrophobic components (cholesterol and hydrophobic dyes) and hydrophilic
components such as surfactants were solubilized in a known volume of ethanol at 38 °C, and introduced
into the vessel, which was previously heated to the working temperature (Tw = 35 °C). After 20
minutes, once the solution has achieved Tw, the vessel is pressurized with compressed CO, through
valve V-001 and V-002, producing a volumetric expansion of the liquid solution with the desired molar
fraction of CO, (Xw = 0.64), at the working pressure (Pw = 10 MPa). The solution was left to equilibrate
for 1h in the lab-scale equipment, or 15 min under stirring (500 rpm) in the intermediate lab-scale

equipment, to achieve a complete homogenization and to attain thermal equilibration.

The CO,-expanded solution was then depressurized from Pw to atmospheric pressure through
the valve V-007 over an agueous suspension. To do it, a flow of N,, from valves V-003, V-004 and
V-005, at Pw = 10- 11 MPa is used as a plunger to push down the expanded solution from the
reactor, maintaining constant the pressure in the vessel during the depressurization. The aqueous
solution contained the hydrophilic components (surfactants) if required or proteins such as rhEGF.
In addition, the volumetric relation between the aqueous phase and the organic phase was 9:1

(V,,:V,, agueous phase:organic phase).
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Then, the obtained dispersions were transferred to a container, hermetically sealed, and stored in
the fridge untiluse at 5+ 3 °C. In all the DELOS nanovesicle preparations, a theoretical concentration
of 7.3 mM of each component (cholesterol and surfactant (CTAB, CTAC, MKC, CPC or ST)) was used
in a dispersant medium containing 10% v-v* of ethanol.

1. Chapter 2: phosphate buffer (0.05, 5 mM and 10 mM, pH = 7.0), hepes buffer (5 mM, pH = 7)
and histidine buffer (5 mM, pH = 7).

2. Chapter 3: water; sodium citrate buffer (5 mM, pH = 5.0); sodium acetate buffer, (5 mM, pH =
5.0); histidine buffer (5 mM, pH = 7); and phosphate-buffered saline (PBS) (5 mM, pH = 7.4).

3. Chapter 4: phosphate-buffered saline (100 mM, pH = 7.4).

In the case of the fluorescent-labeled DELOS nanovesicles, a carbocyanine dye such as
1,1'-dioctadecyl-3,3,3',3'-tetramethyl-indocarbocyanine perchlorate (Dil) and 1,1'-dioctadecyl-
3,3,3',3'-tetramethyl-indodicarbocyanine perchlorate (DiD) were also dissolved with the
membrane components in ethanol, achieving a total final concentration of 100 uM of dye in the
final formulation. Dil/DiD-DELOS nanovesicles were prepared using CTAB as surfactant and water
as media.

The integration of the recombinant human epidermal growth factor (rhEGF) into DELOS
nanovesicles by DELOS-susp, was performed following an identical experimental procedure as for
the preparation of the DELOS nanovesicles. However, just before the depressurization of the CO,-
expanded solution, the rhEGF was diluted in the aqueous solution of histidine buffer (5 mM, pH
= 7.0) to achieve a final bulk concentration of 25 or 100 ug-mL™ of protein after depressurization.
rhEGF-DELOS nanovesicles were prepared using cholesterol and CTAB as surfactant.

After DELOS-susp production, rhEGF-DELOS nanovesicles were submitted to a batch concentration

step based on tangential flow filtration (TFF).

The concentration consists on passing the sample through a module or porous column, while no
solvent is added. The setup for diafiltration, KrosFlo® Research Ili TFF System (KR2i) (Repligen,
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Waltham USA), is schematized in Figure 6.3a. This equipment is based on the tangential flow
filtration process and uses the transmembrane pressure (TMP) as a driving force. To separate the
non-incorporated rhEGF and the dispersant medium from the DELOS nanovesicles, a 100 kDa
cut-off modified polyether sulfone (mPES) hollow fiber column was used (reference C04-E100-
05-N, Repligen, Waltham, USA). A known volume of sample was added to the feed reservoir, and
submitted to the desired cycles of concentration, through the column while components with a
size below pore size were removed (i.e. the solvent and the small molecules) (Figure 6.3b). In this
Thesis, concentration factor ranged from 2 to 10-fold. A rotating pump recirculates the sample

from the feed reservoir through the column and back to the original vessel with a TMP of 5 psi.

(a) Column

Feed reservoir

Permeate reservoir
Rotating pump

Figure 6.3: a) Scheme of the concentration and diafiltration setup, adapted from Repligen
webpage! and b) scheme of the tangential flow process for the purification of DELOS
nanovesicles.

To prepare Blank-DELOS nanovesicles and rhEGF-DELOS nanovesicles in gaseous dosage forms,
samples were placed in the Airless Dispensing Solution device with an Advanced Preservative Free
pump. Briefly, samples were manually poured into the flask device until it was completely full.
Afterwards, the dispenser with the airless piston was introduced in the flask to close it.

On the other hand, the experimental set up and the method for the assessment of the dependence
on the spray orientation and distance on its performance was as follows. The spray device was

hold in clamp held in a metal stand support. Then, the orientations and distances were adjusted.
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For each parameter to be studied, 10 replicates of spraying were performed with the two DELOS
samples: Blank-DELOS and rhEGF-DELOS nanovesicles. Specifically, for spray orientation studies,
the generated aerodispersion was placed in a vial in order to recover the sample and so be
evaluated. Conversely, to evaluate the effect of the spray distance, each spayed was done in front of
an absorbent paper. In this way, the sprayed surface area was calculated by measuring its diameter

with a ruler.

To prepare the hydrogels enriched with DELOS nanovesicles, Methocel™ K4M was added to the
dispersant media or DELOS nanovesicle formulation to have a final concentration of 2 wt% of
hydrogelling agent. To ensure a proper polymer dissolution, after the addition of the full amount of
Methocel™K4M, the polymer was left hydrating at room temperature for a complete swelling for
2 h. After that, the dispersion was gently and continuously stirred with a glass rod until complete
dissolution of the hydrogelling agent, and a semi-solid form was achieved (Figure 6.4). The

same procedure was used for the preparation of control hydrogels (dispersant medium without

nanovesicles), rhEGF-DELOS nanovesicles and Dil/DiD-DELOS nanovesicles-based hydrogels.

/

= 1-Methocel™MK4M === 2 Thepolymer ~ 3-Thepolymer — 4-Manual ~— 5= Final
polymer is weighted is added to the is left hydrating agitation hydrogel
desired solution for2h

Figure 6.4: Schema of all the steps involved in the preparation of Methocel™ K4M-based
hydrogels.

Poloxamer 407-based hydrogels were prepared using the “cold method”. Briefly, Poloxamer
407 polymer was weighted and added to dispersant media or DELOS nanovesicles dispersion to

have a final concentration of 25 wt% of hydrogelling agent. To properly dissolve it, it was slowly

272



dispersed in the desired dispersant media or DELOS nanovesicles formulation under constant
stirring (200 rpm) at a controlled temperature around 5-10 °C until a clear solution was formed
(around 3 h). The obtained hydrogels were stored in the fridge at 4 °C before the following

analyses.

25 wt% Poloxamer

K

Around 5-10 °C

Figure 6.5: Schematic illustration of the formation of Poloxamer 407-based hydrogels.

These measurements were performed in the Nanbiosis Soft Materials Service linked to Biomaterial
Processing and Nanostructuring Unit (U6) at ICMAB-CSIC.

In all the Chapters, the hydrodynamic diameter and the polydispersity index (PDI) of all DELOS
nanovesicles were determined with the Zetasizer Nano ZS (Malvern Instruments, UK) with non-

invasive backscatter optics, equipped with He-Ne laser at 633 nm.

Particle size distribution, polydispersity index (PDI), and zeta potential of all the produced vesicles
were measured using a dynamic light scattering (DLS) and electrophoretic light scattering (ELS)
analyzer combined with non-invasive backscatter technology (NIBS) (Malvern Zetasizer Nano ZS,
Malvern Instruments, U.K). The equipment was equipped with a 4 mW “red” He-Ne laser (A =
632.8 nm), and with a thermostatic sample chamber. The detector was set at 173° for particle size

distribution measurements, and 13° for zeta potential measurements.

Samples (1 mL) were placed in a disposable polystyrene cuvette (for DLS measurements) or in a
disposable folded capillary cell (for zeta potential measurements, applied voltage 40 mV) and were

analyzed without any previous modification or dilution.
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All reported values correspond to the average result of three consecutive measurements at 20 °C
on the same sample. Data was recorded using the Zetasizer Software 7.13 (Malvern Panalytical, UK).
Size data was based on intensity size-distribution and corresponds to z-average + SD between the
three measurements. The use of scattered intensity is the most recommendable data when using
DLS, since it comes from the original data provided by the analyzer, without further processing or

involved assumptions for calculating particle size.

Apparent zeta potential of samples was also measured with the same instrument since it allows
determining the electrophoretic mobility to assess the surface electrical charge of particles. All
reported results are based on Smoluchowski model and corresponds to zeta potential average + SD
between the three measurements at 20 °C.

It should be mentioned that from Section 4.3.3.1 to Section 4.3.4.2, particle size, PDI and zeta
potential all types of uncoated DELOS nanovesicles and SCDN were determined by Delsa Nano
C Particle Analyzer (Beckman Coulter, Brea, CA, USA; operative wavelength 655 nm) at room
temperature (20 °C), respectively. To evaluate the zeta potential, samples were diluted 1:2 in water

for appropriate measurement.

The determination of DELOS nanovesicles pH was measured using a HI5221-02 pH meter (Hanna
Instruments, USA). Samples were left out from the fridge at least 30 minutes at room temperature
before performing the measurement. The electrode was always cleaned between measurements.

Stirring was used to ensure a proper equilibrium of the pH value.

InSection 4.3, pH was estimated by pH indicator strips (indicator strips pH 0— 14, 1x4.8m, Filter-Lab),

since not only was more comfortable but also it was not necessary a very accurate measurement.

The morphology of the systems was examined using cryogenic transmission electron microscopy
(cryo-TEM), after sample plunge freezing. It allows direct assessment of colloidal systems, such as
DELOS nanovesicles, in the vitrified, freeze-hydrated state, so their structure is fairly well preserved,
and very close to their native state. Throughout procedure, it is necessary to work at cryogenic
temperatures, which can be achieved with liquid nitrogen (N,), in order to avoid damaging the
sample due to the phase transition from the vitrified water to crystalline ice.

Cryo-TEM images were obtained using a JEOLJEM-2011 transmission electron microscope (Jeol Ltd,

Tokyo, Japan) operating at 200 kV under low-dose conditions. 3.2 pL of the sample were deposited
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onto the 400-mesh holey carbon grid and the excess of water was blotted with a filter paper.
Immediately after film preparation, the grid was plunged into liquid ethane held at a temperature
just above its freezing point (-179.15 °C) using a Leica EM GP cryoplunge (Leica, Wetzlar, Germany).
Then, the vitrified sample was then transferred to the microscope for analysis and the specimens
were kept cold (-96.15 °C) to prevent sample perturbation and the formation of ice crystals during
both the transfer and viewing procedures. Images were recorded on a CCD Gatan 895 USC 4000
camera (Gatan, Pleasanton, USA) analyzed with the Digital Micrograph 1.8 software.

It should be mentioned that only in the case of Methocel™ K4M-based hydrogels, they were
diluted 1:100 in water for an adequate fixation and preservation of the hydrogel sample in the grid.

However, Poloxamer 407-based hydrogels were just diluted 1:10 in water.

SAXS is one characterization techniques used in colloidal science since it is non-invasive and non-
destructive and can provide unique structural information with the advantage of measuring the
average properties of the bulk samples, which can otherwise be obviated by using only microscopic

techniques such as cryo-TEM or confocal microscopy.

From a fundamental point of view, the interaction of radiation with inhomogeneities in matter
can cause a small deviation of the radiation from its incident direction, called small-angle
scattering and can take place for a wide variety of radiation, such as X-rays (SAXS). This static light
scattering technique is sensitive to the electron density contrast, so that the larger the difference
in electron density, the larger the scattering contribution. So basically, SAXS measures the time-
average intensity of the scattered X-rays as a function of the scattering angle and consequently, the
measured intensity curve bears information on the radius of gyration, mean size, size distribution,

shape, among other parameters? (Figure 6.6).

Incoming _ _ 120 qg=4n Sil‘l(@)/?t
radiation >_ QQ Transmitted X-ray
Sample

Figure 6.6: Representative image of the SAXS measurement. The modulus of the scattering
vector is defined as g, the scattering angle as 26, and the X-ray wavelength as A.
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Small-Angle X-ray Scattering (SAXS) data from Blank-DELOS nanovesicles and rhEGF-DELOS nanovesicles
with 100 pg-mL? rhEGF, were obtained on the NCD beamline at the ALBA Synchrotron (Catalonia,
Spain). The radiation wavelength was set to A = 0.148 nm and a MarCCD detector (two-dimensional
position-sensitive detector) was used to record the scattering patterns. The sample-to-detector
distance was set to ~1000 mm allowing a scattering vector modulus interval from 0.11 to 3.3 nm?,
where q is the magnitude of the scattering vector defined by q = (4swt/A) sinB (26 being the scattering
angle). Samples were in a liquid sample holder between two mica windows with a 1 mm spacer,
placed perpendicular to the incoming beam. The obtained curves (data collection of 5 minutes) were

normalized by taking into account the X-ray beam intensity decrease during the experiment.

The scattering curve of the dispersant media was subtracted from the sample’s SAXS signal,
considering each sample’s attenuation. All measurements were taken at room temperature of
22 °C. Additional measurements were done on an aged Blank-DELOS nanovesicles sample (20
months after preparation) at the in-house optimized Bruker AXS NanoSTAR instrument at Aarhus
University, which uses an Excillum metal jet X-ray source. At this instrument, both the sample and
background are measured in the same flow-through quartz capillary. The data were fitted with a
model of spherical vesicles with a Gaussian number size distribution. The vesicles have a shell-
core-shell cross-section structure, where the core has a negative scattering contrast due to the
hydrocarbon parts of the surfactant and cholesterol, which have a lower electron density than
the buffer, and the two shells have the same positive scattering length density, which is due to the
higher electron density of the surfactant head group and the partly associated counterions. The
interfaces between core and shells were graded. The model was fitted to the data using non-linear

least-squares method?, and the instrumental smearing was estimated and included*.

For the quantification of cholesterol and CTAB self-assembled in the rhEGF-DELOS nanovesicles,
HPLC technique (1100 series, Agilent Technologies (USA)) equipped with an Evaporative Light
Scattering Detector, ELSD (1260 infinity ELSD, Agilent Technologies (USA)) was performed. For
the quantification of CTAB and cholesterol, two different methods with two different columns
were employed because of their distinct chemical nature. Cholesterol separation was carried out
using a C18 Symmetry® (5 um; 4.6 x 150 mm) column (Waters Cromatografia S.A.) with an ELSD
nebulization temperature of 40 °C and evaporative temperature of 80 °C. The mobile phase for
the cholesterol was a mixture of methanol with water (MeOH:H,0) (95:5) (mobile phase A) and
formic acid (0.1% HCOOH) in isopropanol (IPA) (mobile phase B) using gradient flow conditions. The
separation of CTAB was carried out with an InfinityLab Poroshell 120 EC-C18 (4 um; 4.6 x 100 mm)
column (Agilent Technologies) with an ELSD nebulization temperature of 40 °C and evaporative
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temperature of 90 °C. The mobile phase was a mixture of 50 mM CH,COONH, and acetic acid
(HACO) pH = 3.6 (mobile phase A) and acetic acid (1% HAcO) in methanol (MeOH) (mobile phase

B) using gradient flow conditions.

To determine the rhEGF molecular mass, High-Performance Liquid Chromatography-Electrospray
lonisation-Mass Spectrometry (HPLC-ESI-MS) system (Agilent Technologies) was used with the
same column and gradient elution that was used for HPLC analysis. ESI mass spectrometry was
performed in positive ionization mode at a drying gas temperature of 230°C. The dry gas flow rate
was 10.0 L'min?, and the capillary voltage was 5000 V. The pressure of the nebulizer was set at

68.00 psi, and the scan spectra range from m/z 100 to 3000 m/z.

Absorption spectra were acquired using a Varian Cary 5000 UV-Vis-NIR spectrophotometer (Agilent
Technologies, Santa Clara, USA). In particular, spectra were acquired by placing samples in a quartz
SUPRASIL high precision cell (Hellma Analytics, MUllheim, Germany) with 1 cm pathlength at room
temperature (25 °C).

Fluorescence spectra were recorded on a Cary Eclipse fluorescence spectrophotometer (Varian
Inc., USA) at 25 °C. The intrinsic fluorescence emission spectra of proteins were measured in the
range of 305 — 450 nm after excitation at 295 nm, to obtain fluorescence spectra derived from
the tryptophan (Trp) residues®. A bandwidth of 5 nm was used both for excitation and emission. A
bulk-free rhEGF or rhEGF-DELOS nanovesicles concentration of 25 to 100 pg-mL* as well as quartz
cuvettes of 1.0 cm optical path were used. The baseline was corrected using dispersant media

solution for free rhEGF, and Blank-DELOS nanovesicles dispersion for rhEGF-DELOS nanovesicles.

Changesintheintrinsicfluorescence emission of Trp residues located in different microenvironments
were measured after the addition of increasing amounts of acrylamide as a water-soluble
attenuator>®. The acrylamide concentration was manually titrated and ranged from 4 to 182
mmol-Lt. Three replicates of each sample were evaluated under agitation at 25 °C and 120 s
response time. The ratio of acrylamide absence (F,) and presence (F,,) fluorescence intensities
were determined for each acrylamide concentration ([AA]) and evaluated after excitation at 295

nm. The relative exposure of Trp residues in free rhEGF and rhEGF-DELOS nanovesicles structure
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were estimated from the Stern-Volmer constant (K ). This constant is obtained from the linear

regression of the experimental results according to the Equation 6.1°:

o . i = .
2= 14Ky [AAIE =1+ Ky - [44] (6)

Fluorescence emission and excitation spectra were collected with a Varian Cary Eclipse (Agilent
Technologies, Santa Clara, USA) in all Chapters, except for Section 4.3, in which Horiba Jobin-
Yvon IBH FL-322 Fluorolog 3 spectrometer was used. The cuvette used was quartz SUPRASIL high
precision cell (Hellma Analytics, Mullheim, Germany) with 1 cm pathlength.

1. InChapter3, fluorescence emission spectra were collected excitatingat 490 nm and the emission
were collected at 500-800 nm for non-gellified and gellified Dil/DiD-DELOS nanovesicles. In all

the cases, samples were diluted 10 times in water.

The efficiency of energy transfer (E which is the fraction of photons absorbed by the donor

FRET)
which are transferred to the acceptor was calculated by:

2. In Chapter 4, uncoated Dil-DELOS nanovesicles and Alexa-SCDN were excited at 500 nm and
emission spectra were collected from 525-800 with an excitation and emission slit of 4 and 1

and 5 and 3, respectively.

To determine the entrapment efficiency of rhEGF in the nanovesicles, an analytical methodology
was defined. This method is useful to determine the rhEGF quantity integrated in the membrane of

the DELOS nanovesicles and the free rhEGF in the dispersant medium.

This methodology consists on first ultracentrifugate the suspension of rhEGF-DELOS nanovesicles,
by splitting the integrated rhEGF in the nanovesicles from the free rhEGF in the medium. To do it, a
Sorvall Discovery M150 SE equipment and S150-AT rotor (Thermo Scientific, Massachusetts, USA)
were used. In particular, 1 mL of sample was loaded in the sample tube. The ultracentrifugation
tubes were placed in the 8-hole rotor and a constant force of 600.000 g at 4 °C for 6 h.

Afterwards, the supernatant was removed, and the pellet reconstituted with same dispersant
media volume. The rhEGF content was analyzed by intrinsic Trp fluorescence spectra as previously
described in Section 6.3.7.1. The EE% performed in triplicate was calculated using Equation 6.2,

where [FI is the fluorescence emission intensity at 346 nm.

346nm]
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Optical microscopy was used to control the homogeneity of the prepared DELOS nanovesicles in
liquid suspension and in hydrogel dosage forms. To test them, a drop of the hydrogel samples was
placed between a glass slide. Then, the microscopic examination was carried out at a temperature
of 20.0 £ 0.1 °C by the Olympus DP20 Microscope Digital Camera, using a five times magnification

to get a proper observation of the hydrogel.

The rheological characterization of hydrogels enriched with DELOS nanovesicles was determined by
a HAAKE RheoStress 1 rheometer (Thermo Fisher Scientific™, Karlsruhe, Germany). Measurements
were performed at 20.0 + 0.1 °C using a configuration of a cone-and-plate geometry (plate diameter
of 60 mm, and cone angle of 2° with a gap of 0.105 mm). Continuous shear investigations were
performed to evaluate the shear stress (Pa) as a function of shear rate (s™*). This study was carried
out over a shear rate of 0-50 s™*for 3 min, then measurement was maintained at a constant shear
rate of 50 s for 1 min, and back to 0 s™ for 3 min, to mimic similar conditions to the real topic
administration of a hydrogel. Viscosity was measured by evaluating the shear stress versus the

shear rate in the phase of a constant shear rate of 50 s™%.

In the case of Poloxamer 407-based hydrogels, samples were applied in the plate from the fridge

and so in liquid state and then, left 1 minute at room temperature to gain the semisolid form.

Gellified Dil/DiD-DELOS nanovesicles were imaged with a Leica TCS SP5 AOBS spectral confocal
microscope (Leica Microsystems, Wetzlar, Germany) equipped with an HCX PL APO lambda blue
63.0 x 1.40 OIL UV objective (1.4 NA). To image the two dyes, present in the DELOS nanovesicles,
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Dil and DiD, a drop of the hydrogel sample was placed on a MatTek 35 mm glass-bottom dish. The
excitation wavelength was 488 and 633 nm for Dil and DiD, respectively. Detection was performed
with photomultiplier tubes at specific ranges as follows: Dil was detected within the range of 540—
610 nm and DiD within the 650-780 nm range. A z-stack of square images (512 x 512) at 8-bit
depth were recorded at several positions for each sample using a z-step size of 0.17 um. Finally,
3D reconstruction of the Dil/DiD-DELOS nanovesicles-based hydrogel images was generated from

confocal z-stacks using the Imaris 9.2 Software (Oxford Instruments, Abingdon, UK).

A sandwich-type ELISA was used to quantify the concentration of rhEGF. The rhEGF contained in
the sample was captured in an initial step by a monoclonal antibody (mouse CB.EGF.1 clone, CIGB,
Cuba) coupledto the solid phase, the second antibody bound to the enzyme (peroxidase-conjugated
mouse CB.EGF.2 clone, CIGB, Cuba) recognizes rhEGF in a second step. The ELISA procedure was
previously described>. For quantification in rhEGF-DELOS nanovesicles nanoconjugates, a first
1/10 dilution of samples in absolute ethanol was done to warranty the complete release of rhEGF

protein. Then, further dilutions were done in assay buffer.

The protein release profile from the rhEGF-DELOS nanovesicles at 100 ug mL* rhEGF was monitored
in 1 mL of dispersant media solution at pH 5.5 and 7.0 (histidine buffer (5 mM, pH 7.0/10% EtOH
vvl), in a thermostatic bath (model SL-150/22, Solab) at 32 and 37 °C + 2 °C. At the specific
intervals (0, 0.5, 1, 2 and 3 days), the content of vials were centrifuged at 600.000 g at 4 °C for 6 h,
the supernatant removed, and the protein concentration determined using the ELISA method, in
triplicate. The cumulative percentage of released protein (CRP%) for each time point was calculated
using Equation 6.3, where [rhEGF] is the rhEGF concentration by ELISA (see Section 6.4.1) . The
CRP% was plotted versus time.

CRP{EH}] :( [r'hEGF]supernﬂfnﬂf ) =100 (6-3)

[rhECF] g e ng sample
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The ability of free and rhEGF-DELOS nanovesicles to stimulate the proliferation of BALB/c 3T3
clone A31 murine fibroblast cells (ECACC, Wiltshire, UK) was measured by a colorimetric assay>.
Cells were seeded at a density of 1.5-10° cells‘mL™ in 100 uL-well* of DMEM supplemented at
5% fetal bovine serum in 96-well plates. Then, cells were stressed until a quiescence state and
incubated with different amounts of free rhEGF and rhEGF-DELOS nanovesicles (diluted in DMEM
at dilutions > 1/1000). In the case of hydrogels, they were previously diluted 1:10 in water for
adequate pipetting.

Afterward, the medium was removed, and the viable cells were determined by crystal violet staining.
Finally, the plate was read at 578 nm using a Sensident Scan Microplate spectrophotometer (Merck,
Germany). The results were expressed as international units (IU), compared to a working reference
material that was calibrated against the 91/530 EGF standard (NIBSC, Hertfordshire, UK). The
biological activity of free rhEGF and rhEGF-DELOS nanovesicles was assessed from the absorbance
at 578 nm (A578 nm) using parallel line assay statistical software based on the previously described
methodology>. Also by the same statistical software from dose-response curves were calculated
the half-maximal effective dose (ED50). The specific activity of rhEGF in cell proliferation assay is
defined by Equation 6.4.

11 proliferati -me=1)
Specific thEGF bioactivity (IU - mg™1) = (o assay (IU-m™!)

] (6.4)

rhEGF nominal concentration (mg- me=1]

The calculation of the percentage of maximum stimulation (MS%) of the free rhEGF and rhEGF-
DELOS nanovesicles in the samples, at a preset concentration (Ci), was made from the absorbance
readings at 578 nm (A), through Equation 6.5, where ACl is the absorbance of the sample with Ci
concentration of rhEGF, A, is the absorbance of the sample without free rhEGF and rhEGF-DELOS
nanovesicles, and A is the absorbance of the sample with the highest concentration of free
rhEGF and rhEGF-DELOS nanovesicles evaluated in the curve.

MS(%) = (S92t __).100  (6.5)

AMaximum ~ ABlank
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The enzymatic reactions were prepared in the same dispersant media as rhEGF-DELOS nanovesicles
(buffer histidine (5 mM, pH 7.0)/10% EtOH (v-v'), and chymotrypsin was added to using an
enzyme:substrate ratio of 1:20 (w-w). Then, 1.0 mL of free rhEGF and rhEGF-DELOS nanovesicles
at 25 or 100 ug-mL* equivalent rhEGF solutions and chymotrypsin (Sigma, R9759) were mixed and
incubated in a shaking incubator (120 rpm, 32 + 2 °C) for 3, 6, 12 or 24 h. Reactions were terminated
by the addition of 25 pL of formic acid (Sigma-Aldrich). Then, samples were diluted in the ELISA
assay buffer and rhEGF quantitated as described below. At time 0 minutes, the same reaction was
run and immediately stopped with formic acid. The percentages of remaining rhEGF against the

data at O h’ time point as 100% were plotted against time to show relative rates of EGF cleavage.

The effectiveness of the different nanoformulations was assayed against Gram-positive bacteria
(Staphylococcus aureus ATCC 6538, Bacillus subtilis ATCC 6633), Gram-negative bacteria (E. coli ATCC
8739, Pseudomonas aeruginosa ATCC 9027), and fungi (Candida albicans ATCC 10231, Aspergillus
brasiliensis ATCC 16404) using the technique of agar well diffusion method*>. These microorganisms
were identified and provided by the Belgian Coordinated Collections of Microorganisms, BCCM/
LMG (Belgium). Bacteria were grown overnight at 37 + 2 °Cin Tryptone Soy Broth (Oxoid), and fungi
were incubated for 72 h at 28 £ 2 °Cin Sabouraud Dextrose Broth (Oxoid). These suspensions were
used as inocula. A final inoculum, using 100 pL of a suspension containing 106 colony-forming units
mL? of bacteria, or 103 spores-mL? of fungus, was spread on Tryptone Soy Agar and Sabouraud
Dextrose Agar (Oxoid) plates, respectively. Then, a hole with a diameter of 6 mm was punched
aseptically with a sterile tip, and a volume of 100 uL of the Blank-DELOS nanovesicles or rhEGF-
DELOS nanovesicles at rhEGF equivalent concentrations of 25 or 100 ug-mL*was introduced into
the well. After that, agar assay plates were incubated at 37 + 2 °C for 24 h for bacteria and at 28
+ 2 °C for 72 h for yeast and fungi, depending on the incubation time required for visible growth.
The antimicrobial agent diffuses in the agar medium and inhibits the growth of the microbial strain

tested, and then the diameters of inhibition growth zones are measured.

Human skin from plastic surgery (Biopredic) was used to compare the permeation of free
rhEGF and rhEGF-DELOS nanovesicles. The skin was obtained from the abdominal region of

a healthy 40-year-old woman who voluntarily signed an IRB validated donor consent form
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that specifically lists both the intended uses for the donation for non-clinical research and
confirms the procedures for processing the samples are in compliance with all legal and ethical
regulations. Skin was dermatomed to 400 um thickness and shipped on dry ice. The absorption/
permeation study was performed in Static Franz diffusion cells (GMBH — Analysesysteme),
consisting of a receptor and a donor glass chamber fixed together with a clamp. The receptor
chamber was filled with PBS (8 mL) and maintained constantly stirred and at 32 °C. Skin was
removed from the freezer, cut in 4 cm? and left to thaw for 30 min at room temperature. Then,
each piece was tape-stripped 10 times with Scotch Crystal Tape and placed on the Franz cells
with the epidermal side facing up. Following 1 h, the Transepidermal water loss (TEWL) was
measured with a specific probe (Dermalab series skinlab usb) to evaluate the integrity of the
skin, showing similar values between 60 and 80 g-m2-h. Then, 100 pL of the test solutions
were applied on the epidermal side of each skin and the opening of the donor compartment
was sealed with parafilm, limiting product evaporation as with dressings. At different time
points (0, 1, 2, 4, 6, 7, 8, 24 h), aliquots were collected from the receptor side and replaced
with an equal volume of PBS immediately after each sample collection. After 24 h of product
application, skin specimens were processed and 3 fractions were generated: The non-
trespassed, the absorbed, and the permeated. rhEGF from these fractions as well as from the
applied samples were quantified with the Human EGF DuoSet ELISA (R&D Systems) following
manufacturer’s instructions. In addition, CTAB from the applied and permeated samples was
analyzed by UPLC-MS/MS.

To assess acute skin irritation of the nanocarriers Blank-DELOS nanovesicles and rhEGF-DELOS
nanovesicles, the skin irritation test based on the OECD guideline 439 was carried out using the
in vitro human epidermal model EpiSkin™. The method consists of the application of the test
product and the subsequent determination of cell viability (assessed by MTT assay)® as well as
the measurement of interleukin-1a (IL-1a) levels induced by the irritating processes (assessed
by Diaclone in vitro test). Controls such as PBS and a solution of 5% SDS in PBS (negative and
positive control, respectively), as well as CTAB surfactant solubilized in the dispersant medium
and the dispersant medium alone, were used. To assess acute skin irritation, all the products
were exposed to the epidermis for 24 and 48 h. According to this predictive model, a product is
considered skin irritant when the cell viability is < 50%, and the concentration of IL-1a release is
> 40 pg-mL™.
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Antimicrobial activity of DELOS nanovesicles was assayed against Acinetobacter baumannii ATCC
15149, Propionibacterium acnes, Staphylococcus aureus ATCC 29213, Malassezia furfur ATCC
14251, Candida albicans ATCC 10231, Trichonphyton mentagrophytes ATCC 9533, Tricophyton
rubrum CECT2794.

Sequential dilutions of DELOS nanovesicles were prepared in Mueller-Hinton broth supplemented
with Ca and Mg for Acinetobacter baumannii, Propionibacterium acnes and Staphylococcus aureus
strains. On the contrary, Candida albicans, Trichonphyton mentagrophytes and Tricophyton rubrum

were diluted in RPMI media while Malassezia furfur was diluted with modified Dixon media.

After the preparation, 0.1 mL per well of each DELOS nanovesicles dilution, in replicate, were
inoculated with the microorganism suspension, for a final microorganism count of 2-8-10°
CFU-mL™. In parallel, 0.1 mL per well of the media without DELOS nanovesicles were prepared in
replicate as a growth control. Moreover, 0.1 mL per well of the media without microorganisms
were also prepared as sterility control. The plates were incubated at the temperature and time
required for each strain (see Table 6.1). Finally, visual and spectrophotometric lecture of the
bacteria and Candida was carried out, while visual for fungi. Then, MIC was defined as the lowest
concentration of DELOS nanovesicles at which no visible microbial growth was detected after the
defined time.

Table 6.1: Media and incubation time recommended for each evaluated strain.

Strain Media Incubation time (h)

P. acnes Broth Mueller-Hinton modified 72

S. aureus Broth Mueller-Hinton modified 19
Baumanni Broth Mueller-Hinton modified 19

M. furfur Broth Dixon modified 72
Albicans RPMI 24

T. rubrum RPMI 96

T. mentagrophytes RPMI 96
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The preclinical studies of the nanoformulations are crucial to simulate the clinical environment.
Experiments performed on animal models had to provide justifiable comparisons to human
beings and were therefore made with db/db mice, which is the most widely used mouse model
for Type 2 diabetes mellitus. The excisional wound in db/db mice has been validated as a relevant
model for simulating the chronic wounds of type Il diabetes!!. The study was carried out in male
db/db Mus Musculus mice (BKS(D)-Leprdb/JOrIRj), aged about 8 weeks, weighing 30 to 40 g
(Janvier Laboratories, Le Genest-Saint-Isle, France). On the first day of the study, the animals
were anesthetized (inhaled isoflurane) and the back of the animal was shaved and cleaned with
disinfectant. Subsequently, a 1.2 mm thick silicone sheet was placed with a circular central opening
of 12 mm internal diameter which was fixed with 4 stitches (Arago silk 4/0) to minimize and avoid
retraction of the skin. This rigid disk was sutured in the posterior part of the mouse, around
the place where the wounds were made later to avoid contraction and that the healing occurs
mainly by re-epithelialization. After this, the two wounds were made, with a total diameter of
0.8 cm and that extended to Panniculus carnosus. The wound was made using an 8 mm diameter
circular biopsy punch, removing the skin from the mid-dorsal area. In the area of the wounds,
the test product was administered with the help of a sterile drip micropipette on the peripheral
edges and on the injury itself, which was subsequently covered with a sterile semi-permeable
dressing Tegaderm™ (3M, St Paul, Minnesota). The monitoring and administration of the product
was carried out three times a week for 14 days (d0, d2, d4, d7, d9, d11, d14). All treatments were
administered locally (irrigating solution- 30 pL per wound) and then wounds were covered with
Tegaderm™. One other daily dressing change consisted of sterile water for injection irrigation,
treatment reapplication, and clean Tegaderm™ reapplication. The animals were randomly
distributed into four treatments groups: rheGF-DELOS nanovesicles group containing 100 ug mL*
rhEGF (N = 3), free rhEGF group containing 100 pg-mL* rhEGF (N=2), Blank-DELOS nanovesicles
group (N = 3) and the dispersant medium control group (N = 3) (dispersant media served as the
solvent in the other three groups). Wounds were photographed to evaluate the degree of wound
closure. Subsequent image analysis was performed using Imagel” software (Biophotonics Facility,
University of McMaster, Canada). Wound closure was expressed as a percentage of original

wound size, through Equation 6.6.

Wound area at day (0) — Wound area at day (x)

Wound closure (%) = ( ) X 100 (6.6)

Wound area at day (0}
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Inaddition, the health status of the animals wasobserved dailyandsignsofinfectionandinflammation
in the wounds were assessed on each monitoring day. The body weights of the animals were also
recorded at each follow-up. After the last measurement of the ulcerated area, and coinciding with

the end of the study, blood was taken for general hematological and biochemical analysis.

All animal experiments were approved by the Committee on the Ethics of Animal Experiments
of Minimally Invasive Surgery Centre Jesus Usén and by the Council of Agriculture and Rural
Development of the Regional Government of Extremadura (APAFIS#4438-2015092514508030 v7),
and in accordance with the INSERM guidelines and European Community directives for the care

and use of laboratory animals (Caceres, Spain).

Male and female Sprague-Dawley rats weighting approximately 250 g for females and 350 g for
males were housed in suspended polypropylene/stainless steel grid cages and maintained with
normal diet for the 1-week study. Three rats/sex/group were daily treated by the subcutaneous
route with Group 1,2,3,4 and 5 samples (Table 6.2).

Criteria evaluated for treatment-related effects were body weight, clinical signs such signs of
aggression, abnormal fur and behavior. One week before the endogenous levels of EGF in rat was
quantified, using the Quantikine ELISA kit, to determine the Basal levels of protein at different
points of the day (first thing in the morning, noon, late afternoon) and thus verify that the levels

are minimal and not influenced by circadian cycles.

All animals were sacrificed at the same day of the dosing cycle (during the morning of the first day
without compound), 4 h after las administration. Blood sampling (cholesterol and haematocrit)
and macroscopic examination of post-mortem tissues and organs were performed. In addition,
guantification of EGF and CTAB levels in brain, lung, heart, liver, spleen, pancreas and kidney were

evaluated.
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Table 6.2: Composition of the defined groups administered in the “1-week dose range study in
rats” pilot assay.

GROUP 1 GROUP 2 GROUP 3 GROUP 4 GROUP 5
rhEGF- rhEGF- rhEGF-
 Dispersant  DBlank-DELOS DELOS DELOS DELOS
Composition Ly nanovesicles ; ; ;
medium (Higher dose) nanovesicles nanovesicles nanovesicles
g (Lower dose) (original) (Higher dose)
rh-EGF 0,0 0,0 0,006 0,1 1,0
(mg:mL*)
CTAB,l 0,0 27,0 0,15 2,70 27,0
(mg-mL™)
Cholesterol 0,0 28,3 0,16 2,83 28,3
(mg-mL™)
Histidine 0,60 0,60 0,60 0,60 0,60
(mg:mL?)
Ethanol 0,107 0,107 0,107 0,107 0,107
(mL-mL?)
Water for
. . C.S. C.S. C.S. C.S. C.S.
injection

1The dispersant media is based on histidine buffer (5 mM, pH 7.0)/10% EtOH (v-v?).

A four-parameter logistic transformation was used for the determination of the in vitro biological
activity of EGF and the half-maximal effective dose (ED50). Results are expressed as a mean value
with its standard deviation (mean * SD) of each sample unless otherwise mentioned, and sample

size (n) is reported in each figure legend with all experiments replicated at least 2-3 times.

Unless otherwise stated, the statistical significance among groups was analyzed by one-way analysis
of variance (ANOVA) followed by Tukey’s multiple comparison post-hoc test. For cytocompatibility,
the statistical analysis was performed with the paired student’s t-test. For in vitro skin irritation in
the reconstructed human epidermal model Episkin™and for ex vivo permeation through damaged
skin, the statistical significance was determined via two-way ANOVA with Dunnett and Sidak post
hoc test, respectively. In all cases, statistical differences were accepted as significant (*p < 0.05),
very significant (**p < 0.01) or as highly significant (***p < 0.001) according to the obtained
p-value. Statistical analysis was performed using Minitab-17 Statistical Software Package (Minitab
Inc., State College, USA).
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Fluorescence measurements and titration experiments were performed at 25 °C using a Cary

Eclipse fluorescence spectrophotometer (Varian Inc., USA)

Sticholysins (Stll and StIW111C) were prepared in PBS 100 (Mm; pH 7.4) in a total concentration of
1 mM. An excitation wavelength of 295 nm was used, and both excitation and emission slits were

set to 10 nm. Emission spectra were collected in the range of 310-450 nm.

Surfactant-based systems were titrated by stepwise addition of small aliquots into the cuvette
containing the sticholysin solution. After each addition of surfactant-based systems, the fluorescence

spectrum was recorded.

Fluorescence quenching by acrylamide was assessed using the same equipment as fluorescence
measurements. In this case, acrylamide quenching was evaluated from the decrease in fluorescence
intensity as a function of acrylamide concentration in the absence and presence of the maximum
concentration of the surfactant-based systems. This concentration was the one assessed in the

titration studies, in which the emission fluorescence of the stycholisins were already saturated.
The guenching constants, Ksv were obtained from the slopes of Stern-Volmer plots (Equation 6.1)

Data were analyzed with Origin (Pro), Version 2019b (OriginLab Corporation, Northampon, MA,
USA). Recorded data were corrected subtracting background intensities measured in samples

without protein and by its dilution factor.

To prepare the SCDN in general, different steps were followed thanks to the described procedure
obtained previously from the Thesis of Dr. Mariel Kubli. First, CTAB-DELOS nanovesicles or Dil-DELOS
nanovesicles were prepared using DELOS-susp procedure (see Section 6.2.1). The DELOS nanovesicles

suspension was then dialyzed to eliminate the free components and the EtOH of the formulation.

Afterwards, ImL of DELOS nanovesicles suspension was further diluted with 6.5 mL of distilled
water in a 25 mL round bottom flask. Once diluted, 50 mM of HCl were added to the solution until
pH 3 was reached under stirring. In this case, pH indicator test strips non-bleeding, Dosatest from

VWR Chemicals were used to determine the pH of the sample.

Then, silica precursors were prepared, using the following quantities:
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To prepare standard-SCDN, CTAB-DELOS nanovesicles membrane components:TEMOS molar ratio
of 1:108 was used. The corresponding volume of TEMOS was mixed with pure EtOH reaching a
total final volume of 1 mL. To consider the mol of membrane components, first the concentration
of membrane components in mg-mL? was calculated. Then, this value was converted to mol by
just taking into consideration the molecular weight of the surfactant used. For example, if DELOS
nanovesicles had a membrane concentration of 5.3 mg-mL™* and the molecular weight of CTAB is

364.45, the total mol of membrane components would have been 1.45-10° mol).

The synthesis of Alexa-SCDN was similar to the one described for standard-SCDN. In this case Dil-
DELOS nanovesicles were used and a similar molar ratio of DELOS nanovesicles membrane and
TEMOS was used (1:108). In addition, TEMOS was combined with APTES and Alexa Fluor 647 dye
and mixed with pure EtOH reaching a total final volume of 1 mL, using the following quantities
(Table 6.3):

Table 6.3: Composition of the silica coating components in Alexa-SCDN

Molar ratio membrane components:coating
component
System TEMOS APTES Alexa Fluor 647 dye

Alexa-SCDN 108 0.04 0.03

It should be taken into account that all these values of equivalence were calculated previously from
work of Dr. Mariel Kubli to have an excess of silica in the system that ensures the total coating of
the DELOS nanovesicles.

At that point, the corresponding volume of the silica precursors was added to a syringe and placed
in a syringe pump. Then, the syringe needle was placed inside the DELOS nanovescile solution
balloon stirring at motion 9. A flux of 2 mL-min? was set and left pumping for 8 h. Once finished,
the syringe and the needle were removed and the balloon was kept stirring at over 5 days at 1200
rom for ensuring a correct coating of DELOS nanovesicles. Having completed this period, the
reaction was stopped by sample dialysis over water (see Section 6.7.2.1) to remove unreacted and
associated silica precursors and to eliminate the acidic environment to a more neutral one (Figure

6.6). All samples were stored at 4 °C for further studies.
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Figure 6.6: representative image of the steps involved in the preparation of the SCDN.

A volume of 5 mL of the DELOS nanovesicles formulation was put in a dialysis bag (around 15 cm in
length) which was tied for both ends. Dialysis tubing consisted in cellulose membrane of average
flat width of 25 mm (1.0 in.) and a typical molecular weight cut-off of 14 kDa. The dialysis bag was
suspended in a 100 mL of water and maintained under stirring at 200 rom. At intervals of 15 min,
the dispersant medium was replaced with new one. This procedure is repeated 4 times. Then,
samples were taken from the dialysis back with a Pasteur pipette and kept in vials at 4 °C.

ATR measurements were performed on an ATR IRAffinity-1 instrument (Shimadzu Scientific
Instruments). The analyzed samples were prepared by drop-casting 20 uL of the DELOS nanovesicles
or the SCDN dispersion directly onto the sample plate surface. Since the sample was liquid, it was
dried with air to measure it properly.

The morphology and structure of SCDN samples were characterized using a Scanning Transmission
Electron Microscopy (STEM) (FEI Quanta FEG 250 instrument, FEI corporate, Hillsboro, Oregon, USA)
with an acceleration voltage of 30 KV and a MERLIN FE-SEM scanning electron microscope (SEM).
The energy-dispersive x-ray (EDX) was also performed during the scanning electron microscope
measurements.
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In all the cases, samples were prepared by drop-casting the formulations into a grid. The grid was

left for being dried for 1 hour and then, images were taken.

The stability of the silica coating of uncoated Dil-DELOS nanovesicles and Alexa-SCDN was monitored
from 0 to 4 days using fluorescence spectroscopy as described in Section 6.3.7.2. Samples were
diluted 1:4 in water or PBS in the presence and absence of 10 mM GSH (Figure 6.7) . The solution
was kept in a quartz cuvette with mild stirring at 37 °C in a bath. For the stability of CTAB-DELOS
nanovesicles and standard-SCDN, the same procedure was carried out and samples were diluted
in SGF and PBS.

At different time points, samples were exited at 500 nm and the fluorescence emission spectra was
recorded from 525-800 nm with Horiba Jobin-Yvon IBH FL-322 Fluorolog 3 spectrometer. In all the
cases. For the control (uncoated Dil-DELOS nanovesicles), the excitation and emission slit of 4 and

1, respectively, while for Alexa-SCDN, the slits were 5 and 3, respectively.

Water PBS
Water  .GsH  PBS  LGsH

Figure 6.7: Design of the stability of the silica coating test set up.
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