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Abstract

The 2030 Agenda for Sustainable Development, adopted by all members of
the United Nations, includes goals to secure an increased responsibility in the
use and consumption of meat products. The global demand and increase in
production and consumption of such products have lead to the accumulation
of large amounts of organic waste, i.e., rest raw materials after the edible part
is used. Rest raw materials such as skin, bones and tendons are often rich in
fibrous proteins, in particular collagen. The aim of the present thesis was to
investigate how rest raw materials from Norwegian industrially produced turkey
(Meleagris gallopavo) could be utilized as a source of collagen suitable for use in
pharmaceutical and biomedical applications. Further, the aim was to investigate
the suitability of new environmentally friendly solvents and natural crosslinkers
as sustainable formulation strategies.

Collagen was isolated and characterized with respect to properties describing
the protein’s molecular functions, stability and biocompatibility. Properties
studied confirmed the suitability of the isolated collagen for further use in
formulation of pharmaceutical and biomedical products. The isolated collagen
was used in preparation of formulations relevant for pharmaceutical (drug
delivery) and biomedical (tissue engineering and wound healing) applications.
Hydrogels, sponges and freeze-dried sheets were prepared.

Hydrogels were prepared by neutralization and optional photochemical
crosslinking of acidic collagen solutions. Photochemical crosslinking was
performed by application of riboflavin and its photo-oxidation product,
lumichrome. The mechanical properties, water holding capacity and enzymatic
degradation profile were investigated. Cell studies were performed to evaluate
biocompatibility and behavior of fibroblasts on the hydrogels in 2D. The results
indicated that the hydrogels may be suitable for biomedical applications, such
as skin tissue engineering and wound healing. The dual effect of lumichrome as
a photochemical crosslinker and a photosensitizer in antibacterial applications
was studied and indicated a potential for the hydrogels in such applications.
Freeze-dried sponges were prepared from riboflavin crosslinked hydrogels. The
morphology, thermal stability and release of an active pharmaceutical ingredient
were investigated. The results indicated that the sponges could be suitable for
further development into scaffolds for cells.

Natural deep eutectic solvents (NADES) have proven to be suitable as
alternatives to conventional solvents. The NADES can also possess antibacterial
properties (either alone or in combination with photosensitizers and light). A
combination of collagen and NADES has the potential to add the unique wound
healing properties of collagen to the antibacterial properties of the NADES.
The molecular properties of collagen in the NADES were studied. While the

Vii



Abstract

collagen seemed to unfold and degrade in undiluted NADES, a highly diluted
NADES preserved the triple helical structure of the protein. The combination
of diluted NADES and collagen was further investigated as combinations in
collagen formulations. Freeze-drying of collagen-NADES solutions resulted in
thin sheets with NADES concentrated within the protein structure, increasing
the plasticity of the material.

The findings in the present thesis provide the basis for further use of turkey
rest raw materials in pharmaceutical and biomedical applications, and suggests
the isolation of collagen as an sustainable alternative in waste management.
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Chapter 1
Introduction

Good health, clean water, clean energy and responsible consumption and
production are goals included in the 2030 Agenda for Sustainable Development,
adopted by all member states of the United Nations . Important areas of
action for these goals are the responsible use and consumption of meat products,
reduced environmental pollution and circular bioeconomy. The global demand
and increase in production and consumption of meat products have lead to the
accumulation of large amounts of organic waste and byproducts, which will have
impact on the Sustainable Development goals . The organic waste and
byproducts include the remains after industrial production of meat, poultry and
fish products . The waste management continues to be an important issue
related to environmental pollution . The slaughterhouse waste is often utilized
as source for renewable energy, such as the production of biofuel, in pet food, but
also incinerated without energy recovery @ Examples of successful use of waste
and byproducts in the development of new products are extraction of eggshell
membrane to produce biomedical scaffolds, development of wood adhesives from
animal-based proteins and isolation of collagen from connective tissue for both
food and non-food applications such as sausage casings and the production of
biomedical devices, respectively .

The remains from the food production after the edible part is utilized are
defined as rest raw materials. Examples of such materials are skin, bones
and tendons ﬂgﬂ These materials are rich in fibrous proteins, in particular
collagen. Collagen has previously been isolated from bovine, porcine, equine,
avian and aquatic species [10H14]. In this thesis, collagen was isolated from
turkey (Meleagris gallopavo) rest raw material and characterized with respect to
potential use in pharmaceutical and biomedical applications.

1.1 Collagen

Collagen is the major fibrous component and protein in both human and animal
connective tissue, constituting about 20-30% of the total protein weight. Collagen
has in its native form a characteristic triple helical structure formed by three
a-chains held together by hydrogen bonds (Figure . The a-chains are built
up by repeating triplets of the amino acid sequence glycine-X-Y, where X and Y
are often proline and its metabolite hydroxyproline .

1.1.1 Molecular properties and biosynthesis

The most common collagen-producing cells are fibroblasts. These cells are found
in connective tissue throughout the body and produce extracellular matrix (ECM)
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Alpha chain

Collagen
triple helix

L J1 |
\'%4 \'%4

C-terminal ~C-terminal
telopeptide  propeptide

Figure 1.1: Illustration of a collagen type I molecule, consisting of three alpha
chains (two 1 (I) and one ay(1)) forming a helix with a c-terminal propeptide and
telopeptide. The telopeptide is cleaved off during pepsin treatment. (Created
with BioRender.com).

components . In the nuclei of the fibroblasts, genes for the pro-a chains
are transcribed producing mRNA. The translation of the mRNA is done by
ribosomes in the cytoplasm, and the pre-pro-polypeptide chain is produced. The
post-translational modifications of collagen start in the endoplasmic reticulum
(ER) of the cells. Important steps of the modification include removal of the
signal peptide on the N-terminal, hydroxylation of the amino acids lysine and
proline by hydroxylase enzymes requiring ascorbic acid (vitamin C) as a co-
factor, and the glycosylation of hydroxylated lysine [18]. Winding of the
a-chains into a triple helix produces a collagen molecule with non-helical terminal
peptides called procollagen. After synthesis of procollagen, the molecule will
move out of the ER and move over the Golgi stacks before the propeptides
are removed by peptidases in the extracellular space . This produces
a collagen molecule able to assemble into fibrils. At this stage, the endings
of the molecule consist of non-helical telopeptides [20]. The telopeptides are
important for the assembling into higher order structures of collagen as fibrils
and fibers. However, the telopeptides are a limitation for the use of the material
in biomedical applications by being the major source of potential immunogenicity.
The telopeptides can further be cleaved off during pepsin treatment, producing
atelocollagen. The amino acid tyrosine is located within the telopeptides, and
cleavage of these will result in a low tyrosine content of the molecule . In
its post-translational form, collagen is approximately 300 nm in length, 1.6 nm
in diameter and has a molecular weight (My,) of approximately 300 000 Da

23).

1.1.2 Physicochemical properties and methods for
characterization of collagen

The physicochemical properties of collagen are important for the function and
potential use in biomedical products. Collagen is often characterized with respect
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to amino acid composition, strand composition, viscosity, spectral properties,
thermal behavior and enzymatic degradability /resistance.

The properties of collagen differ quite much between species and source
within the specimen. Hence, collagen is classified into different types. At least
29 variants of collagen have been identified to date. The types differ in origin,
structure and their ability to form fibrils . They are further divided
into six groups describing their respective functions; fibrillar collagens, fibril
associated collagens with interrupted triple helices, beaded filament, basement
membrane collagens, short chain collagens and transmembrane collagens .
The most abundant group of collagens are fibrillar collagens (including type I,
IT, TI1, V, XI, XXIV and XXVII), which are the main focus of the present thesis.
Fibrillar collagens are distributed across connective tissues, with type I found in
bone, skin and tendons, type II specific to cartilage and type III as the major
structural component in hollow organs and skin, but is also found in tendons
. The other fibrillar collagens are present to a lesser extent. Structural
information of collagen can be achieved through mass spectroscopy methods and
gel electrophoresis of isolated collagen .

The amino acid composition of collagen determines many of the other
physicochemical properties. Some amino acids are important for the formation
of the helical structure of the molecule (among others alanine, phenylalanine and
tyrosine), while other amino acids are sterically hindered in participating in the
helix formation . Further, some amino acids are eliminated from the molecule
during production and post-translational modifications, for example pepsin
treatment. As described above, the tyrosine moieties of collagen are located in
the non-helical telopeptides of the collagen molecule, and are cleaved off during
pepsin treatment. The role of the telopeptides is still partially unknown, but
they are known to be involved in the stabilization of the molecule and ability to
form fibrils . The amino acid content varies between animal species, and by
the source of isolation .

The structural properties of collagen may further be examined by studying
the spectral properties. Collagen has two characteristic UV-absorption maxima
at approximately 230 and 250-280 nm. These are related to the absorption by
the triple helix and aromatic amino acid residues (phenylalanine and tyrosine),
respectively . The helical integrity and unfolding can further be studied
by measuring differential absorption of circular polarized light through circular
dichroism methods (UV-CD) [26]. The absorption of infrared light (> 700 nm)
measured by fourier transform infrared spectroscopy (FT-IR) can be used to
study the collagen composition and analyze differences in collagen types
32|. This will give information about vibrational bands related to the specific
biochemical composition of the molecule . FT-IR may further be used to
monitor changes in the composition following modification and formulation of
the protein . Collagen has the unique ability to form fibers by self-assembly
after production and secretion to the extracellular space in vivo. This forms the
physical basis for tensile strength in tissues . The kinetics of fibril formation
may be monitored in vitro by recording the increase in absorption at 313 nm due
to increased turbidity . The fibril formation under increasing temperature

3
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can also be followed by UV-CD combined with signal-processing algorithms .

The thermal behavior of a protein is crucial for the stability of the protein
structure. Denaturation is the process where a protein loses its quaternary,
tertiary and secondary structure after being exposed to an external factor, such
as temperature and pH. For collagen, denaturation means the loss of the triple
helical structure with helix-to-coil transformation of the molecule . The
denaturation temperature of collagen can be attributed to the content of the
amino acids proline, hydroxyproline and hydroxylysine . A higher proline
and hydroxyproline content stabilizes the native collagen helices, increasing
the denaturation temperature . The denaturation temperature is further
influenced by the isoelectric point and swelling abilities, with lower denaturation
temperature at higher swelling . For biomedical use, the collagen should have
a denaturation temperature above the human body temperature to avoid protein
denaturation . Crosslinking of collagen will influence the denaturation
temperature. An increased crosslinking will lead to a higher denaturation
temperature, possibly due to dehydration of the fibers . Human collagen
has been studied and shown to have a denaturation temperature below the
body temperature . This means that the collagen should be unstable at
body temperature, but is in fact stabilized by the formation of crosslinked fibers
[42]. Changes in collagen stability have been postulated to play a role in certain
diseases, for example osteogenesis imperfecta. The pathophysiology of this disease
involves abnormalities in the collagen molecule with the absence of one of the
collagen a-chain types. This will result in an triple helical molecule with reduced
crosslinking functionality and furthermore a lower denaturation temperature
. The denaturation temperature of collagen is related to the body temperature
for the respective species . Among the most used sources for collagen, the
denaturation temperatures range from 36.3 °C for calf skin, 37.0 °C for pig skin,
and 44.0 °C for chicken keel bone . Collagen from different fish species
has, however, shown quite low denaturation temperatures, i.e., < 15.2 °C below
mammal species . In the present thesis, collagen was isolated from turkey
(Meleagris gallopavo). Turkeys have an average body temperature of 41.1 °C,
which should indicate excellent thermal stability of collagen . A recent study
has proved that the thermally induced denaturation of collagen can be restored
to some degree by the application of ultra-high pressure treatment. The effect is,
however, lost for high thermally denatured collagen . Thermal denaturation
of proteins can be measured by calorimetric methods.

Collagen and collagen preparations can also be studied on a morphological
level. The structure of collagen differs based on the area of presence. For instance,
collagen in tendons forms thick fibers, while collagen in the corneal component of
the eye forms sheets of thin fibers providing strength and optical transparency .
Typical methods for such studies are atomic force microscopy (AFM), scanning or
transmission electron microscopy (SEM/TEM) and light microscopy [26]. AFM
will reveal structure at nano-level, and is able to distinguish the individual fibers
and monomers, and is further used to perform force measurements . SEM
is used to study the microstructure of collagen fibrils and fibers bundled together
. SEM can further be used in characterization of collagen preparations by
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analysis of structure and pore formation after, e.g., freeze-drying . TEM
can be used to observe the fibril structure down to 10 nm . Light microscopy
is mostly used to observe interactions between biomaterials and cells, such as
cell distribution and replication [26].

1.1.3 Applications and challenges for the use of collagen
isolated from rest raw materials

Collagen is a widely used protein in pharmaceutical, biomedical, cosmetic and
food industry. Applications in pharmaceutical industry include drug delivery
systems, such as freeze-dried products (sponges and sheets), eye shields, films
and hydrogels . In tissue engineering and wound healing, collagen is used as a
scaffold for cell growth . Cosmetic applications of collagen utilize its ability to
bind water in skin care products . Food applications include sausage casings
and functional food packaging films . Advantages and disadvantages
of the biomedical and pharmaceutical application of collagen from rest raw
materials are summarized in Table [[1]

Table 1.1: Main advantages and disadvantages of the pharmaceutical and
biomedical application of collagen from rest raw materials. Partially adapted

from .

Advantages Disadvantages

¢ Good availability and can be iso- e High cost of purified collagen
lated from rest raw materials e Variable composition (e.g.,

o High degree of biocompatibility crosslinking, molecular weight,

o Biodegradable solubility)

o Low antigenicity after post- e Sterilization of isolated material
translational modification and prepared products can be a

e Can be crosslinked to improve me- challenge

chanical and functional properties e Risk of containing transmissible

e Can be formulated as films, hydro- diseases (TSE, BSE, FMD, AI)
gels, sponges and beads e Low wviscosity and mechanical
strength of solutions and constructs

Degradation products of collagen are widely used in the pharmaceutical,
cosmetic, health and food industry . Thermal denaturation of collagen leads
to an uncoiling of the triple-helical structure and partial hydrolysis, producing
fragments called gelatin. Gelatin is widely used in the food industry in both
the production of confections and as thickening agents in products, for instance
in cheese and yoghurt. It is further used in the drug industry in capsules and
tablets and in production of hydrogels for biotechnology purposes . Another
decomposition product of collagen is hydrolyzed collagen (also called collagen
hydrolysate, gelatin hydrolysate or collagen peptides). Hydrolyzed collagen is a
polypeptide made by enzymatic or acidic hydrolysis of collagen or denatured

5
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collagen . Hydrolysis can be controlled to produce hydrolysates with
desirable properties, such as specific chain length and molecular weight .
Gelatin and hydrolysates are widely used in the cosmetic industry as viscosity
modulating and moisturizing excipients and in the production of supplement
products. Some health product suppliers even use native collagen in their
products, claiming positive effects on skin and joints by oral ingestion. Dietary
supplements (neutraceuticals) containing collagen and gelatin for improving skin
and joint health have a rather disputed effect, due to further degradation in the
stomach by pH and enzymes before the amino acids can be absorbed. However,
some studies including hydrolyzed collagen show beneficial health effects .

A general concern regarding the use of rest raw material from the meat
industry is the risk that the material contains transmissible diseases. This
includes transmissible spongiform encephalopathy (TSE), bovine spongiform
encephalopathy (BSE), foot-and-mouth disease (FMD) and avian influenza (AI)
. The risk is, however, eliminated or strongly reduced by the correct
treatment of the material prior to isolation or use. However, inactivation of
pathogens by sterilization will in most cases involve the use of high temperatures,
leading to protein denaturation. Sterilization of collagen-based materials is
therefore challenging. Conventional sterilization techniques based on high
temperature or gamma irradiation have limitations, such as denaturation and
changes in the amino acid structure . Collagen is further susceptible to UV
irradiation . Alternative sterilization methods that will preserve material
structure and properties are supercritical COq, acid treatment (with peracetic
acid) and the use of gas plasma . Ethanol is also used for sterilization of
collagen-based products, without any noticeable structural or functional changes,
but may not be sufficient to remove bacterial and fungal spores and endotoxins
. Aquatic sources, such as fish and jellyfish, and plant-derived recombinant
collagen have been investigated as potential alternatives to mammal collagen to
avoid issues related to transmissible diseases and religious preferences
67]. Both porcine collagen and gelatin are classified as "Generally recognized as
safe" (GRAS) by the US Food and Drug Administration (FDA) for use in food
applications.

Applications of collagen discussed in the present thesis include drug delivery,
wound healing and tissue fabrication. Other current and tentative applications
are mentioned throughout the thesis. Figure shows examples of current and
tentative applications of collagen.

1.2 Skin, wounds and infections

The importance of collagen for the skin structure is emphasized by its presence
in skin and importance for the skin function. Collagen is a major constituent
of the skin as one of the proteins responsible for skin strength, elasticity and

cellular support )
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Figure 1.2: Examples of current and tentative applications of collagen.
Applications discussed in this thesis are highlighted. (Created with BioRender|
com).

1.2.1 Skin structure and function

The skin is the largest organ of the human body and has important protective
and sensory functions. These include a barrier function against the external
environment, preventing body moisture loss and acting as a sensory organ
reacting to external stimulus and temperature . The skin is made up of
three main layers; epidermis, dermis and subcutis (sometimes referred to as the
hypodermis) (Figure . The epidermis is the outermost layer consisting of
keratinocytes producing keratin and melanocytes producing the pigment melanin.
Other cells important for the epidermis are the antigen presenting Langerhans
cells which are responsible for the immune system of the skin [71]. The
second outermost skin layer is the dermis, which is the layer important for the
strength and elasticity of the skin. This layer consists mainly of fibroblast cells
and fibrous proteins, such as collagen and elastin . Collagen can account
for up to 70-80% of the dry weight of the dermis . Subcutis is the deepest skin
layer. This layer consists of mostly adipose tissue, with adipocytes, fibroblasts
and macrophages being the most prominent cell types .

1.2.2 Wounds and wound healing

The skin can easily be damaged, thereby reducing the barrier function against the
external environment including particles, microorganisms and physical factors
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Figure 1.3: Simplified schematic of the skin composition. Other components such
as Langerhans cells, melanocytes, hair follicles, pili muscles and sweat glands
are not included for simplification. (Created with [BioRender.com)).
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[72]. Examples of skin damage are skin burns and wounds (trauma). Chronic
wounds are today one of the largest burdens to the healthcare system .
Together with an increasing bacterial resistance against antibiotics, chronic
wounds have become one of the leading causes of death worldwide . Wounds
may be the result of underlying diseases, such as atopic dermatitis, diabetes,
skin infections and vasculopathy . Because of the complexity of wound
pathophysiology and healing, only the theory and mechanisms relevant for the
current work will be presented in this thesis.

Wound healing involves cascades of events, multiple cell types, enzymes
and growth factors. A simplified overview of the stages of wound healing and
their major cellular components following injury is given in Figure [[.4 The
process is divided into defined (but overlapping) events, including bleeding, clot
formation, inflammation, re-epithelialization, angiogenesis, granulation tissue
formation, wound contraction, scar formation and tissue remodeling . The
invasion of cells, among others the fibroblasts, is important for migration and
proliferation into the wound site and synthesis of extracellular macromolecules
. Other cells involved in the wound healing process include blood platelets,
inflammatory cells, keratinocytes and endothelial cells . Proteolytic
enzymes play a major role in the modification of the ECM allowing cell migration
and remodeling of the skin. These include matrix metalloproteinases (MMPs)
and tissue inhibitors of MMPs (TIMPs) [79]. MMPs are divided into types
classified by their substrates and function. There are numerous MMPs involved
in the wound healing process. Some of the important MMPs for wound healing
include MMP-1, which is responsible for promoting keratinocyte migration on
fibrillar collagen, MMP-2, which accelerates cell migration, MMP-8, which cleaves
the collagens in the wound site and MMP-9, which promotes cell migration
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and re-epithelialization . Another important regulator of cell adhesion and
migration is syndecan-4 (SDC-4). SDC-4 is a cell receptor protein, which is a
target for MMP-2 activity. MMPs will cleave off the extracellular domain of
SDC-4, fine tuning its biological activity [81]. SDC-4 is shown to be important
for the wound healing process by the ability to interact with ECM ligands,
morphogenes and cytokines that are important regulators of tissue regeneration
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Figure 1.4: Simplified overview of the stages of wound healing and their major cel-
lular components following injury. (Adapted and modified from “Wound Healing”,
by BioRender.com (2021). Retrieved from https://app.biorender.com/biorender-
templates).

During the granulation tissue formation event of the wound healing, the
fibroblasts are further activated into myofibroblasts. These cells are important
for production and organization of the ECM . Despite being important for the
healing process, the myofibroblasts are further involved in less desirable processes
such as wound contraction and scarring of tissue. Insufficient differentiation of
fibroblasts will, however, prevent the normal healing process . Myofibroblasts
are identified by their production of a-smooth muscle actin (a-SMA), an actin
isoform normally found in vascular smooth muscle cells . The exact role
of a-SMA expressed by myofibroblasts is still not clear, but loss of a-SMA has
resulted in impaired wound healing [84].

When skin damage does not heal within a predictable amount of time,
it is defined as a chronic wound. On a molecular level, chronic wounds are
characterized by an imbalance of certain enzymes and growth factors involved in
the healing process . The condition may further be a result of underlying
diseases. Another part of the pathophysiology of wounds and diseased skin
is infections. Chronic wounds, for instance diabetic ulcers, venous ulcers and
pressure ulcers are related with an increased susceptibility to infections .
Bacterial infections may cause wound deterioration, which will slow down the
healing process and prevent wound closure . The most common bacteria
found in chronic wounds and diseased skin are Pseudomonas aeruginosa and

Staphylococcus aureus .
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1.2.3 Collagen and collagen-based dressings in wound healing

Collagen has multiple important roles in the wound healing process. One of the
first events after injury is the formation of blood clots. Collagen triple helices
have hemostatic properties by arginine residues interacting with platelets and
contributing to the formation of blood clots . During the late events of
the wound healing, collagen is degraded by the proteolytic enzymes to smaller
fragments, which may work by chemotaxis to cells involved in the wound healing
and rebuilding of the ECM . Further, collagen is involved in the formation
of scar tissue, which mostly consists of collagen fiber networks . Besides
the function as a scaffold for cell invasion, collagen is also important for the
mechanical strength of the tissue . In chronic wounds the deposition of new
collagen is delayed or prevented due to an imbalance between MMPs and TIMPs
that result in a higher degree of collagen degradation than collagen neosynthesis
. Collagen wound dressings can work as a sacrificial substrate for the
excess MMPs towards degradation, protecting the inherent collagen of the skin
. The use of native collagen in wound dressings can exploit the triple
helical domain to be a target for elastases, protecting elastin and collagen in the
skin . Collagen wound dressings may also allow promotion of the natural
wound healing process optimal for infiltration by fibroblasts and macrophages by
providing a porous 3D matrix . Native non-denatured collagen with an intact
triple helix is therefore desirable in development of wound healing products.
Collagen wound dressings have been prepared as hydrogels, freeze-dried sponges
and casted as films . Hydrogels are particularly interesting in wound healing
applications due to a high degree of biocompatibility and high moisture content,
which will provide good healing conditions . Hydrogel preparations will
further act as a physical barrier against secondary infections .

1.3 Tissue engineering and drug delivery

Tissue engineering techniques are interesting and highly relevant for the treatment
of a variety of diseases, including dermal loss and wound healing, mimicking
native organs and structures of the body. Tissue engineering is the creation of
new tissues based on biomaterials and cells for therapeutic reconstruction in the
human body. Cells in artificial scaffolds are stimulated through a combination
of molecular and mechanical signals to produce tissue mimicking human tissue
[97). Tissue engineering is dependent on scaffolds for optimal cell growth. These
formulations are further interesting in drug delivery. The concepts of tissue
engineering and biofabrication are illustrated in Figure .5

Scaffolds (or templates) are constructs made of polymeric biomaterials and
their functions in tissue engineering are to give structural support for cell
attachment and provide sufficient oxygen and nutrition exchange to promote cell
proliferation and tissue development . Scaffolds are further relevant for
controlled drug delivery by spatial and temporal control over the drug release
. Scaffolds can be fabricated in multiple ways, and a common feature is the
ability to support cell growth. Examples of scaffolds used in tissue engineering
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Figure 1.5: Schematic of the concept of tissue engineering and biofabrication.
Cells isolated from biopsies can be cultivated and proliferated. Further,
fabrication of constructs can be performed and combined with the cells to
form neotissue. The newly formed tissue can be used for implantation to treat
diseases or other applications such as development of lab grown meat, in wound
healing or in drug discovery. (Created with BioRender.com).

are hydrogels and pre-made porous scaffolds, such as electrospun sheets or freeze-
dried sponges . Hydrogels can be made of natural or synthetic materials,
resulting in high water holding constructs. They can be designed to exhibit
desirable properties with controlled transport of nutrients, oxygen and signalling
molecules. Further, they can be tailored to mimic tissue and be favorable for
specific cell types . For example, self-assembled hydrogels may produce
thinner fibers with structures similar to the ECM. This will promote proliferation
and migration of cells involved in ECM production [104]. The mechanical
properties of hydrogels can be tailored by inducing crosslinking of the polymer or
protein . Hydrogels may further be formulated to respond to external stimuli
including light, pH, temperature or enzymatic environment as "smart" hydrogels
[106]. Nanofibrous scaffolds are also interesting in tissue engineering. Such
scaffolds may be produced by electrospinning and electrospraying techniques
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. An advantage is the large surface-to-area ratio, which potentially will allow
for high absorption of proteins, presenting more binding sites to cell membrane
receptors . The resulting scaffolds can be tailored by using different polymer
blends and by fine tuning the production parameters. Electrospun nanofibrous
scaffolds have been used in tissue engineering of tissues, such as bone tissue,
nerve tissue, cartilage and skin, in addition to being used as delivery systems for
a variety of drugs .

Biofabrication is an evolving research field involving different techniques
to produce functional products based on living cells, bioactive molecules
and biomaterials. These techniques include 3D bioprinting, bioassembly or
other automated methods to obtain tissue constructs . One of the
most recent definitions of biofabrication is "The automated generation of
biologically functional products with structural organization from living cells,
bioactive molecules, biomaterials, cell aggregates such as micro-tissues, or hybrid
cell-material constructs, through bioprinting or bioassembly and subsequent
tissue maturation processes” |107]. Biofabrication differs from classical tissue
engineering by including cells in the fabrication step of the material. Bioprinting
is one of the most used techniques in biofabrication. The fabrication steps
involve computational design, computer-controlled techniques and layer-by-layer
deposition of a bioink to produce a construct of a biological entity [108]. Bioink
is a term used for materials suitable for biofabrication by bioprinting with cells.
However, many of the materials used in bioprinting can as well be used without
cells to make biomimicking constructs and scaffolds where seeding of the scaffolds
with cells can be performed after the printing, if desired. These materials are
called biomaterial inks [109]. Electrospinning (solution or melt electrospinning)
has also been studied as a biofabrication technique, with cells maintaining
their viability to some extent after fabrication . Other interesting
biofabrication techniques are microfluidics and laser-assisted techniques .

Apart from fabrication of scaffolds serving new tissue for the therapeutic
reconstruction of the human body, tissue engineering can be used in a variety
of industries. Tissue engineering has recently been in the spotlight in the
food industry. The increase in meat consumption and population growth have
created a need for alternative protein sources to produce enough food. With the
exception of plant-based alternatives, the concepts of clean meat and cultured
meat have gained attention to solve this problem . These concepts use
tissue engineering applications and animal cells to produce neotissue suitable
for consumption. Challenges for these products include retaining structural
functions, incorporation of fat, achieving desired taste and appearance, and
making an affordable product . Another potential application area for tissue
engineering is drug discovery. Tissue engineering has been investigated as an
alternative to animal experiments. So far, most of the transitions from animal
experiments to tissue engineering have been done for toxicological testing of drugs
and drug formulations on skin [114]. Recently, the development of bioprinted
constructs has gained attention for in vitro drug screening as alternative to time-
and resource consuming pre-clinical and clinical testing . Challenges for
these constructs include low mechanical strength, inadequate in vitro-in vivo
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correlation and lack of certain functions such as vascularization |116} [117].

1.3.1 Material properties in tissue engineering

Materials for tissue engineering applications should have properties compatible
with the desired target environment and target cells. Natural polymers and
proteins (collagen, elastin, silk fibroin), synthetic polymers (poly(lactic-coglycolic)
acid, polyanhydrides), carbohydrates (chitosan, alginate) and some inorganic
materials (hydroxyapatite) have been studied for tissue engineering applications
[118]. For optimal function, the materials should have mechanical properties
close to the mimicking tissue . Desirable properties include a not too weak
material, with a certain elasticity. The material should further be biocompatible,
and in most cases, biodegradable . The material should be able to deliver
signalling molecules and mechanical signals to stimulate cells in a controlled and
desirable way after fabrication of scaffolds .

1.3.2 Collagen in tissue engineering and biofabrication

Collagen has been investigated thoroughly as a material for tissue engineering
applications, including biofabrication techniques such as bioprinting and self
assembly [121). The almost ubiquitous presence of collagen in the
body makes it interesting in tissue engineering . The main limitation for
the use is low mechanical strength of prepared constructs . This has been
attempted solved by increasing the collagen concentration, using biocomposites,
forming the structures directly into a supportive gelatin slurry bath (commonly
known as FRESH bioprinting) or inducing crosslinking reactions before or
after fabrication of constructs to modify the physicochemical properties of the
protein . Crosslinking can enhance the proteins’ chemical stability,
thermal stability, swelling properties, mechanical properties and pore size of
constructs . Crosslinking of proteins can be performed by physical
or chemical crosslinking methods, which both have their respective advantages
and limitations.

Physical crosslinking can be achieved by neutralization of an acidic collagen
solution and heating to body temperature (or close to the denaturation
temperature) to induce self assembly . The main limitation of physical
crosslinking is restricted tunability of the physicochemical properties, including
mechanical strength, swelling abilities and water holding capacities [128]. For
physically crosslinked collagen, a change in protein concentration is one of the few
possible ways to optimize the physicochemical properties. Recent studies have,
however, shown that the modulation of collagen by cyclodextrin complexation
can be applied to tailor biomimetic cornea implants for the eye and modulate
cell activity [130]. Cyclodextrins (CDs) are cyclic oligosaccharides with a
hydrophobic inner and a hydrophilic outer structure . They will bind to
aromatic residues on the collagen molecule resulting in increased viscosity through
collagen self-assembly. This has proved to reduce the fibril diameter during
gelation and provide increased viscosity, mechanical strength and transparency
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of the gels . These properties may be desirable in tissue engineering
applications, especially for the eye . Modulation with CDs will further allow
to sequester growth factors [129)].

Chemical crosslinking of collagen will allow for tunability of the physicochem-
ical properties. The mechanism of chemical crosslinking involves the creation of
covalent crosslinks between the side chains of the collagen molecule (lysyl residues,
carboxyl groups or H-bonds) . The main limitation of chemical crosslink-
ing is potential toxicity from the crosslinking agents, making the reaction less
relevant for biomedical applications. Further, the kinetics of the reaction is hard
to control. Crosslinking agents for chemical crosslinking include glutaraldehyde,
carbodiimide or enzymes for enzymatic catalysis, such as transglutaminase .
Photochemical crosslinking is another type of crosslinking reaction, suitable for
crosslinking of collagen constructs. This type of crosslinking has advantages
over conventional chemical crosslinking. Photochemical crosslinking requires a
photosensitive compound and absorption of optical radiation. Photoreactivity of
photosensitizing compounds and the mechanisms of photochemical crosslinking
will be introduced in Section [[.4

1.3.3 Collagen in drug delivery applications

Pharmaceutical drug delivery systems of collagen share many of the same
characteristics as materials and scaffolds for tissue engineering. Further, delivery
of bioactive molecules and drugs are sometimes combined with tissue engineering
techniques . Examples of drug delivery systems based on collagen
are hydrogels, freeze-dried sponges, films and composite formulations .
Drugs may be incorporated by physical entrapment in the collagen network or
with chemical bonding between the drug and collagen. Chemical bonds include
covalent linkage, electrostatic interaction or hydrophobic association . An
example of hydrophobic interactions is complexation by CDs, which is used in
tissue engineering applications with collagen as described above. This will not
chemically change the hydrogel, but increase the solubility of active ingredients
within the vehicle .

Collagen hydrogels and films have been investigated as potential drug delivery
systems for antimicrobial substances and analgesic substances, and also delivery
of cells and growth factors in tissue engineering . Freeze-dried
collagen sponges have been developed for the sustained release of ibuprofen and
chloramphenicol by varying the extent of crosslinking . The drug release
from a collagen preparations can be influenced by several factors, such as porosity,
density and crosslinking of the material . The pore size of the collagen
network and the drug size affects the diffusion of a drug through a hydrogel.
Drugs smaller than the pore size will rapidly diffuse out of the gel, while larger
drugs and biomolecules will have a slower diffusion. If drugs are linked to or
immobilized in the protein matrix, the diffusion may be affected by degradation,
swelling and deformation . The same will apply to sponges, with an initial
swelling phase. An example of a hypothetical drug delivery system based on
collagen is a formulation with two drugs for wound healing where one drug
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should have immediately release, and the other sustained release. A potential
mechanism is desorption and fast diffusion of non-linked drugs upon contact
with wound fluids, followed by hydration and swelling of the wound dressing.
Drugs linked to the collagen fibrils can further be released by slow diffusion from
the formulation or potential erosion of the matrix by degradation with proteases,
e.g., collagenases. Collagen formulations can take advantage of the beneficial
properties of collagen, such as good biocompatibility and biodegradability.

1.4 Photochemical reactions and antimicrobial
photodynamic therapy

In the development of collagen-based formulations for potential use in tissue
engineering and wound healing, it may be necessary to crosslink the constructs
to develop products tailored for these applications. Photocrosslinking and
incorporation of photocrosslinkers are relevant in the production of biomedical
devices with enhanced durability and antibacterial properties. These products
require the absorption of photons of certain wavelengths and energy to induce
the excitation of a photosensitive molecule (i.e., photosensitizer, PS).

1.4.1 Photoreactivity of photosensitizing compounds

The photophysical processes that can occur following the photon absorption by
a PS can be described by a Jablonski diagram (Figure.

The absorbed photon energy raises one valence electron in the PS molecule
to an outer shell. In this state, the valence electrons of the PS have antiparallel
spin. The exited states (S1, So and T1) of the PS are unstable, and the energy
may be eliminated by radiative or non-radiative transitions to lower energy
levels. The exited PS may decay from higher to lower vibrational energy states
by non-radiative emission of heat, i.e., vibrational relaxation (VR) and from
the exited state to its ground state by internal conversion (IC). The radiative
transitions include fluorescence from the excited singlet state. Another reaction
is the intersystem crossing (ISC) between the singlet state of a molecule to the
triplet state. This involves a spin-forbidden conversion of one of the valence
electrons of the molecule into parallel spin. In the triplet state, the energy may
be lost by radiative decay by phosphorescence or by electron (type I) or energy
(type II) transfer to a substrate. This will lead to the generation of oxygen
radicals, reactive oxygen species (ROS) and singlet oxygen (105). [141H144].

Oxygen is by its nature a triplet in its ground state (electron spins are
parallel), and can thereby be spin-matched with the triplet exited PS and react
by direct energy transfer. Through a type II photochemical reaction, the triplet
oxygen will receive enough energy to be exited into a singlet state (1Oz). The
highly reactive 'Oy may react with biological components such as cell walls,
lipids, enzymes, proteins and DNA . This can lead to cell death (e.g.,
killing of cancer cells or bacteria).
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Figure 1.6: Simplified Jablonski diagram showing photophysical processes that
can occur following photon absorption by a PS. Sy is the ground state of the
PS. S1, Sy and T, are the exited singlet states and triplet state, respectively. In
the T state, the PS may undergo Type I and/or Type II reactions, resulting
in electron transfer or direct energy transfer producing reactive oxygen species
(ROS) or singlet oxygen (1Os), respectively. Adapted from . (Created with
BioRender.com)).

1.4.2 Photochemical crosslinking

Photochemical reactions can be used to crosslink proteins and polymers.
Photochemical crosslinking (further called photocrosslinking) is achieved by
irradiation of a material in the presence of a PS. One of the advantages with
photochemical crosslinking compared to chemical crosslinking is the possibility
to trigger the crosslinking reaction at a desired time. Common PS used in
photocrosslinking of proteins are Igracure 2959, Eosin Y, ruthenium-compounds,
riboflavin and rose bengal . Mechanisms in photocrosslinking include photo-
oxidation and covalent bonding between amino acids, methacrolyl modification of
the proteins to increase the number of photocrosslinkable sites or use of photons
to induce conformational changes in the protein .

The mechanisms of photocrosslinking of collagen have previously been
discussed and thoroughly studied by several research groups . The
crosslinking effect is postulated to involve the formation of ROS and 'Oy by the
exited PS, resulting in photo-oxidation. This hypothesis is supported by the
ability of quenchers to inhibit the photocrosslinking. The crosslinking reaction
will lead to covalent bonding between amino acids of collagen fibrils .

1.4.3 Antimicrobial photodynamic therapy

Antimicrobial photodynamic therapy (aPDT) is the killing of microorganisms by
the combination of a dye (a PS) and optical radiation. This technique has been
known and used for over 100 years, but has recently gained new interest after the
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increasing incidents of bacterial resistance to antibiotics . The application
of aPDT has been postulated as an alternative to antibiotics in the treatment
of localized infections. The bacterial phototoxicity is caused by either type I
and/or IT photochemical reactions resulting in a non-specific damage to the
microorganism . The exited PS in the triplet state will react with oxygen and
produce 'O, ROS or other reactive photoproducts. Thus, the PS used in aPDT
should be an efficient source of 1Oy and/or ROS when irradiated at selected
wavelengths . Further, the PS should have a high affinity for microbial
cells. ROS and 'O may cause damage to biomolecules on the membrane or
inside the bacteria cells, eventually killing the bacteria [153]. Most aPDT
PS are water soluble, cationic compounds absorbing visible light up to 600 nm
. Red light (> 600 nm) will penetrate deeper into the skin than, e.g., blue
light (~ 450 nm). However, the use of lower wavelengths in aPDT may be an
alternative to minimize light penetration into healthy skin [155]. aPDT has a
broad spectrum of action against bacteria, virus, fungi, yeasts and parasites
[152]. Since the killing of microorganisms involves non-specific mechanisms, it
is less likely to induce development of treatment resistance . This
has, however, been discussed . The clinical application areas are limited to
localized infections where irradiation of the PS can be performed. Thus, infected
wounds, eye infections and infections in the oral cavity are potential application
areas. Other cavities can also be treated by use of fiber optics, such as infections
in the bladder. aPDT may further be combined with conventional antimicrobial
agents to treat more complicated bacterial infections . A pre-treatment
with irradiation of a PS before the use of conventional antimicrobial agents may
weaken the bacteria, leading to complete killing and less resistance . aPDT
has also shown effect against antimicrobial resistant bacteria in vitro, in larvae
models and on human epithelial surfaces .

1.4.4 Photosensitizers: riboflavin and lumichrome

In the present work, riboflavin (RF) and lumichrome (LC) were used as
PS (Figure . RF was used as a PS in photocrosslinking of collagen in
preparation of freeze-dried scaffolds, LC was investigated as a potential PS in
photocrosslinking of collagen hydrogels, which was further investigated as a
potential formulation for aPDT applications.

RF is a water soluble vitamin (vitamin Bs), which is produced in small
amounts by gut bacteria. It is classified chemically as an isoalloxazine [161].
RF is ubiquitous in food, supplying the human body with sufficient amounts
to function as co-enzymes in cells . RF has previously been investigated
as a potential PS in photocrosslinking of collagen in biofabrication applications
. Further, RF has been used as a PS in photodecontamination of blood
products by adding RF to the blood component followed by UVA irradiation
. RF was first described as a photocrosslinker of collagen for the treatment
of the eye disease keratoconus by Wollensak et al. in 2003 . Keratoconus is
a disease where the cornea in the eye is thinning and bulges outward into a cone
shape. RF eye drops are applied to the affected eye prior to irradiation with
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UVA. This leads to an in situ crosslinking of the collagen in the cornea
. Irradiation of RF results in photodegradation to LC in acidic and neutral
solutions or lumiflavin (LF) in alkaline solutions . Both LC and LF
are more photostable than their precursor and are efficient photogenerators of
10, [168} [170).

LC is classified as an alloxazine, structurally similar to isoalloxazines, but
with different spectral and photophysical properties . It is regarded as a
natural compound in human body, plants and bacteria . LC has a low
water solubility (~ 107> M), which limits the use in pharmaceutical applications
[L74). This has, however, been solved by using solubility enhancers, like co-
solvents and surfactants like polyethylene glycol (PEG), Pluronics® and by the
formation of CD inclusion complexes . LC is an effective 'O, generator,
and is more photostable and more lipophilic than its precursor. These properties
are beneficial for a PS in aPDT . A high lipophilicity will
potentially favor the uptake in a lipophilic bacterial membrane. The absorption
spectrum of LC extends to ~ 450 nm. This will restrict the application mainly
to superficial infections .
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Figure 1.7: Molecular structure of riboflavin (1) and lumichrome (2).

1.5 Sustainable technology — Natural deep eutectic
solvents

Sustainable technology is about minimizing the environmental footprint by
responsible development, production, use and consumption of products, food,
energy and environmental resources. The 2030 Agenda for Sustainable
Development emphasizes sustainable consumption and production, reduced
use of chemicals and the challenge of antibiotic resistance . The concept
of using rest raw material from industrial meat production combined with natural
endogenous PS in aPDT meets some of these criteria. Another environmental
concern regarding the development of new drugs and biomedical products is the
use of organic and inorganic solvents. In the past decade, new alternatives to
conventional solvents have emerged, including eutectic solvents .
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1.5.1 Eutectic solvents

An eutectic solvent, mixture or system is a homogeneous mixture of two or more
components, which has a lower melting point (T,,) than any of the components
alone. Their formation can be explained by a phase diagram (Figure[1.8). The
two (or more) individual components (A and B) are normally in the solid state
when they are separate at a certain temperature, but become liquid when they
are combined at a specific molar ratio (i.e., eutectic point). The eutectic mixture
has unique properties relative to the individual components .

\
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Figure 1.8: Phase diagram explaining the formation of eutectic mixtures.
Adapted from [178]. (Created with BioRender.com).

1.5.2 Natural deep eutectic solvents

Eutectic systems with a large depression of the melting point are called deep
eutectic solvents (DES) [178]. Natural deep eutectic solvents (NADES) were first
described in 2011 and postulated as a third class of liquids in organisms, different
from water and lipids, which is present in all living cells . NADES generally
consist of plant based primary metabolites, for instance organic acids, amino
acids, sugars, polyols and tertiary amines. Examples of components are glucose,
fructose, sucrose, trehalose, xylitol, glycerol, choline chloride, betaine, citric acid,
malic acid, maleic acid, proline and serine . In nature, NADES have been
postulated a central role in the plants’ ability to survive extreme conditions, such
as cold and drought . The discovery of NADES, the apparent abilities in
nature, and previously known applications for DES have resulted in the discovery
of many application areas for NADES. They have especially been utilized in the
extraction of bioactive compounds . NADES have further been reported to
solubilize a wide range of hydrophilic and hydrophobic compounds. Both small
molecules including itraconazole, curcumin and porphyrins, and proteins, such
as gluten and laccases have been dissolved in NADES [181H188]. NADES can be
considered as potential sustainable alternatives to organic and inorganic solvents
in many fields.
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NADES can be prepared by different methods, resulting in eutectics with
a wide range of properties. The most frequent used preparation methods
include melting a mixture of the components (heating method) or dissolving
the individual components in water followed by water evaporation (the vacuum
evaporation method) . FT-IR and 'H NMR studies have revealed that the
individual components become strongly bound in a supramolecular H-bonding
network . The resulting eutectic solvents are viscous, colorless, transparent
liquids. The viscosity is tailored by the inclusion of water in the network .
DES and NADES have been used in diluted and undiluted forms. Some studies
report that the supramolecular structure of the solvents may rupture by dilution
above 50% (v/v) [190]. However, other studies show unique effects by the NADES
diluted up to 1:200 .

Certain NADES have shown antibacterial properties alone, or in combination
with optical radiation in the absence or presence of PS. In combination with
optical radiation and PS, the production of toxic ROS may work together with
the intrinsic NADES properties. The proposed mechanisms of the antibacterial
effects of NADES involve chelation of outer bacterial membrane-bound cations
and dissolution of bacterial membrane components. The antibacterial properties
can also be due to a pH effect of acidic NADES. The enhanced bacterial phototoxic
effect in combination with PS and optical radiation may also be due to weakening
of the bacteria prior to irradiation [191]. The combination of NADES with
aPDT or conventional antibiotics may contribute to a reduction in antimicrobial
resistance to antibiotics by utilizing different non-specific killing mechanisms
. NADES have also shown antifungal and antioxidative properties .

The biocompatibility and toxicity of NADES have been under investigation
[193]. Studies indicate that NADES containing organic acids are generally
more cytotoxic than neutral NADES . However, the acidic NADES
seem to have a higher bacterial toxicity, which leads to a risk-benefit assessment
if used in medicinal products. The toxicity of several DES and their individual
components have previously been studied. The toxicity of the individual
components have shown to be lowered upon incorporation in the eutectic network
. The wide range of eutectic mixtures makes a general assumption about
the toxicity impossible. Toxicity of the eutectic mixtures and their individual
components will also vary depending on the route of administration. Further
studies on the toxicity including in vivo studies have to be performed to assess
the safety of use of the individual NADES.

The unique properties of NADES such as bacterial toxicity and the ability
to dissolve a wide range of substances make them interesting as excipients in
pharmaceutical preparations. In the present thesis, one NADES was investigated
as a potential excipient in collagen-based preparations. The combination was
proposed as a new sustainable concept for potential use in antimicrobial products,
e.g., for treatment of infected wounds.
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1.6 Summary of Papers

focuses on the characterization of collagen from turkey (Meleagris
gallopavo), and the potential use as a biomaterial in pharmaceutical
preparations. Collagen is the major fibrous component and protein
in human and animal connective tissue. The industrial production of
meat and poultry products results in large amounts of organic waste,
including rest raw materials rich in collagen. Collagen has previously been
applied in medical preparations, including wound dressings and in tissue
engineering. The aim of this paper was to isolate and characterize collagen
from turkey and investigate the potential for the protein as a biomaterial
for pharmaceutical use. Structural analysis indicated that the collagen
isolated could be classified as a mixture of type I and III with an estimated
molecular weight of 477.3 kDa. The isolated collagen demonstrated
excellent thermal stability, among the highest reported for collagen, with
a denaturation temperature at 44.5 °C. A denaturation temperature above
the human body temperature may be desirable in medical preparations
to maintain the native collagen structure during application. Cell studies
indicated good cytocompatiblity of turkey collagen. Gelling of the collagen
followed by freeze-drying to porous scaffolds illustrated the suitability of the
material in pharmaceutical preparations. The resulting scaffolds exhibited
enhanced mechanical and structural properties when photocrosslinked with
riboflavin. In witro drug release studies of the model drug prilocaine
hydrochloride showed significant differences between the release from
scaffolds and aqueous solutions of the drug. The release was, however,
not significantly different between the physically and photochemically
crosslinked formulations, most likely due to the formation of larger pore
structures in the latter. Altogether, the results indicated that the isolated
collagen may be suitable as a sustainable biomaterial for pharmaceutical
use.

demonstrates how a natural deep eutectic solvent (NADES) influences
the structural behavior of collagen and evaluates the potential of NADES as
excipients in collagen-based formulations. NADES have previously shown
antibacterial properties alone or in combination with photosensitizers and
light. A combination of collagen and NADES add the unique wound healing
properties of collagen to the antibacterial effect of certain NADES. To
make a successful combination, it is important to understand the structural
properties of collagen in the NADES. Collagen is normally dissolved in weak
acids, giving viscous solutions for use in formulations. In this study, collagen
was dissolved in an acidic NADES and characterized with respect to
structural, spectroscopic, calorimetric and viscometric properties. Collagen
isolated with and without pepsin, resulting in different compositions, were
examined. The amino acid content of collagen will influence its spectral
properties. Tyrosine residues are normally excised together with the non-
helical telopeptides of the protein after pepsin treatment. Spectroscopic
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Introduction

studies of the collagens applied in this study revealed that tyrosine was
present both before and after pepsin treatment, despite the removal of the
telopeptides in the latter samples. Both collagen types were susceptible
to unfolding in the selected, undiluted NADES, but retained more of the
structural properties in diluted NADES. This was confirmed by studies
of the secondary protein structure by SDS-PAGE, thermal properties by
nano DSC and spectroscopic properties. Results indicated that the eutectic
network of the NADES was preserved up to 1:200 dilution in water. Freeze-
dried collagen sheets containing the selected NADES were prepared as
a potential wound dressing formulation. The freeze-drying process up-
concentrated the NADES within the protein structure. The results on
the molecular structure and mechanical properties of collagen-NADES
sheets were consistent with the spectroscopic and thermal observations on
the collagen-NADES solutions, indicating that the structural properties
of collagen was maintained in NADES dilutions > 1:50. FT-IR results
demonstrated a loss of the amide I and II signal in the spectrum at low
dilutions of the NADES. These amides are related to the helix-conformation.
The studies on mechanical properties revealed that NADES may further
be used as a plasticizer in collagen sheet formulations. Mechanical force-
displacement studies showed that a 1:100 dilution of the selected NADES
was an optimal solvent for the preparation of collagen-NADES sheets.
Further, this dilution retained the structural properties of native collagen.
The combination of collagen and aqueous dilutions of the selected NADES
seemed suitable for further development into topical preparations.

describes how the photosensitizing compound lumichrome can be
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used as a photocrosslinker for collagen to produce hydrogels with unique
properties tuning the behavior of 2D cultured human fibroblasts. The use
of collagen in biomedical applications has been considered limited due to
low viscosity and slow gelation. In this paper we applied lumichrome, a
photochemical degradation product of riboflavin, to efficiently crosslink
collagen, even at low temperatures. Lumichrome has previously been
studied for its photosensitizing properties in antimicrobial photodynamic
therapy. A limitation for the use of lumichrome is the low aqueous solubility,
which in the present work has been addressed by the complexation with
cyclodextrins. Cyclodextrins can further be used to modulate collagen to
increase viscosity and fibril organization. Lumichrome photocrosslinking
of the collagen hydrogels reduced the gelation time from several minutes
to 10 s prior to optional physical crosslinking. The prepared hydrogels
were compared with riboflavin photocrosslinked hydrogels and physically
crosslinked hydrogels. The material properties of the hydrogels were studied.
Lumichrome photocrosslinking resulted in hydrogels with the highest water
holding capacity and elasticity. These properties may be desirable in wound
healing and tissue engineering applications. Fibroblasts were seeded on
the hydrogels. Cell morphology, cell viability, enzyme expression and
secretion of proteins involved in extracellular matrix production and
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differentiation were monitored, as well as expression of corresponding
genes. The fibroblasts seeded on the lumichrome hydrogels exhibited a
myofibroblastic phenotype, expressed by a-SMA fibers and pan-cadherin.
Results on mRNA and protein expression for SDC-4 and MMP-2 indicated
a low adhesive and a more migratory behavior. The study showed that
lumichrome photocrosslinking of collagen offers a good alternative to other
crosslinking methods.

demonstrates the bacterial phototoxicity of lumichrome pho-
tocrosslinked collagen gels. Collagen preparations, and particularly
hydrogels, have shown to be effective in the treatment of wounds by
being a sacrificial material against proteolytic enzymes and by chemotaxis
of cells involved in the wound healing process. Their high degree of
biocompatibility and high moisture content will provide good conditions
for a humid healing environment. Collagen preparations have previously
been combined with antibiotics to produce antibacterial drug formula-
tions. However, the increasing resistance against antibiotics requires
new and innovative antibacterial treatment alternatives. Antimicrobial
photodynamic therapy has been investigated as an alternative antibacterial
treatment for topical infections combining photosensitizers with optical
radiation to produce oxygen species toxic to bacteria. The aim of this
paper was to investigate the bacterial phototoxicity of the lumichrome
photocrosslinked collagen hydrogels developed in Paper III. The dual
effect of lumichrome in collagen hydrogels, both as a photocrosslinker of
collagen and photosensitizer for antimicrobial applications was demon-
strated. Despite a more than 2-fold higher concentration of lumichrome
in hydrogels prepared with (2-hydroxypropyl)-5-cyclodextrin (HPSCD)
compared to (2-hydroxypropyl)-y-cyclodextrin (HPyCD), the hydrogels
exhibited approximately similar bacterial phototoxicity in Staphylococcus
aureus. The lumichrome release profile from the gels showed a similar
percentage cumulative release after 4 h. The phototoxic effect was therefore
attributed to a higher complexation efficiency and stability of the HP5CD
complex, resulting in a lower singlet oxygen production for complexed
lumichrome. The study is a proof of concept for possible application
of an endogenous photocrosslinker in combination with a biopolymer in
applications such as antimicrobial photodynamic therapy after further
development.
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Chapter 2
Aim of the project

The overall aim of the project was to investigate how rest raw material from
Norwegian industrially produced turkey (Meleagris gallopavo) could be utilized as
a source of collagen suitable for use in pharmaceutical (e.g., topical preparations)
and biomedical (e.g., tissue engineering) preparations.

The specific aims of the work were to:

o investigate the suitability of collagen from turkey (Meleagris gallopavo) as
a biomaterial in pharmaceutical preparations (Paper I)

 investigate the physicochemical properties of collagen in an eutectic solvent
and aqueous dilutions thereof to identify potential combinations suitable
in pharmaceutical preparations (Paper II)

e use lumichrome as a photocrosslinker of collagen hydrogels, to produce a
material with adequate biocompatibility, biodegradability and bacterial
phototoxicity suitable for tissue engineering and wound healing (Paper
IIT and IV)
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Chapter 3
General experimental conditions

A brief description of main materials and methods used in Papers I-IV is given
below. Further details can be found in the individual papers.

3.1 Materials

The collagen used in the present work was isolated from industrially produced
turkey (Meleagris gallopavo) rest raw material. In brief, turkey tendons were
manually cleaned and freeze-dried for 48 h. A 0.5 M acetic acid solution with
pepsin (1:10) was added to enzymatically hydrolyze the material. The hydrolyzed
material was centrifuged, and the supernatant was collected. The collagen was
precipitated by the addition of 4 M NaCl (1:3) and centrifuged. The collagen was
re-solubilized in 0.5 M acetic acid and dialyzed against distilled water for 3 days.
The dialyzed collagen was freeze-dried to obtain a dry material. Other reagents
were of analytical grade and were purchased from Merck KGaA (Darmstadt,
Germany). Bacterial medium and components were all purchased from Thermo
Fischer Scientific (Waltham, MA, USA) or VWR International, LLC (Radnor,
PA, USA). The isolation method is described in detail in Paper I.

3.2 Preparation of samples and formulations

3.2.1 Collagen solutions

Collagen solutions were prepared by dissolving the collagen in the relevant solvent.
Collagen was dissolved in 20 mM acetic acid (Paper I, IIT and IV), or in a
NADES based on citric acid and xylitol (in the molar ratio 1:1 of the individual
components), referred to as CX and aqueous dilutions thereof (Paper II) under
stirring (500 rpm) overnight. The preparation of NADES CX and the aqueous
dilutions are described in Paper II.

3.2.2 Collagen hydrogels

Collagen hydrogels (Paper I, IIT and IV) were prepared by physical or
photochemical crosslinking methods.

Physically crosslinked hydrogels (Col gels) were prepared by dissolving
collagen in 20 mM acetic acid over 24 h. The collagen solution was neutralized to
pH 7.4 by the addition of 10X PBS (0.1 x final volume of the combined solution)
and 1 M NaOH (0.023 x volume of added collagen solution) and diluted with
Milli-Q water to desired collagen concentration. The neutralized solution was
incubated in the dark at 37 °C for 90 min to initiate gelling and self-assembly of
the collagen.
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3. General experimental conditions

Riboflavin photocrosslinked hydrogels (RF gels) were prepared by a two-
step gelation and photocrosslinking method (Paper I and III). The hydrogels
were prepared as for the Col gels, except for the addition of riboflavin 5’-
monophosphate sodium salt to a final concentration of 0.01% (w/v) (265 pM).
The neutralized solution (pH 7.4) was incubated in the dark at 37 °C for 1 h to
initiate gelling and self-assembly of the collagen. The collagen hydrogels were
exposed to UVA irradiation (Ralutec 9W /78, Radium, Germany, Ayq: = 365
nm, 2.94 mW /cm?) in a chamber (Polylux-PT, Dreve, Germany) for 4 min (0.7
J/em?) to form interhelical crosslinks. The crosslinking procedure was completed
by incubating the hydrogels in the dark at 37 °C for 30 min.

Lumichrome photocrosslinked hydrogels (LC gels) were prepared by a direct
photocrosslinking method (Figure (Paper IIT and IV). (2-hydroxypropyl)-
B-cyclodextrin (HPSCD, International Specialty Products, Koln, Germany) or
(2-hydroxypropyl)-v-cyclodextrin (HPyCD, Wacker Chemie AG, Burghausen,
Germany) was dissolved in 20 mM acetic acid to a final concentration of 5%
(w/v). LC was dissolved in the acidic CD solution to a final concentration
of 250 pM or 100 pM for HPSCD and HP~CD, respectively. Collagen was
dissolved in the acidic LC-CD solution with over 24 h. The collagen solution
was neutralized to pH 7.4 by the addition of 10X phosphate buffered saline
(PBS) (0.1 x final volume of the combined solution), 1 M NaOH (0.023 x
volume of added collagen-LC-CD solution) and Milli-Q water to desired collagen
concentration, 200 pM (in 5% HPSCD) or 80 pM (in 5% HP+CD) LC. The
neutralized solutions were crosslinked by irradiation with blue light (Bio X,
Cellink, Gothenburg, Sweden, A4, = 405 nm, 17.8 mW /cm?) for 10 s (0.2
J/cm?) directly after neutralization. The gels were incubated at 37 °C for
90 min to complete the crosslinking procedure. To distinguish the effects of
LC and HPSCD in cell studies, CD-modulated collagen hydrogels (CD gels)
were prepared with 5% HPSCD added to 20 mM acetic acid without LC and
photocrosslinking (Paper III).

=405 nm, 0.2 J/cm?
Covalent bonding

; ; ; ROS 9
4°C 37 °C, 90 min
1. Preparation . 2. Photocrosslinking —_ 3. Incubation

Figure 3.1: Schematic illustration of the preparation of LC gels. A solution
of collagen with cyclodextrin complexed LC was prepared. Neutralization and
irradiation produce ROS, contributing to the formation of covalent bonding
between collagen fibrils to produce a firm gel. (Created with BioRender.com)).
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3.2.3 Collagen freeze-dried products (sponges and sheets)

Collagen sponges were prepared by freeze-drying of RF gels (Paper I). Sponges
were prepared with prilocaine hydrochloride (PCL) as a model drug. The PCL
was dissolved in the gel solution under the neutralization procedure to a final
concentration of 5 mg/ml. The gels were frozen at -80 °C for 1 h prior to
freeze-drying at 0.0019 mbar for 20 h, including 1 h final drying at 0.0010 mbar
(Alpha 2-4 LD Plus Freeze Dryer, Martin Christ, Osterodeam Harz, Germany).

Collagen sheets were prepared by freeze-drying of the collagen-NADES
solutions (Paper II). The solutions were transferred to a 6-well multiplate
(Corning Life Sciences, Tewksbury, MA, USA) (2 ml) and freeze-dried in order
to form sheets. The solutions were frozen at -80 °C for 1 h prior to freeze-drying
at 0.0019 mbar for 20 h, including 1 h final drying at 0.0010 mbar (Alpha 2-4
LD Plus Freeze Dryer, Martin Christ, Osterodeam Harz, Germany).

3.3 Methods

3.3.1 Characterization of isolated collagen

Collagen from turkey was characterized with respect to its physicochemical
properties in dry (freeze-dried) state and in solution in Paper I. Methods
used, and described in the paper, included a total collagen quantification
assay (Sircol™ Soluble Collagen Assay), measurement of intrinsic viscosity and
estimation of average molecular weight, sodium dodecyl sulphate-polyacrylamide
gel electrophoresis (SDS-PAGE), circular dichroism, nano differential scanning
calorimetry (nano DSC), fourier transform infrared spectroscopy (FT-IR),
morphology studies (SEM) and a cell viability assay.

The behavior of the isolated turkey collagen and a commercially available
collagen from calf skin in NADES CX and aqueous dilutions thereof were assessed
by studying viscometric, calorimetric (nano DSC), structural (SDS-PAGE) and
spectral properties (absorbance and fluorescence) in Paper II.

3.3.2 Characterization of formulations

The sponges prepared in Paper I were characterized with respect to mechanical
properties (compression), thermal stability (DSC and TGA), morphology (SEM)
and in vitro drug release (Franz cell diffusion). Estimated average pore size was
quantified using ImagelJ . Presented value was calculated from the average
pore size of the total of 20 randomly chosen pores.

The collagen sheets prepared in Paper II were characterized with respect
to molecular composition (FT-IR) and mechanical properties (puncture test).

The collagen gels prepared in Paper III and IV were characterized with
respect to mechanical properties (macroindentation), water holding capacity
(centrifugal dehydration), enzyme-mediated scaffold degradation (collagenase
digestion) and in vitro drug release (gel diffusion in well plate inserts). LC gels
were evaluated for their bacterial phototoxicity.
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3.3.3 Cell culture studies

Cell studies were conducted to evaluate the cytocompatibility of the isolated
collagen in Paper I and cytocompatibility, cellular behavior and secretion of
proteins and mRNA expression for cells seeded on hydrogels in Paper III.

Human primary dermal fibroblasts (PCS-201-012™, ATCC®, Manassas,
VA, USA) were cultured in Dulbecco’s modified Eagle’s medium (DMEM)
supplemented with 10% (v/v) fetal bovine serum (FBS), 100 U/ml penicillin, 100
ug/ml streptomycin and 250 pg/ml fungizone in tissue culture flasks. The cells
were maintained at 37 °C in a humidified atmosphere of 5% CO, and routinely
sub-cultivated twice a week. Cells between passages 3-10 were used.

Cytocompatibility studies of the isolated collagen in Paper I were conducted
by adding collagen to fibroblasts plated on microtiter plates. The collagen was
not dissolved before addition to the wells, to mimic use under relevant biological
conditions. Cell viability was measured with a commercial assay (CellTiter-Glo®
Luminescent Cell Viability Assay, Promega, Madison, WI, USA).

Cell studies on fibroblast behavior in Paper III was conducted by seeding
cells onto hydrogels. Cytocompatibility was evaluated by live-dead staining of
the cell nuclei. Immunofluorescent staining and imaging were used to examine
stress fibers, differentiation and expression of a-smooth muscle actin (a-SMA)
and pan-cadherin. Commercial enzyme-linked immunosorbent assays (ELISAs)
were used to measure protein secretion of matrix metalloproteinase-2 (MMP-2),
tissue inhibitor of metalloproteinase-2 (TIMP-2) and shed syndecan-4 (SDC-4).
RNA extraction and reverse transcriptase quantitative polymerase chain reaction
(RT-qPCR) were used to evaluate gene expression of ACTA2 (a-SMA), SDCY
and COL1A2. The RT-qPCR results were evaluated according to the MIQE
guidelines . Experiments were performed in triplicate and repeated three
times.

3.3.4 Bacterial phototoxicity studies

To evaluate the bacterial phototoxicity of the LC gels developed in Paper III
on planktonic Staphylococcus aureus, a hydrogel diffusion method was applied in
Paper IV. A schematic illustration of the procedure is given in Figure 3.2
Hydrogels (250 pl) were prepared as described above in 24-well cell culture
inserts (Falcon®, Corning Inc. Life Sciences, Corning, NY, USA) with 3.0 um
pores and 8.0 x 10° pores/cm?. The diffusion area of the inserts was 0.33 cm?. S.
aureus strain Newman was cultured overnight in brain heart infusion (BHI, Oxoid
Ltd., Basingstoke, UK) broth at 37 °C in a 5% CO4 supplemented atmosphere.
The bacterial suspension was centrifuged and the supernatant was discarded. The
bacteria were redispersed in Dulbecco’s PBS (DPBS, Lonza, Verviers, Belgium)
with 100 mg/1 MgCly and 130 mg/l CaCly to an optical density at 600 nm
(ODgoo) of 1.0, corresponding to approximately 3.0 x 108 colony forming units
(CFU)/ml. Each well of a 24-well plate was added 1 ml of a 1:10 dilution of
ODgpo 1.0 inoculum before the insertion of the cell culture inserts containing
gels. The gels were incubated with the bacteria for 3 h, following the removal of
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the inserts containing the remaining gel. The remaining bacterial suspension was
then subjected to UVA irradiation (Ralutec 9W /78, Radium, Germany, \j,q. =
365 nm, 5.1 £+ 0.3 mW /cm? at level of wells) in a chamber (Polylux-PT, Dreve,
Germany) for 30 min (9 J/cm?). Colonies of surviving bacteria were calculated
after serial dilution in PBS and plating on BHI agar plates incubated overnight
at 37 °C in 5% COs supplemented atmosphere. Experiments were performed in
triplicate and repeated three times.

Amax = 405 nm, 0.2 J/cm? Amax = 365 nm, 9 J/cm?
and 37 °C, 90 min or 37 °C, 30 min (dark)
;;; 37 °C, 180 min ;;;
Il Il “\ (
l fl ‘\‘
Il 'T‘v— Donor compartment “\ PBS
‘~‘\. sosmmaneent T Hydrogel \SH—)

*— Acceptor compartment || S. aureus in PBS

1. Preparation of gel —— 2. Incubation with bacteria —_— 3. Irradiation

Figure 3.2: Schematic illustration of the studies on bacterial phototoxic effect
of LC photocrosslinked collagen hydrogels. Gels were prepared in cell culture
inserts and photocrosslinked. S. aureus suspended in PBS was added to the
well plate. PBS was added to the cell culture insert. After incubation, the
cell culture insert was removed and the bacterial suspension was exposed to
UVA irradiation followed by calculation of surviving bacteria colonies after serial
dilution. (Created with BioRender.com)).
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Chapter 4
Discussion of the main results

In the present thesis, collagen from turkey (Meleagris gallopavo) was investigated
for its suitability as a biomaterial in drug delivery and biomedical applications.
The isolated collagen was characterized in dry form, in acidic solution and
solubilized in a NADES. Further, relevant formulation techniques were applied to
obtain collagen preparations with potential applications in drug delivery, tissue
engineering and wound healing. The importance of the use of sustainable
materials and formulation techniques was emphasized in the present work.
A summary of the main aims, achievements and future considerations are
summarized in Table [l

4.1 Characterization of collagen from turkey

4.1.1 Physicochemical properties of isolated collagen

Collagen was isolated from turkey tendon and characterized with respect to its
physicochemical properties in freeze-dried and dissolved (acidic solution) form
(Paper I). Due to the large differences in the composition of collagen between
species and source within the specimen, it was important to thoroughly study
properties relevant for the application in biomaterials. This included the purity,
composition and thermal properties as summarized in Table [1.2]

The quantification of total collagen content in solution indicated that
the collagen was isolated with high purity. Isolation procedures involving
pepsin are known to increase the yield and cleave non-helical telopeptide
moieties of the protein . This will further lead to a product with low
immunogenicity and good biocompatibility . One of the leading definitions
of biocompatibility states that "the biocompatibility of a material is the ability
to perform an appropriate host response in a specific situation or application”
[197]. Biocompatibility studies usually include investigation of histopathological
changes in host, which was exposed to a material for an extended period of
time. Host response is a measure of biocompatibility. Cytocompatibility (cell
response) is a particular case of biocompatibility, which is the wider term. A
good biocompatibility is desirable for biomaterials for pharmaceutical use
198]. The cytocompatibility of this collagen in relevant concentrations (0.5-3.0
mg/ml) was confirmed by an in vitro viability study on human primary dermal
fibroblasts. The results showed a slight decrease in viability with increasing
collagen concentration (although not significant). However, this was attributed to
the increasing bulk volume of the collagen and/or quenching of the luminescence
signal from the viability assay.

Collagen type I has been considered as the gold standard for tissue engineering
applications due to low antigenicity and ability to form fibrils . Type I and
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Table 4.1: Summary of aims, achieved results and considerations.

Aims

Achievements

Considerations

Isolate a collagen mate-
rial with properties suit-
able for pharmaceutical
and biomedical applica-
tions.

Prepare a collagen
hydrogel suitable for
biomedical applica-
tions, such as tissue
engineering and wound
healing.

Investigate the dual ef-
fect (photocrosslinking
and bacterial phototoxi-
city) of LC-collagen hy-
drogels.

Prepare a freeze-dried
drug delivery system of
collagen, which by pho-
tocrosslinking  should
control the release of an
active pharmaceutical
ingredient.

Investigate the proper-
ties of collagen in a
NADES to evaluate the
potential for the combi-
nation in pharmaceuti-
cal and biomedical ap-
plications.

Assess the best combina-
tion of collagen and the
NADES for a formula-
tion with potential use
in wound healing.

Isolation of collagen
with high purity, high
thermal stability and a
high degree of cytocom-
patibility.

Reduced gelation time
and stronger hydrogels
by LC photocrosslink-
ing. Tuned fibroblast
behavior to a more mi-
gratory myofibroblastic
phenotype in 2D.

Similar bacterial pho-
totoxicity of hydrogels
despite different LC
concentrations (i.e.,
excipient-dependent
formation of *O,).

Formation of sponges
by RF photocrosslink-
ing and freeze-drying
with enhanced mechani-
cal properties.

Fragmentation of col-
lagen in concentrated
NADES. Preservation
of collagen structure in
highly diluted NADES.

Formation of freeze-
dried collagen-NADES
sheets with increased
plasticity and preserved
collagen structure.

Other properties, such
as amino acid content
should be investigated
to get a more holistic
characterization.

Fibril organization and
pore size should be fur-
ther investigated. Seed-
ing cells in 3D can repre-
sent a more realistic en-
vironment for tissue en-
gineering applications.

Optimization of irradia-
tion dosimetry, LC dose
and studies in other
bacteria and biofilms
should be performed.

Further studies inves-
tigating how the pho-
tocrosslinking can be op-
timized to control the re-
lease of active pharma-

ceutical ingredients.

Investigate combi-
nations  with  other
NADES and evaluate
and find stable com-
binations suitable for
further development of
products.

Cell- and bacterial
studies confirming
suitability of the sheets
in biomedical settings
should be performed.
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Table 4.2: Summary of physicochemical properties of collagen isolated from
turkey.

Properties Result
Purity 103.1 + 3.1%.
Intrinsic viscosity 19.76 dl/g
Estimated molecular weight (My) 477.3 kDa
Type (SDS-PAGE) Type I and 111

(ar(I), ay(I), a2(1), B, 7)

Transition temperature (minor, T;)  38.3 °C

Transition temperature (major, T,,) 44.5 °C

Composition (FT-IR) Amide A (3324 cm™1),
amide B (2938 cm™1),
amide I (1658 cm™1),
amide IT (1548 cm™1),
amide I1I (1234 cm™1)

Protein conformation (UV-CD) Abs, e 221.5 nm,
Abs,in 197 nm,
Crossover 214 nm

IIT are also the major collagen types in the ECM and the most important types
in the wound healing process . The present collagen was identified as
collagen type I and III by SDS-PAGE separation of the a-chains. This agrees
with the general presence of type I and III collagen in tendons and ligaments
. Indications of crosslinks between the collagen chains were observed
by the presence of - and -bands. These bands corresponded to crosslinking
between the a-chains or intermolecular crosslinking between collagen molecules
[63]. The crosslinking was further confirmed by the estimated average My,
of 477.3 kDa, which was higher than expected. SEM images of the isolated
collagen revealed fibrils and sheet-like structures (see figure in Section .
FT-IR spectroscopy was applied to further determine the structural features
of the isolated collagen. The FT-IR spectra displayed signals characteristic for
collagen, including absorption bands for amide A, B, I, IT and III (Table .
Amide I, IT and IIT are related to the secondary polypeptide conformation of
proteins, and especially the a-helix conformation in collagen . In short, the
FT-IR results indicated that the native structure of collagen was preserved.
The preservation of the triple helix was further confirmed by the UV-CD
measurements exhibiting peaks, which are characteristic for the triple helical
conformation . Native collagen is preferred in wound healing applications by
being a target for proteolytic enzymes and in tissue engineering applications by
being a matrix for cell proliferation [94].

Knowledge about the thermal stability is important to evaluate how the
preparation methods and potential applications can affect the collagen structure.
Calorimetric analysis were performed by nano DSC on acidic solutions of collagen
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4. Discussion of the main results

to evaluate the thermal stability and determine the denaturation temperature.
The thermal denaturation of the isolated collagen occurred in two steps with
a minor transition (T;) at 38.3 °C and a major transition (T,,) at 44.5 °C. A
three-state model has been proposed to describe the thermal denaturation of
proteins. This includes a thermodynamic step from native to unfolded protein
and a kinetically controlled step from unfolded protein to denatured protein (N
< U — D) [201]. This model has been evaluated and found to be the best model
for thermal unfolding of collagen where the reversible unfolding step is related to
melting of small parts of the triple helix (Ts), and the denaturation step (T,,)
describes irreversible unfolding to monocoils 202]. The values for T, and
T,, were among the highest values reported in the literature for acidic collagen
solutions and emphasize that turkey collagen has superior thermal stability
compared to collagen from other species. As described in the introduction, the
amino acid content may contribute to the denaturation temperature. However,
the amino acid sequence was not studied in detail in the present work. The
collagen demonstrated partial refolding after extensive heating (10 °C above the
recorded T,,). The denaturation occurring at the T, of collagen is related to the
formation of gelatin fragments, which apparently were formed to a certain extent
despite partial refolding . The refolding may be due to the applied pressure
in the nano DSC capillary chamber, as discussed in a recent study . Results
from the investigation of the integrity of the collagen helix as a function of
increasing temperature by UV-CD were consistent with the postulated biphasic
thermal transition mechanism.

The high purity, composition and thermal stability of the isolated collagen
were considered as properties desirable in biomedical and pharmaceutical
preparations. Thus, the material was further evaluated in the preparation
of potential collagen formulations and scaffolds.

4.1.2 Physicochemical properties of collagen dissolved in
NADES CX

NADES are prepared from natural substances and secondary metabolites and are
considered as alternatives to conventional solvents. The possibility to use NADES
as "green" sustainable solvents and excipients in collagen formulations was
therefore assessed (Paper II). Some NADES have demonstrated antibacterial
properties in previous studies in our lab . Further, NADES have been utilized
in the preparation of functionalized electrospun fibers for drug delivery, which
could be interesting for future applications of collagen . NADES CX was
selected in the present work based on previous results on antibacterial activity
and preliminary studies on the collagen dissolving abilities. The pH of NADES
CX and aqueous dilutions thereof ranged from 0.2 (undiluted) to 2.4 (dilutions
1:100 and 1:200). Collagen from turkey tendon (isolated and characterized in
the present work; pepsin treated) and collagen from calf skin (commercially
available; isolated without pepsin) were compared in the experiments to assess
the behavior of collagen with different origin and composition in the selected
NADES. Pepsin treatment of the turkey collagen would remove the non-helical
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telopeptides, and reduce the content of certain amino acids, such as tyrosine,
which may alter the physicochemical properties of the protein compared to
non-pepsin treated samples . The physical and spectral properties of collagen
from turkey- and calf collagen dissolved in NADES CX and aqueous dilutions
thereof are presented in Table [L.3] and [£.4] respectively.

UV absorbance and fluorescence data revealed the presence of tyrosine in
both samples, despite pepsin treatment of the turkey collagen, which should
remove tyrosine. This indicates that the telopeptides are not completely excised
by pepsin treatment . The telopeptides are further rich in phenylalanine
(which is the precursor of tyrosine) [206]. Absorption peaks at 268, 265 and 258
nm indicate the presence of phenylalanine . The absorption peak (265 nm)
of phenylalanine was the highest intensity peak in the calf collagen, indicating
the presence of telopeptides. Hypsochromic (blue shift) and hyperchromic
(increase in absorbance) shifts were detected upon dilution of the samples, and
are hypothesized to be due to the uncoiling of the protein helix .
However, these shifts may also indicate a weakening of the NADES hydrogen
bond network, leading to increased stabilization of the dissolved protein. The
preservation of the eutectic network upon dilution has been a topic of discussion
and some literature claims that the network is absent at high dilutions . The
present results indicate that the network is maintained up to 200-fold dilution,
which is consistent with previous findings in our lab .

Further details on the collagen structure were obtained by fluorescence
spectroscopy. Excitation at 270 nm should induce tyrosine fluorescence with a
maximum emission near 305 nm. However, unusual tyrosine emission at longer
wavelengths (330-350 nm) are reported in proteins and has been ascribed to
tyrosinate emission [209]. Tyrosine emerged as the main peak in collagen from
calf, while tyrosinate was dominating in collagen from turkey. The emission
maximum in turkey samples (i.e., i.e., tyrosine/tyrosinate fluorescence) indicated
a bathochromic shift (red shift) with increasing NADES dilution. This confirms a
weakening of the NADES network and stabilization of the collagen hypothesized
above . Dissolving collagen in aqueous dilutions of NADES may alter the
conformation of the protein due to the presence of a supramolecular H-bonding
network and a low pH. This was confirmed by a linear decrease in the tyrosinate
emission (corrected for the variation in absorbance) as a function of decreased
viscosity in diluted NADES samples. The tyrosine emission in calf collagen was,
however, virtually independent of NADES concentration. Both the fluorescence
measurements and the absorbance spectra indicated that tyrosine was more
exposed to the aqueous phase of the environment in samples containing turkey
collagen than calf collagen.

Measurements of the fluorescence anisotropy were performed to study the
folding of the collagen. The rotational motions of the fluorophores determining
the anisotropy relies on the size, shape and extent of aggregation of the molecule.
The steady-state fluorescence anisotropy of tyrosinate emission was independent
of the supramolecular structure, pH and viscosity of the solvent in turkey collagen
samples. This indicated that the tyrosinate residues were not deeply embedded
in these samples . The fluorescence anisotropy from tyrosine emission in
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Characterization of collagen from turkey

calf skin collagen was, on the other hand, dependent on the NADES dilution as
an inverse function of the viscosity. This indicated a conformational change of
the protein upon dilution of the NADES. In very dilute NADES samples (i.e.,
1:200), the anisotropy was virtually similar to samples in 0.02 M acetic acid
representing a stable collagen structure.

The SDS-PAGE pattern of the collagens dissolved in aqueous dilutions of
NADES CX revealed differences in the protein fragmentation upon dilution. The
pattern confirmed the unfolding and degradation of the collagens in low dilutions
(< 1:50) of NADES CX at room temperature. Further, the importance of the
telopeptides for the stability of the molecules were emphasized. Collagen from
calf with intact telopeptides showed less degradation than telopeptide-excised
collagen from turkey. It was hypothesized that the degradation and apparent
changes in the protein conformation were due to changes in the supramolecular
network of NADES combined with changes in pH.

The thermal stability was evaluated by nano DSC. The denaturation
temperature showed a linear increase as a function of increased pH between
NADES dilution 1:10 and 1:100. This indicated a stabilization of the collagen
structure with increasing pH. Low pH (i.e., < 1) causes partial denaturation of
the collagen, which can explain the absence of minor transitions prior to the
main transition at lower dilutions . This was consistent with the SDS-PAGE
results that indicated a fragmentation of these samples.

NADES CX contains xylitol. The presence of polyols, such as xylitol, in a
collagen solution has previously shown a stabilizing effect on the triple helix
through binding of the polyol to the collagen molecule . However, our
study indicated a destabilizing effect of the collagen with increasing NADES
concentration. A possible explanation can be that the binding of xylitol in a
supramolecular network of hydrogen bonds in NADES can change its ability to
form intermolecular bonds with collagen.

Our research group has recently investigated the interactions of NADES
with artificial and natural membranes, including the effect of several NADES
on liposomes and pig skin (study not included in this thesis) . Collagen
is a major constituent of the skin, as mentioned in the introduction. The
main findings in the study included a stabilizing effect by NADES on liposome
membranes and a slightly reduced permeability of a model drug through pig
skin, most likely caused by H-bonding between NADES and the skin proteins.
These results are important to further develop combinations of NADES for
pharmaceutical purposes.

The unique ability of NADES to dissolve a wide range of substances, combined
with their physicochemical properties (e.g., viscosity, pH and antimicrobial
properties) make NADES interesting as vehicles in drug delivery. Possible
formulations could include sprays, freeze dried sheets and electrospun nanofibers.
Formulations for wound treatment should retain the chemotactic properties of
collagen either as a native collagen or as peptide fragments .

39



4. Discussion of the main results

4.2 Characterization of collagen formulations

Collagen was in the present thesis formulated into sponges for modified release
of a local anesthetic, sheets for potential use in infected wounds and hydrogels
with increased durability and water holding capacity for potential use in wound
healing and tissue engineering. Collagen from turkey isolated in Paper I was
used in all the preparations. Photographs of the respective formulations are
presented in Figure [41]

Figure 4.1: Photographs of collagen formulations prepared in Paper I-IV. From
left to right: RF photocrosslinked collagen sponges, collagen-NADES sheets and
LC photocrosslinked collagen hydrogels.

4.2.1 Collagen hydrogels

Collagen hydrogels seem promising within a range of application areas, including
drug delivery, tissue engineering and wound healing [102]. In Paper
I, hydrogels were prepared by RF photocrosslinking of collagen solutions. This
resulted in apparently stiff and durable gels. Non-irradiated hydrogels appeared
weak. The gel properties were not further investigated before freeze-drying into
collagen sponges. Challenges associated with the RF photocrosslinking method
include a potential radiation attenuation due to highly absorbing components
(inner filter effect) caused by the high RF concentration, and a time-consuming
irradiation procedure. Further, RF photocrosslinking of collagen may cause
heterogeneity in the crosslinks formed by a limited reaction depth of around
300 pm [149]. Previous studies in our lab have proved that photodegradation of
RF produces LC, which is more photostable and a more effective 'Oy generator
than its precursor [168]. LC was therefore investigated as a potential PS in
photocrosslinking of collagen (Paper III). Physical properties of the resulting
hydrogels and their effect on primary dermal fibroblasts were investigated.
Furthermore, the release of LC and potential bacterial phototoxicity of the
hydrogels were investigated in Paper IV. The photocrosslinking time could
be reduced from several minutes to 10 s by changing from RF to LC. A short
irradiation time is beneficial in combination with cells for application as bioinks.

Collagen hydrogels were in the present work prepared both by physical
crosslinking (with and without CD modulation) and LC and RF photocrosslink-
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Characterization of collagen formulations

ing. The physically crosslinked hydrogels and RF photocrosslinked hydrogels
were prepared as described in the literature . LC photocrosslinking of
collagen hydrogels were, however, performed for the first time in the present
work. Thus, an optimization study was performed to evaluate the optimal LC
concentration and irradiation source for the preparation of those hydrogels. The
viscosity before and directly after irradiation was measured. Collagen solutions
with 10% (w/v) HPBCD and 500 pM LC exhibited a viscosity of 122.8 mPa-s
before photocrosslinking and 942.0 + 366.5 mPa-s after being exposed to UVA
(Bio X, Cellink, Gothenburg, Sweden, 10 s, A\jyq0p = 365 nm). The large variation
in the viscosity after crosslinking was ascribed to precipitation of the collagen
in solution within a few minutes after neutralization, despite being prepared
on ice. The CD concentration (and subsequently the LC concentration) was
therefore reduced. Collagen solutions with 5% (w/v) HPBCD and 250 uM LC
exhibited a viscosity of 998.6 + 55.2 mPa-s after irradiation, while a change in
the irradiation procedure to exposing the solution to blue light (10 s, Ay = 405
nm) increased the viscosity to 1818 + 83.8 mPa-s. Due to a superior viscosity
and reproducible results compared to the other formulations, it was decided to
continue with this formulation in the further studies.

Material properties

The measured material properties of the hydrogels prepared in Paper III are
presented in Table [£7]

Tissue engineering applications require biomaterials with a certain elasticity.
Ideally, a scaffold should have material properties consistent with the application
site [216]. The complex elasticity of native tissue is difficult to replicate, and
this has been considered as one of the major challenges in tissue engineering
. The LC gels had a low initial stress (< 1% strain), high Young’s modulus
(20% strain) and high viscosity, corresponding to a soft material with elastic
properties at low strains . RF gels displayed the highest initial stress, but
a lower Young’s modulus than LC gels. The physically crosslinked hydrogels
(Col gels and CD gels) were in general weak and displayed low Young’s moduli.
The elasticity of skin ranges from < 10 kPa to > 100 kPa depending on, among
others, subject age, skin thickness and test parameters . Both LC- and
RF gels displayed Young’s moduli within the range, indicating a suitability in
biomaterials for skin applications.

LC gels exhibited high biodegradability, reflected in the lowest collagenase
resistance of the hydrogels studied. This indicated a lower crosslinking density
than the other hydrogels, which was confirmed by a higher water holding
capacity . The retention of water in the hydrogels can be desirable in tissue
engineering applications, facilitating the diffusion and retention of nutritional
components. Ophthalmic applications, such as hydrogel contact lenses are
dependent on a high water retention capacity to secure oxygen passing to the
corneal layer . The collagenase effect is, however, also dependent
on the availability of the sites of cleavage. The use of CDs together with
LC photocrosslinking seemingly reduced the fibril diameter and increased the
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4. Discussion of the main results

Table 4.5: Physical properties of collagen hydrogels.

Sample WHC? E® Collagenase resistance®

Col gels  2.67 £ 0.53%  3.50 + 0.21 kPa  31.08 £+ 7.68%
CD gels 5.12 £280%  3.90 + 0.40 kPa  32.21 £ 10.32%
LC gels 4497 + 3.04% 62.30 £ 7.95 kPa 15.18 £ N.A.%
RF gels 257 £ 0.06%  30.88 £ 0.51 kPa  62.47 £ 1.14%

“Water holding capacity, *Young’s modulus (20% strain), “Remaining gel (12 h)

organization into collagen fibril alignments [130]. This was further expressed after
LC photocrosslinking. A change in the fibril alignment can influence the digestion
of the collagen molecules, possibly explaining the increased susceptibility to
collagenase degradation in LC gels .

Reduced fibril diameter and organized molecule alignment were further
confirmed by the formation of transparent LC gels. Good optical properties of
the scaffolds are usually not a requirement in tissue engineering applications.
However, certain application areas may require transparency, such as eye
treatment with corneal shields/lenses . Further, photocrosslinking
of gels requires a transparent material to avoid radiation attenuation due to
light scattering or highly absorbing materials (inner filter effect). An inner filter
effect will in the worst case prevent homogeneous crosslinking throughout the
material [226]. LC gels prepared by photocrosslinking prior to incubation were
clearly more transparent than Col gels and RF gels (Figure. A change in
the crosslinking procedure from photocrosslinking before to mid-way during the
incubation, resulted in more translucent gels.

Figure 4.2: Photographs of collagen hydrogel formulations, illustrating the
difference in optical properties. From left to right: Col gel, LC gel, CD gel and
RF gel.

The presence of LC induced photocrosslinking and gelation of the collagen
solution after only 10 s exposure to blue light. A recent study has shown that
it is possible to induce fiber-like aggregation and gelation of collagen by UV-
irradiation at low temperatures. However, the total required irradiation time for
these gels were 60 min . The gels were formed as a result of crosslinking
and degradation of the protein. A long irradiation time limits the potential of
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Characterization of collagen formulations

co-seeding cells with the gels and biofabrication of cell-laden bioinks. Blue light
is not only less destabilizing than UV to collagen, but is less harmful to cells.
This is desirable if the formulation is intended to be used in bioprinting .
Some studies also show reduced proliferation of fibroblasts after being irradiated
with blue light, however, the effect will be dose dependent [228].

LC photocrosslinking of collagen has been performed by application of two
types of LC-CD complexes (LC-HPSCD and LC-HP~CD). The CDs had different
complexation efficiency (CE), which limited the amount of LC used in the
crosslinking reaction. There were no noticeable differences in the mechanical
properties between the hydrogels prepared with HPSCD and HP~CD. The
influence on the hydrogel properties and behavior of cells seeded on the hydrogels
prepared with HPyCD or other CDs must be studied further in a similar way
as hydrogels prepared with HPSCD to compare their potential application in
tissue engineering and wound healing.

Cell experiments

The effect of the developed LC gels on primary dermal fibroblasts was thoroughly
studied with respect to cell morphology, expression of proteolytic enzymes and
proteins involved in the ECM production (Paper III). The results from the
characterization of the collagen hydrogel scaffolds indicated a suitability in
tissue engineering and wound healing applications . Thus, the cellular
behavior, including the secretion of proteins involved in ECM production and
differentiation was monitored, together with the expression of corresponding
genes.

Live/dead staining of cells seeded on LC gels, Col gels and CD gels revealed
a high viability of cells, demonstrated by the low appearance of dead cells. The
viability of fibroblasts seeded on RF gels was, however, dramatically reduced
(no viable cells detected). The reason for this is unknown. The only differences
between the RF gels and Col gels were the addition of 0.01% (w/v) RF and
photocrosslinking of the constructs after 1 h incubation in the former. All
hydrogels were further incubated for 30 min prior to seeding of cells. A potential
explanation for the death of the cells seeded on RF gels is the presence of trace
amounts of long-lived ROS (hydrogen peroxide, HoO2) formed during the long
irradiation time, resulting in a toxic environment for the seeded cells. RF gels
were not included in further cell studies.

Hydrogel scaffolds for tissue engineering and wound healing applications
should provide structural support and stimulate cells to express signals to control
the production of the ECM, such as biodegradation, similar to the natural
remodeling process . Further, the balance between migration and adhesion of
cells in a scaffold is important. Thus, cells seeded should adhere to the scaffold and
migrate onto, or through the scaffold [216]. The cells seeded on LC gels seemed
to be self-organized into cell clusters with an elongated morphology and more
prominent intracellular stress fibers (filamentous actin, F-actin) compared to cells
seeded on Col gels and CD gels (Figure. Cells on Col gels and CD gels were
evenly distributed throughout the hydrogel surface. Cell clustering is dependent
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4. Discussion of the main results

on ECM properties, growth factors and cell-cell interactions and stabilization.
The clustering can further be an indication of collective migration of the cells.
The redistribution of actin stress fibers is a morpohological characteristic observed
in less adhesive and more migratory cells . SDC-4 is a regulator of focal
adhesion and actin-cytoskeletal organization formation in fibroblasts. SDC-4
shedding of its ectodomain results in an altered distribution of cytoskeletal
components followed by a loss of adhesion and gain of migratory capacities.
The measurement of SDC-4 levels in cell media can thereby be an indication
of migratory behavior of cells on a substrate. The levels of SDC-4 was higher
(although not significant) in LC and CD gels, compared to Col gels (Figure
. Furthermore, the concentrations of MMP-2 and TIMP-2 in the cell media
were measured. Fibroblasts seeded on LC gels had the highest MMP-2/TIMP-2
ratio. The ratio indicated a balance in the expression of the proteins leading
towards MMP-2 for cells seeded on all the gels. The role of MMPs and TIMPs
in tissue regeneration has previously been investigated . The presence of
MMPs is important for the (re)-generation of tissue. An imbalance between the
MMPs and TIMPs can, however, be destructive for the tissue. In our study,
the levels of MMP-2 and TIMP-2 were lower for LC gels, despite the highest
MMP-2/TIMP-2 ratio. MMP-2 is also known to target SDC-4 causing shedding,
which is necessary for migration. An elevated MMP-2/TIMP-2 ratio is therefore

also indirectly an indication of migratory properties.
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Figure 4.3: mRNA expression and secretion of proteins involved in extracellular
matrix production and differentiation. mRNA expression is presented as the
normalized mRNA (fold change) in cells seeded on hydrogels relative to expression
for cells seeded on Col gels. Protein secretion is presented as the average protein
concentration. The MMP-2/TIMP-2 ratio was calculated based on the secretion
of protein into the cell media. Black: Col gels; gray: LC gels; white: CD gels.
£P < 0.05 compared to Col gels; ¥P < 0.05 compared to CD gels; €p < 0.05
compared to LC gels.

The differentiation of fibroblasts into myofibroblasts is critical for the
formation of granulation tissue and production of ECM . The expression of a-
SMA is a measure of the differentiation of the fibroblasts. The mRNA expression
of the a~-SMA gene (ACTA2) was over 2-fold higher in Col gels than LC and
CD gels. However, immunostaining displayed the most mature organization of
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Characterization of collagen formulations

a-SMA for fibroblasts seeded on the LC gels (Figure. Immunostaining of pan-
cadherin, a cell adhesion protein related to myofibroblast differentiation, showed a
more prominent expression in fibroblasts seeded on the LC gels (Figure. The
summarized results indicated that the onset of myofibroblast differentiation was
earlier in fibroblasts grown on LC gels, reflecting the observed down-regulation

of a-SMA at mRNA level (Figure [4.3).

Col LC CD

Phalloidin

Pan-cadherin

Figure 4.4: Fluorescence microscopy images of fibroblasts seeded on collagen
hydrogels. Upper panel: Fluorescence microscopy of F-actin (phalloidin: green;
cell nuclei: blue); Mid panel: Immunostaining of a-SMA (red); Lower panel:
Immunostaining of pan-cadherin (green; cell nuclei: blue). Secondary antibody
controls were included and the results are presented in Paper III.

The COL1A2 gene codes for the production of the as-chain of the collagen
type I molecule. Measurements of the mRNA-expression of COLIA2 were
included in the study to investigate the effect of the crosslinking on the
collagen production from the fibroblasts. The COL1A2 mRNA expression
was significantly highest for fibroblasts seeded on CD gels, with LC gels and
Col gels having lower and quite similar expression. The results may be affected
by the level of TIMP-2 and SDC-4. These proteins are known to regulate the
COL1A2 mRNA expression via different pathways [232} [233]. The differentiation
of fibroblasts into myofibroblasts has also shown to affect the collagen production
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4. Discussion of the main results

following a low mRNA expression, correlating with the results in the present
study .

Cells experiments on fibroblasts seeded in the well plates in the absence of
hydrogels (performed as a control, not included in the paper) showed normal cell
behavior with a equal level of MMP-2 and TIMP-2, similar SDC-4 shedding to
the cells seeded on hydrogels, low ACTA2 mRNA expression and high COL1A2
mRNA expression. Immunofluorescent staining of a-SMA and pan-cadherin was
not performed in these samples.

The fibroblasts were in the present thesis, seeded on top of the hydrogel in
2D. The translation of the present results to the proposed applications (in 3D)
must therefore be taken into consideration. Cells cultured on hydrogels in 2D
are in general less constrained and 3D cultures may model the architecture of
tissues in a more accurate way. However, 2D environments may be more relevant
for certain applications, such as epithelial surfaces, i.e., the skin [104].

LC release and bacterial phototoxicity experiments

Collagen hydrogels prepared by LC photocrosslinking exhibited physical
properties and induced cellular responses which may be beneficial in biomedical
applications. The application of hydrogels to a wound can protect the wound site
against infections, but collagen alone has, however, no antibacterial properties.
Hydrogels have been suggested as promising formulations for aPDT applications
. The presence of a PS with phototoxic effect (i.e., LC) in the hydrogels
may be an advantage in the treatment of localized infections, such as keratitis,
superficial skin infections and infections in the oral cavity. The phototoxic
properties of the LC gels were tested against planktonic S. aureus in Paper IV.
Previous studies on the bacterial phototoxicity of LC have been performed with
either pure aqueous solutions of the substance or in inclusion complexes and
micelles. The reduction in number of bacteria was dependent on the solubilization
method . Parameters and results from the release and bacterial phototoxicity
experiments in the present study are summarized in Table [£.0]

Hydrogels containing either HPSCD or HPyCD were prepared to assess the
influence of complexation agents on the release of LC from the formulations. The
LC-HPSCD complex has a complexation efficiency (CE) and stability constant
(Kj.1) twice the values of the LC-HPyCD complex (CE = 0.0165 compared
to 0.0034 and Ki.; = 412 compared to 85 M~!, respectively) . Thus, the

Table 4.6: Summary of formulation parameters and results from the LC release
experiments (Paper IV).

Remaining LC in compartment (4 h)

Sample LC in gel Donor Acceptor Gel
HPSCD 200 uM 32.60 + 0.15% 30.15 £ 1.67% 37.16 + 1.79%
HPyCD 80 uM 35.47 £ 0.77% 33.76 £ 5.71% 30.77 £ 5.13%
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amount of LC complexed in HPyCD was reduced compared to the amount in
HPBCD. The percentage cumulative release of LC was, however, not significantly
different between the two gels after 4h.

An approximately two-fold higher concentration of LC in hydrogels prepared
with HPSCD should indicate a higher phototoxicity. However, there was no
significant difference between the bacterial phototoxic effect caused by hydrogels
prepared with HPSCD and HPyCD. The log reduction was 0.82 and 0.77
corresponding to a total bacterial survival of 28.9 4+ 12.1% and 33.4 & 13.8%
for formulations containing HPFCD and HP~yCD, respectively. Formulations of
PS-CD inclusion complexes are known to reduce the production of 'O, probably
due to the low diffusion rate of ground state O2 into the CD cavity .
Furthermore, 'Oy generated within the CD cavity can be quenched by the CDs.
The higher K;.; of LC-HPSCD compared to LC-HP~yCD indicated that LC was
retained to a greater extent in the HPSCD cavity after the release from the
hydrogels than its counterpart. This suggests that the similar phototoxicity
observed for the two formulations, despite the difference in PS concentration,
can be explained by the difference in LC-CD complexation.

The results from the phototoxicity studies showed that LC photocrosslinking
of hydrogels for application in wound healing can benefit from the dual effect of
LC in collagen hydrogels, both as a crosslinking agent and as a PS in antibacterial
treatment of infections. The combination of LC and CDs may further be tailored
to increase the phototoxicity, either by varying CDs and LC concentration or in
combination with a conventional antibiotic, e.g., chloramphenicol. The latter
will weaken the bacteria by aPDT before complete eradication with an antibiotic
agent. The present bacterial phototoxicity study is a proof of concept for the
application of an endogenous photocrosslinker in combination with a biopolymer
in aPDT.

4.2.2 Collagen sponges

Freeze-drying of collagen gels prepared in Paper I resulted in the formation of
cylindrical sponges. PCL was included as a model drug. Photocrosslinking by
irradiation of the gels after 1 h incubation at 37.0 °C prior to freeze-drying was
performed to enhance mechanical properties and attempt to modify the release
of PCL. No significant difference in the release of PCL was detected between
irradiated and non-irradiated formulations. However, there was a difference in
the release between sponges and a solution of the drug. The delayed release
observed from sponges could be ascribed to the diffusion of drug from the swollen
sponge upon hydration rather than physical or chemical entrapment of the drug
. The release was not significantly changed after photochemical crosslinking.

RF photocrosslinking of the formulation increased the mechanical strength
more than 2-fold compared to non-irradiated sponges. Non-irradiated samples
exhibited stress of 1.79 £ 0.20 kPa at 50% strain, while irradiation increased the
stress to 3.74 £ 0.94 kPa under similar conditions. The high standard deviation
was ascribed to the inner filter effect leading to heterogeneity in the crosslinks
formed, as previously discussed.
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Photocrosslinking of the gels prior to freeze-drying resulted in the formation
of pores and stabilizing fibrils between the pores of the sponge. During freeze-
drying, pores are formed by large-growing ice crystals that appear during the
initial freezing step. This will segregate the collagen fibrils and compress them
into thin sheets. After the ice crystals sublimate during freeze-drying, empty
spaces are formed . Photocrosslinking of the gel before freeze-drying will
stabilize the porous fibril network. The photocrosslinking led to the formation
of fibril-stabilized pores with an estimated average diameter of 392 + 139 pm.
The non-irradiated sponges exhibited a collapsed pore structure with fewer
visible fibrils, and the average pore size could not be measured. The changes
in morphology after photocrosslinking may be favorable in tissue engineering
applications where cell movement and sufficient exchange of nutrients and oxygen
are crucial . Further, the pore structure may absorb excessive wound
exudate. This results in swollen hydrogels, which adhere to the wound bed
and protect the wound site against exogenous factors, such as bacteria. The
irradiated sponges absorbed water but retained their shape upon dispersion in
aqueous solution. SEM images of the isolated collagen, RF photocrosslinked
collagen sponges and non-irradiated collagen sponges are presented in Figure
4.0

Figure 4.5: SEM images of collagen and collagen sponges prepared in Paper
I. From left to right: isolated collagen from turkey, cross section of RF
photocrosslinked collagen sponge and non-irradiated collagen sponge. Scale
bars 100 pm.

The photocrosslinking of the sponges further changed the thermal properties
of the formulation. TGA measurements demonstrated a significant weight loss
upon heating of the sponges ascribed to both the decomposition of PCL and
collagen. The results were, however, similar for all sponge samples. Thermal
studies by DSC revealed that non-irradiated sponges exhibited a lower shrinkage
temperature (57.1 £ 1.9 °C) than RF photocrosslinked sponges (63.5 £ 2.5
°C). The shrinkage temperature of collagen corresponds to the loss of the triple
helical structure . This indicated a stabilization of the formulation by
photocrosslinking [41].
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4.2.3 Collagen-NADES sheets

Collagen sheets are another type of scaffold, which can be produced by freeze-
drying. In the present thesis, collagen-NADES sheets were prepared as an
example of a collagen material containing a NADES (Paper II). The sheets
were prepared from turkey and calf skin collagen, respectively.

The molecular composition of the collagen-NADES sheets were assessed by
FT-IR spectroscopy. The sheets containing NADES were compared to control
samples without NADES, both prepared by freeze-drying of acidic collagen
solutions. The control sample maintained the molecular characteristics of the
solid collagen (i.e., amide A, B, I, IT and IIT). Samples prepared with NADES
CX 1:1 and 1:10 displayed weak or no amide I and II signals. These amides
are associated with the helix conformation of collagen, and a loss of these
functions are related to the uncoiling or degradation of the collagen helix [11].
Samples prepared with aqueous dilutions 1:50-1:200 of NADES CX exhibited
bands related to the molecular characteristics of collagen triple helix. A band at
approximately 1714 cm™! was observed in all samples containing NADES. The
presence of citric acid in the NADES can induce a shift of the C=0 stretching
signal from approximately 1692 cm~! to 1714 cm~! by hydrogen bonding .

Freeze-dried collagen sheets are normally brittle and have poor mechanical
properties in the absence of crosslinking. Thus, the incorporation of substances
such as plasticizers are necessary. The use of a plasticizer may increase mechanical
properties, such a toughness and resistance to cracking . NADES at low
dilutions (< 1:10) lead to the formation of a sticky mass, impossible to handle.
Perforation tests of the collagen-NADES sheets were performed. However, only
sheets prepared from turkey collagen could be analyzed because sheets prepared
from calf collagen were sticking to the container. This may indicate that the
isolation method and the amino acid composition of the collagen is crucial for
the ability to form sheets prepared with NADES. Incorporation of NADES to
the turkey collagen sheets increased the maximum force of indentation prior
perforation of the sheets from 0.10 + 0.01 (control sample without NADES) to
0.46 + 0.07 N (sheets prepared with NADES dilution 1:100). The displacement
before perforation was increased from 1.80 £ 0.12 to 4.94 4+ 0.65 mm. The
introduction of NADES to the sheets had apparently a plasticizing effect on
the formulation. Further dilution of NADES prior to dissolving collagen and
freeze-drying sheets decreased both the force and displacement. Hence, a 1:100
dilution of NADES CX was the optimal solvent, giving the best mechanical
properties of the resulting product.

The effect of the NADES on the collagen sheets was attributed to the up-
concentration by evaporation, leaving concentrated NADES within the protein
structure. Further, the presence of xylitol and citric acid may have affected
the collagen structure. As discussed previously, xylitol alone was postulated to
stabilize the collagen structure. However, the tightly bound hydrogen network
may affect this ability. Both xylitol and citric acid have previously been
evaluated as excipients in protein sheets. Xylitol was demonstrated to have
plasticizing properties when added to squid protein films, while citric acid has
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been investigated as a potential natural crosslinking agent of collagen sheets
. Other DES and NADES, such as choline chloride combined with urea,
citric acid and glycerol have been investigated for their plasticizing properties on
polymer formulations. Results from these studies point towards a potential use
of the eutectic mixtures in production of eco-friendly bio-based plastics [245].
The use of the present NADES can further be interesting in wound dressings by
inhibition of biofilm formation. Xylitol has shown biofilm inhibition by reduced
bacterial viability, reduced content of polysaccharides and tightness of biofilm
attachment [246].

The use of a 1:100 dilution of NADES CX was considered the best alternative
for preparation of collagen-NADES sheets. The presence of the NADES within
the sheets may further allow for inclusion of additional compounds (e.g., drugs)
with low aqueous solubility to enhance the potential antibacterial effect.

4.3 Sustainability and relevance of the present work

The current attention in bioeconomy research is focused on alternative sources
to conventional products, such as alternative feedstocks from waste and rest
raw materials . The use of sustainable materials in the production of new
biomedical devices are demanded, and the isolation of collagen can improve the
circular bioeconomical aspects related to the increasing meat consumption and
amounts of rest raw materials from poultry . Collagen has already been
predicted a future as an excipient in pharmaceutical and biomedical applications,
but the clinical applications have been prevented by challenges such as the risk
of containing transmissible diseases and by religious and dietary preferences.
The use of poultry rest raw material lowers the risk of transmitting TSE, BSE
and FMD, and is generally more accepted in different diets .

The interest in the use of NADES as an alternative to conventional solvents
is increasing, especially for the extraction of plant metabolites. A few products
containing NADES have been introduced on the market, especially within
cosmetics . The present study demonstrated that collagen could be
dissolved in NADES. Concentrated NADES induced some degradation of the
collagen molecule. However, highly diluted NADES could be applied without
major induction of changes in the collagen structure. This makes the addition of
small amounts of NADES to collagen preparations, such as hydrogels, possible.
NADES can by this be used as a solubilizer for, e.g., poorly aqueous soluble
drugs or PS in hydrogels, but also contribute to antibacterial properties of the
formulation. NADES in higher concentrations may induce fragmentation of
collagen. Further studies on these degradation products have to be performed to
identify potential bioactive collagen peptides formed in the presence of NADES.

The areas of focus for research within life sciences at University of Oslo
(UiO:Life Science) have sustainability as an overarching topic, aiming to fulfill
several of the goals in the 2030 Agenda for Sustainable Development .
The use of rest raw materials and "green" chemicals, such as NADES and
endogenous PS matches one of the three pillars of UiO:Life Science strategy by
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promoting innovation related to environment and health. Further, the challenge
of increasing antimicrobial resistance is emphasized as a field of research. This has
been addressed in the present thesis by application of NADES and endogenous
PS as a new approach to fight bacterial infections.
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Chapter 5
Concluding remarks

The present thesis aimed to investigate the potential use of rest raw materials from
Norwegian industrially produced turkey (Meleagris gallopavo) in pharmaceutical
and biomedical applications. Further, sustainable alternatives to organic solvents,
artificial polymers, toxic crosslinkers and conventional antibiotics were addressed.

Collagen was isolated with high purity. The protein exhibited a high thermal
stability and had a composition which indicated a suitability in applications such
as drug delivery, tissue engineering and wound healing. Different formulations
based on the isolated collagen were prepared, including hydrogels, freeze-dried
sponges and sheets. The hydrogels demonstrated suitability for the growth of
human dermal fibroblast. Photocrosslinking increased the mechanical strength of
the hydrogels. The application of LC as a photocrosslinker reduced the required
irradiation time from minutes to only 10 s, which is favorable in preparation of
cell-laden hydrogels and development of bioinks. Cells seeded on these gels had
a migratory myofibroblastic phenotype. Studies on the release of LC from the
hydrogels in combination with bacterial phototoxicity studies were performed
as a proof of concept and demonstrated a dual function of LC in the hydrogels,
both as a photocrosslinker of collagen and as a PS for antimicrobial applications.
Sponges prepared from collagen hydrogels exhibited properties favorable for
potential use as a scaffold. RF photocrosslinking of hydrogels before freeze-
drying increased the mechanical properties of the resulting product. Sustained
release of the hydrophilic model drug, prilocaine hydrochloride, was observed
from the sponges. Studies on the morphology of the photochemically crosslinked
sponges indicated a pore size optimal for cell growth and nutrition exchange and
thereby a potential application as a scaffold.

A NADES based on citric acid and xylitol was evaluated as a sustainable
solvent for collagen. Both acid soluble and pepsin soluble collagen were included
in the study. Collagen exhibited variable unfolding properties depending both
on its isolation method/source and the degree of NADES dilution. While the
collagen seemed to unfold and degrade in undiluted NADES, a highly diluted
NADES preserved the triple helical structure of the protein. Further, freeze-dried
products of collagen in aqueous dilutions of the NADES were prepared. A 1:100
dilution of the NADES appeared to be the optimal concentration for retaining
the molecular functions of collagen and increasing the mechanical strength of
the formed sheets.

Rest raw material from industrial turkey production seems to be a relevant
source for isolation of collagen with high purity. The application of natural and
endogenous PS in photocrosslinking, and the combination of collagen with certain
NADES are promising and sustainable alternatives to conventional crosslinking
agents and solvents, respectively.
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Chapter 6
Future perspectives

o Collagen has a great potential in biomedical applications (e.g., tissue
engineering, wound healing and biofabrication) due to its biocompatibility,
biodegradability and natural function as a structural component in the
body. The present work demonstrated the use of rest raw material from
turkey as a source of collagen. Further optimization and up-scaling of
the production method have to be performed to achieve a cost-effective
product.

o Sterilization of collagen and collagen preparations are challenging. Con-
ventional sterilization techniques, such as the use of high temperatures
or gamma irradiation can lead to conformational changes in the protein
structure. Alternative sterilization methods that preserve the triple helical
collagen structure and retain its physicochemical properties should be
established.

o The use of collagen in biofabrication applications (e.g., bioprinting) has
been considered as limited due to slow gelation and low viscosity. A bioink
must be printable and allow for sufficient nutrient and oxygen exchange
to maintain cell viability. The viscosity of bioinks should therefore be as
low as possible while maintaining the printed structure. In this thesis, LC
photocrosslinking at short irradiation times was used to induce crosslinking
and stabilize the collagen gel structure. The results were promising for the
potential application of collagen. The new crosslinking procedure must be
optimized for bioink formulations. 3D cell culture experiments will add
further information on the suitability of the gels for tissue engineering
applications.

o LC photocrosslinking reduced the irradiation time needed for gelation of
collagen from minutes to 10 s compared to conventional photocrosslinkers.
Treatment of the eye disease keratoconus is thereby another possible target
for this crosslinking reaction in wvivo. Photocrosslinking of collagen in
the cornea is painful due to a long irradiation time (~ 1 h), especially
for postoperative patients, and requires active pain management. Based
on our preliminary results, an eye drop formulation containing LC can
be convenient due to the short irradiation time to achieve collagen
photocrosslinking. Further experiments in vitro on ocular cells followed by
in vivo studies should be performed to evaluate the clinical relevance.

e In the present thesis, a NADES was combined with collagen as a template
for antibacterial products suitable in, e.g., wound healing. The concept

55



6. Future perspectives

56

should be further explored, e.g., by inclusion of other NADES. The unique
properties of NADES, both as a "green" solvent and as an antibacterial
component combined with the wound healing properties of collagen could
lead to development of new wound dressings based on innovative production
technology such as electrospun shell-core materials.

Formulations prepared in the present thesis were characterized with respect
to their physicochemical properties, and cell studies were performed in
case of the hydrogels. Further cell studies followed by in vivo experiments
in, e.g., animal models are needed to achieve clinical translation of the
formulations investigated in the present thesis.
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ARTICLE INFO ABSTRACT

Keywords: Collagen is the major fibrillar component and protein in both human and animal connective tissue. It is applied in
Collagen ) medical preparations, e.g. wound dressings and tissue engineering. Meat and poultry production industries result
Rest raw material in large amounts of organic waste, rich in collagen. Our aim was to isolate and characterize pepsin soluble
Characterization

collagen from turkey tendon. Structural analysis indicated the presence of a-chains from both collagen type I and
III, p-dimers and y-trimers, consistent with the estimated molecular weight of 477.3kDa. Circular dichroism
spectroscopy confirmed an intact triple helix. The collagen demonstrated excellent thermal stability, with
denaturation temperatures (Tpmax) at 38.5°C and 44.5 °C and partial refolding after extensive heating. Biocom-
patibility was confirmed through cell viability tests. The collagen was investigated for its potential drug carrier
ability. Freeze dried collagen scaffolds containing prilocaine hydrochloride and riboflavin were prepared in the
presence or absence of photo-crosslinking. Photochemical crosslinking was confirmed by SEM and enhanced
mechanical properties were observed. Scaffolds had a significant slower in vitro release of the active ingredient
than a reference solution. Altogether, our study suggests collagen from turkey tendon as a promising sustainable

Drug delivery

biomaterial for pharmaceutical use.

1. Introduction

Industrial production of meat and poultry products results in large
amounts of organic waste. The waste is today often utilized as biofuel
and in production of pet food, but also incinerated without energy re-
covery (Jayathilakan et al., 2012). However, there is a huge potential in
the application of rest raw materials from food production industries for
new and innovative purposes. Rest raw materials are defined as remains
from the food production after the edible part is utilized. The increasing
production and consumption of poultry, including turkey (Meleagris
gallopavo), results in an increasing amount of rest raw material such as
skin, tendons and bones i.e., materials that are rich in the protein
collagen.

Collagen is the major fibrillar component and protein in both human
and animal connective tissue, constituting about 20-30% of the total
body protein weight. Collagen has a characteristic triple helix structure
formed by three a-chains held together by hydrogen bonds in its native

* Corresponding author.
E-mail address: k.g.gronlien@farmasi.uio.no (K.G. Grenlien).
1 Deceased 21 March 2019.

https://doi.org/10.1016/j.scp.2019.100166

form. The a-chains consist of repeating triplets of the amino acids
Glycine-X-Y, where X and Y are often proline and the imino acid hy-
droxyproline, respectively. Nonhelical telopeptides are attached to the
ends of the collagen molecule. These telopeptides are the major source
of antigenicity, but can be removed by pepsin digestion to produce
atelocollagen, which is considered as biocompatible and is well toler-
ated by the human body. Collagen is classified into different types, and
at least 28 variants of collagen have been identified. The types differ in
origin, structure and their ability to form fibrils (Shoulders and Raines,
2009). Collagen has several potential applications in the food, medical,
pharmaceutical and cosmetic industries.

Collagen from several different species has been evaluated for
application in cosmetics and pharmaceutical preparations. Collagen
isolated from avian sources has several beneficial properties compared
to collagen from e.g. pigs, cattle and aquatic species. Due to the lack of
diseases like bovine spongiform encephalopathy (BSE), transmissible
spongiform encephalopathy (TSE) and foot-and-mouth disease (FMD),
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Fig. 1. Schematic showing the formation of the collagen freeze dried scaffolds (sponges).

avian sources can be regarded as safer than pigs and cattle although
avian influenza (AI) can be a challenge (Li et al., 2004; Parenteau-Bareil
et al.,, 2011; Pantin-Jackwood et al., 2017). Collagen is classified as
“Generally Recognized as Safe” (GRAS) by the US Food and Drug
Administration (FDA). There is an increasing interest for collagen from
aquatic species as an alternative to collagen from mammal species, due
to the various diseases and religious preferences. However, the use of
aquatic collagen is limited by relatively poor thermal stability. With
respect to cosmetic and medical applications, the collagen to be used
should have a denaturation temperature above the human body tem-
perature to avoid protein denaturation. Avian species are known to have
a higher body temperature than mammal species, aquatic species and
humans and thereby a higher denaturation temperature (Prinzinger
et al., 1991; Varriale and Bernardi, 2006). Collagen from different fish
species has shown a denaturation temperature <15.2 °C below mammal
species (Sotelo et al., 2016). A previous study showed that pepsin sol-
uble collagen type I isolated from quails’ feet exhibited high thermal
stability with a denaturation temperature of 38.3 °C, compared to calf
skin (36.3°C) and pig skin collagen (37.0°C) (Yousefi et al., 2017).
Collagen from chicken bone is reported to have a denaturation tem-
perature at 44.0 °C, which was claimed to be the highest denaturation
temperature for vertebrate collagen at the time of publication (Losso and
Ogawa, 2014). The average body temperature of turkey is determined to
41.1 °C, which should indicate excellent thermal stability (Wilson and
Woodard, 1955). Collagen from turkey has, however, not been thor-
oughly investigated for potential use in medicine or pharmacy.

Gels, sponges and shields are examples of medicinal and pharma-
ceutical products based on collagen. Collagen is used in tissue engi-
neering as surgical suture, hemostatic agent, skin- and other tissue
replacement (Chattopadhyay and Raines, 2014; Farndale, 2006).
Collagen is known to have excellent wound healing properties because
of its biocompatibility, biodegradability and chemotactic properties to
cells involved in production of extracellular matrix (Chattopadhyay and
Raines, 2014; Postlethwaite et al., 1978). Further, collagen can be used
in the preparation of drug delivery devices. Examples are hydrogels and
freeze-dried scaffolds (sponges). Hydrogels are composed of a cross-
linked polymer network that contains a large amount of water. Drug
molecules can be incorporated in the polymer network by covalent
linkage, electrostatic interactions, hydrophobic association or by phys-
ical entrapment in the polymer network (Li and Mooney, 2016).
Collagen is soluble in acids and is easily crosslinked by neutralization
and self-assembly into fibrils at 37 °C. The mechanical properties and
pore size of collagen hydrogels can be altered by a change in collagen
concentration and further crosslinking by a chemical or photochemical
process. Chemical crosslinkers like glutaraldehyde and epoxy com-
pounds are often cytotoxic and not suitable for medicinal use. Photo-
chemical crosslinkers are activated upon irradiation with the
appropriate wavelength. Riboflavin (Vitamin Bp) is known to induce
photochemical polymerization and interhelical crosslinking between the
collagen molecules when exposed to UVA or blue light (Heo et al., 2016;
Tirella et al., 2012). Riboflavin is an endogenous compound and is GRAS
classified. A photochemical crosslinker can be added to the formulation
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at an early stage in the production. This is an advantage compared to
chemical crosslinkers, which need to be added at the time of cross-
linking. Collagen sponges can be formed by freeze drying of the
photochemically crosslinked gels. Another approach is to stabilize and
crosslink collagen with nanoparticles or make nanocomposites. This can
be illustrated by the formation of novel functional biocomposites with
improved surface area and porosity, like collagen sponges with iron
oxide nanoparticles or iron encapsulated carbon nanoparticles for
various environmental, energy and biorelated applications (Ashokku-
mar et al., 2016; Telay Mekonnen et al., 2019). Another example is the
formation of nanocomposites with collagen and silica for wound healing
(Desimone et al., 2011). Further, collagen is often used in a composite
together with hydroxyapatite for bone tissue engineering (Kane et al.,
2015). All of these techniques result in crosslinked materials with
increased thermal properties, increased mechanical strength and
improved porosity. Recently, the use of collagen alone and in polymer
blends in bioinks for bioprinting and tissue engineering has gained
attention. With bioprinting, the scaffold can be tailored to increase cell
migration and proliferation (Rider et al., 2018).

In the present study, collagen was isolated from turkey rest raw
material and characterized with respect to physicochemical properties
and drug carrier ability. The biocompatibility was assessed with
viability studies on human primary dermal fibroblasts treated with the
isolated material. A freeze-dried scaffold (sponge) containing riboflavin
as a photochemical crosslinker and prilocaine hydrochloride as a model
drug was prepared (Fig. 1). The morphology was examined, and the in
vitro release profile of the active ingredient was recorded. Our data
reveal the potential for turkey tendon collagen as a promising sustain-
able material for drug delivery.

2. Materials and methods

All experiments were performed at 25 °C unless other stated.

2.1. Raw materials, chemicals and reagents

Rest raw material from industrially produced turkey (Meleagris gal-
lopavo) was kindly provided by Norilia AS (Oslo, Norway). The raw
material was stored at —20 °C until further preparation. All reagents
were of analytical grade and were purchased from either Sigma-Aldrich
Chemical Company (St. Louis, MO, USA) or Merck KGaA (Darmstadt,
Germany). Cell medium and components were all purchased from
Thermo Fischer Scientific (Waltham, MA, USA). Viability assay was
purchased from Promega Corporation (Madison, WI, USA).

2.2. Preparation of pepsin-solubilized collagen from Turkey tendon

Frozen turkey tendons were thawed and manually cleaned with a
scalpel to remove any remaining meat. The cleaned material was cut
into smaller pieces and freeze dried for 48 h (Alpha 1-2 LD Plus Freeze
Fryer, Martin Christ, Germany). Acetic acid solution (0.5 M) with pepsin
(1:10) was added and the material was hydrolyzed enzymatically for
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48 h at 4 °C with stirring. The mixture was then centrifuged at 4 °C and
20 000xg for 1 h (Avanti J-26 XP, Beckman Coulter, Brea, CA, USA). The
supernatant was collected and transferred to new vials. NaCl (4 M) was
added to the supernatant in a 1:3 ratio and kept on ice for 24 h to pre-
cipitate collagen. The solution was thereafter centrifuged at 20 000xg
and 4°C for 1h and the sediment was further removed and replaced
with 0.5M acetic acid for re-solubilization. The mixture was dialyzed
against distilled water for 3 days with change of medium every 24 h. The
dialyzed solution was frozen to —40°C and freeze dried for 96h
(Gamma 1-16 LSC Freeze dryer, Martin Christ, Germany).

2.3. Characterization of collagen

2.3.1. Total collagen quantification

The concentration of collagen was measured using the Sircol™ Sol-
uble Collagen Assay (Biocolor Ltd., Carrickfergus, UK). Colorimetric
detection of collagen was performed according to the manufacturer’s
protocol. In brief, 1.0 ml of the dye (Sirius Red) was added to 100 pl
diluted collagen solution (approximately 10 pg collagen). The solution
was agitated for 30 min followed by centrifugation at 10 000xg for
10 min. The dye-protein complex-pellet formed was collected and
washed with 750 pl of the provided Acid-Salt Wash reagent. The pellet
was once again collected and dissolved in 1.0 ml of the provided alkaline
solution to release the dye. The absorbance was measured at 550 nm by
an UV-VIS spectrophotometer (UV-2401PC, Shimadzu, Kyoto, Japan).
Reagent blank was 0.5 M acetic acid. A calibration curve was prepared
using bovine collagen type I (total amount in the samples was 5-15 pg).
The assay does not discriminate between the different types of collagen.

The Sircol™ dye exclusively binds to collagen and the assay was used
to assess the purity of the isolated material by comparing the amount of
raw material to the total collagen quantified (Fauzi et al., 2016).
Collagen isolated from turkey tendon was dissolved in 20 mM acetic acid
to a concentration of 1.0mg/ml. The collagen concentration was
determined by the Sircol™ Assay to assess the purity of the isolated
material and the recovery of collagen after filtration (5 pm Versapor®
Membrane, Pall Corporation, MI, USA).

2.3.2. Collagen viscosity and molecular weight

Collagen isolated from turkey tendon was dissolved in 0.5 M acetic
acid to a concentration of 0.5 mg/ml. The solution was diluted to con-
centrations between 0.1 and 0.5 mg/ml. Acetic acid (0.5 M) was used as
negative control. The viscosity of the solutions was determined with an
Anton Paar Rheometer (Anton Paar Physica MCR301 Rheometer, Ger-
many). Samples of 10 ml were measured with a double gap concentric
cylinder (DG26.7) at 25 °C with a shear rate of 10 s~L. The intrinsic
viscosity of collagen was calculated from the dynamic viscosity (Kulicke
and Clasen, 2004). The average molecular weight was then estimated
from the intrinsic viscosity according to the
Kuhn-Mark-Houwink-Sakurada equation (Equation (1)):

[n] = KM® e

where 7 is the intrinsic viscosity, M is the average molecular weight, K
and o are values specific for the polymer or protein (1.86 x 10 and
1.8 for collagen, respectively) (Nishihara and Doty, 1958).

2.3.3. Sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-
PAGE)

SDS-gel electrophoresis is a common method for determination of
collagen polypeptide chains (Cliche et al., 2003; Rabotyagova et al.,
2008). 20 pg of freeze dried collagen material was solubilized in 7M
Urea/2 M Thiourea, 2% CHAPS, 1% dithiothreitol before adding sample
buffer to a final concentration of 0.05% Tris-HCI pH 6.8, 7% glycerol,
0.07 M dithiothreitol, 1% (w/v) SDS and 0.001% bromophenol blue.
The samples were then pre-heated to 50 °C for 10 min and separated by
SDS-PAGE by use of 4-12% Bis-Tris gels (Invitrogen, MD, USA),
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NuPAGE® MOPS SDS running buffer (Invitrogen, MD, USA) and Novex
XCell I apparatus (Invitrogen, MD, USA). Protein bands were visualized
by Coomassie Staining and molecular weight determined by use of
Benchmark prestained protein ladder (Novex, Life technologies,
10748-010) run simultaneously on the gel.

2.3.4. Circular dichroism (CD)

The molecular conformation and denaturation temperature were
assessed by CD spectra using a spectropolarimeter (Jasco J-810, Easton,
MD, USA). Collagen was dissolved in 20 mM acetic acid to a concen-
tration of 0.15 mg/ml and placed into a quartz cell with a path length of
1 mm. The spectrum from 180 to 250 nm was recorded with an interval
of 0.5 nm and scanning speed of 50 nm/min under nitrogen atmosphere
at 20 °C. To determine the denaturation temperature, the rotatory angle
at a fixed wavelength of 221 nm was recorded with heating from 20 to
60 °C at a constant heating rate of 2 °C/min. The triple helix content of
native collagen was adjusted to be 100%, and the value of the denatu-
rated collagen to be 0%. Denaturation temperature was defined as the
temperature that gave the midpoint of ellipticities between 20 and
60°C.

2.3.5. Nano differential scanning calorimetry (nano DSC)

Nano differential scanning calorimetry (nano DSC) experiments were
performed using a Nano DSC 602 000 differential scanning calorimeter
(TA Instruments, Lindon, UT, USA) with a capillary cell volume of
0.300 ml. DSC thermograms were recorded for 1.5 mg/ml collagen so-
lutions in 20 mM acetic acid at a constant heating rate of 2 °C/min and
3atm in the temperature range of 20-60 °C. Acetic acid (20 mM) was
used as reference. The transition temperature of collagen was defined at
the maximum of the transition peak after baseline subtraction. To assess
the renaturation properties of the isolated collagen, the sample was
dissolved in 20 mM acetic acid at 5 °C. The solution was heated to 55 °C,
cooled to 5°C and left in the nano DSC capillary cell for 2 weeks fol-
lowed by heating to 55 °C. A sample stored at 4 °C was used as reference.

The results were processed by application of the NanoAnalyze soft-
ware (TA Instruments). The partial specific heat capacity of collagen was
determined from the estimated molecular weight and a partial specific
volume of 0.700ml/g (Noda, 1972). The results were fitted to a
two-state trimer-to-monomer model. The deviation between the recor-
ded data and the modulated data was < 3%.

2.3.6. Fourier transform infrared spectroscopy (FT-IR)

FT-IR spectra were acquired with a PerkinElmer Spotlight 400 FT-IR
imaging system coupled to an optical IR spotlight microscope (Perki-
nElmer, Shelton, CO, USA). The sample (collagen) was placed on a ZnSe
substrate and put under the microscope. The area selected for mea-
surement was a thin part of the sample, approximately 5-10 pm thick.
Single element absorbance spectra were recorded in the range from
4000 to 750 cm ™! using a mercury cadmium telluride (MCT) detector,
and with a spectral resolution of 4 cm™. For each pixel, 32 scans were
obtained. The microscope was sealed with a custom-made box, and both
microscope and spectrometer were purged with dry air to reduce the
spectral contribution from water vapor and CO». A background spec-
trum/image of the ZnSe substrate was recorded before each sample
measurement. The spectra were preprocessed by extended multiplica-
tive signal corrections (EMSC) in The Unscrambler version 9.2 (Camo
Process AS, Oslo, Norway) to remove multiplicative and wavenumber-
independent and dependent baselines (Afseth and Kohler, 2012).

2.3.7. Cell culture

Human primary dermal fibroblasts (ATCC, Manassas, VA, USA) were
cultured in Dulbecco’s modified Eagle’s medium (DMEM) supplemented
with 10% fetal bovine serum (FBS), 100 U/ml penicillin, 100 pg/ml
streptomycin and 250 pg/ml fungizone in tissue culture flasks. The cells
were maintained at 37 °C in a humidified atmosphere of 5% CO,. The
cells were routinely sub-cultivated twice a week. The cells were
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examined by a Leica DM IL LED light microscope (Leica Microsystems
Nussloch GmbH, Nuploch, Germany) during incubation. Cells between
passages 3-10 were used in these experiments.

2.3.8. Cell viability

Evaluation of biocompatibility (viability) of collagen from turkey
tendon was conducted for 48 h on proliferating cells. Fibroblasts were
plated onto 96-well white opaque microtiter plates at a concentration of
3000 cells/well in medium with 2% FBS and incubated for approxi-
mately 24h. The medium was then replaced with fresh medium.
Collagen from turkey tendon was added to the wells in a concentration
of 0.5, 1.0, 2.0 and 3.0mg/ml and further incubated for 48h. The
samples were handled aseptic between isolation and the viability test.
To mimic use under relevant biological conditions, the collagen was not
dissolved before addition to the wells. Cell viability was measured with
the Cell Titer-Glo Luminescent Cell Viability Assay (Promega, Madison,
WI, USA) according to the manufacturer’s protocol. The luminescence
intensity was detected using a Synergy H1 Hybrid Multi-Mode Micro-
plate Reader (Biotek, Bad Friedrichshall, Germany).

2.4. Preparation of drug loaded freeze dried scaffolds (sponges) of
collagen from Turkey

Drug loaded freeze dried scaffolds of collagen i.e., collagen sponges,
were prepared by a two-step gelation and crosslinking method. Prilo-
caine hydrochloride (PCL) was selected as a model drug
(My, = 256.77 g/mol). Collagen from turkey tendon was dissolved in
20 mM acetic acid over 24 h to a concentration of 5 mg/ml and filtered
(5pm Versapor® Membrane, Pall Corporation, MI, USA). PCL was
mixed with the collagen solution to a final concentration of 5mg/ml.
The collagen-PCL solution was neutralized with 10X phosphate buffered
saline (PBS) (0.1 x final volume) and 1 M NaOH (0.023 x volume of
collagen solution) and diluted with Milli-Q water to a final concentra-
tion of 1X PBS and 2.5 mg/ml collagen. Riboflavin 5'-monophosphate
sodium salt was added as a crosslinking agent to a final concentration of
0.01% (w/v) (Heo et al., 2016). The solution was incubated in the dark
at 37 °C for 60 min to form intrahelical crosslinks and initiate gelling of
the collagen. The collagen gels were irradiated with UVA
(Amax = 365 nm, 2.94 mW/cm?) (Polylux-PT, Dreve, Germany), for
4 min to form interhelical crosslinks (i.e., a photochemically crosslinked
gel). The crosslinking procedure was then completed by incubating the
gels in the dark at 37 °C for 30 min. The non-irradiated gels were pro-
duced by mixing PCL with the collagen solution, addition of riboflavin,
neutralization of the solution and incubation in the dark at 37 °C for
90 min.

All the gels were freeze dried in order to form sponges. The gels were
frozen at —80 °C for 1 h prior to freeze drying at 0.0019 mbar for 20 h,
including 1h final drying at 0.0010 mbar (Alpha 2-4 LD Plus Freeze
Fryer, Martin Christ, Germany).

2.5. Characterization of the drug loaded freeze dried scaffolds (sponges)

2.5.1. Invitro release study of prilocaine hydrochloride from collagen
sponges

Irradiated and non-irradiated collagen sponges were tested for in
vitro release of the active ingredient (PCL). The study was performed
using Franz diffusion cells (PermeGear, Hellertown, PA, USA). The
diffusion area of the cell was 1.00 cm? and the receptor compartment
had a capacity of 7.8 ml. Sink conditions were maintained.

Nylon membrane filters (0.45 pm Whatman™ Nylon membrane fil-
ters, GE Healthcare UK Ltd., Buckinghamshire, UK) were saturated with
receptor medium (PBS) for 1h prior to the experiment. The cells were
filled with receptor medium and the membrane was mounted between
the donor and the receptor compartment. The sponge was transferred
from the container in which it was freeze dried to the donor chamber,
and the container was rinsed with 1 ml Milli-Q water which was
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transferred to the donor chamber of the Franz cell. PCL was dissolved in
PBS to a concentration of 5mg/ml and 1 ml was added to the donor
chamber of the Franz cell to serve as a positive control (a solution of the
drug). The receptor medium was continuously stirred at 500 rpm. The
receptor medium was kept at 32+ 1 °C. Samples of 100 pl were with-
drawn after 0.25, 0.33, 0.42, 0.5, 0.75, 1.0, 1.5, 2.0, 2.5, 3.0, 3.5, 4.0,
5.0, 6.0 and 24 h and diluted 1:1 with the HPLC mobile phase to a total
volume of 200 pl. Fresh receptor medium was added to the receptor
chamber to replace the sample volume withdrawn.

PLC was quantified by reversed-phase HPLC. The analysis was con-
ducted with isocratic elution with a mobile phase consisting of 0.1 M
acetate buffer pH 3.8 and methanol (60:40). A C;5 column (Nova-pak®,
Waters Corporation, Milford, MA, USA) was used with a column tem-
perature of 30°C. The retention time of PCL at 1ml/min flow was
approximately 2.8 min under the given experimental conditions. All
quantitative experiments were performed in triplicate unless otherwise
stated.

2.5.2. Environmental scanning electron microscopy (ESEM)

ESEM imaging of freeze dried collagen isolated from turkey tendon
and sponges prepared from the isolated collagen was performed using an
Environmental Scanning Electron Microscope (Zeiss EVO-50-EP, Carl
Zeiss SMT Ltd, Coldhams Lane, Cambridge, UK). The samples were
mounted on an aluminum stub using double-sided tape coated with
carbon and coated with gold/palladium using a Sputter Coater (SC7640
Sputter Coater, Quorium Technologies).

2.5.3. Mechanical properties

Mechanical properties of the derived sponges were studied using a
TA-XT2i Texture Analyser (Stable Micro Systems, Haslemere, UK) in
compression mode. The sponges were exposed to constant pressure at
0.1 mm/s to 10, 30 and 50% strain. The stress (kPa) was calculated by
the force and load bearing area (A) of the sponges (r=4mm,
A =50.24 mm?) and plotted against the strain.

2.5.4. Thermogravimetric analysis (TGA)

Thermogravimetric analysis (TGA) were performed on the derived
sponges using a TG 209F1 Libra (Netzsch-Geratebau GmbH, Selb, Ger-
many) under nitrogen purge (50 ml/min). TGA thermograms were
recorded for samples between 5 and 10 mg at a constant heating rate of
10 °C/min in the temperature range 25-800 °C. The transition temper-
atures were defined as the onset temperature of the transition.

2.5.5. Differential scanning calorimetry (DSC)

Differential scanning calorimetry (DSC) experiments were performed
on the derived sponges using a DSC822° Differential Scanning Calo-
rimeter (Mettler Toledo Intl. Inc., Greifensee, Switzerland) under dry
nitrogen purge (80 ml/min). DSC thermograms were recorded for sam-
ples between 0.5 and 2 mg at a constant heating rate of 10 °C/min in the
temperature range 25-400 °C. The samples were placed in aluminum
sample pans with a pierced lid. An empty pan was used as reference. The
transition temperature of collagen in the sponges was defined at the
minimum of the transition peak when integrated.

2.6. Statistical analysis

The data was presented as mean + highest deviation from three in-
dependent experiments. Statistical analyses were performed using Stu-
dents t-test (p < 0.05).
3. Results and discussion

3.1. Characterization of collagen

3.1.1. Total collagen quantification and estimated molecular weight
Collagen was isolated with pepsin in weak acetic acid. Pepsin is
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Fig. 2. ESEM image of freeze dried collagen extracted from turkey tendon at
1000X magnification (scale bar =10 pm). Examples on collagen sheets and fi-
bers are marked S and F, respectively.
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Fig. 3. SDS-PAGE of collagen from turkey tendon stained with Comassie Bril-
liant Blue. «, p and y represent monomeric, dimeric and trimeric forms of the
collagen molecules, respectively. Molecular weight standard (Benchmark pre-
stained protein ladder) is shown to the left.

known to increase the yield of acid soluble crosslinked collagen and
further to cleave the nonhelical telopeptide moieties of collagen, which
leads to a product with good biocompatibility (Delgado et al., 2017).
The purity of collagen was determined to 103.1 + 3.1%, which indicated
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Fig. 4. CD spectrum of collagen from turkey tendon; 0.15mg/ml in 20 mM
acetic acid at 20°C (50 nm/min). Rotary maximum = 221.5 nm, rotary mini-
mum = 197 nm, crossover point =214 nm.

that the isolated material solely consisted of collagen. The recovery of
collagen was 95.7 + 6.1% after filtration.

The intrinsic viscosity was found to be 19.76 dl/g. The average
molecular weight was estimated to be 477.3kDa. A standard collagen
molecule is typically 300 kDa where each of the alpha strands are
approximately 100 kDa (Shoulders and Raines, 2009). A higher molec-
ular weight indicates the presence of interhelical crosslinks between the
collagen molecules and formation of di- and trimers (Silver and Garg,
1997). The ESEM images of freeze dried pure collagen demonstrated the
presence of both collagen sheets and fibers and confirmed the presence
of interhelical crosslinks (Fig. 2).

3.1.2. SDS-PAGE pattern and CD spectroscopy of isolated collagen

The SDS-PAGE pattern indicated the presence of a-chains from both
collagen type I and III (Rabotyagova et al., 2008; Han et al., 2018; Shikh
Alsook et al., 2015) (Fig. 3). Different bands of high molecular weights
around 115kDa and above 180kDa were detected. Previous SDS-gel
electrophoresis studies of native collagen type I from tendon have
revealed migration of reduced collagen type I into monomeric al-and
a2-chains in lower ranges approximately around 110 and 120, and
p-band and y-band above 240 kDa (Han et al., 2018; Rabotyagova et al.,
2008; Shikh Alsook et al., 2015). Both types of collagen have previously
been identified in tendons (Zhang et al., 2005).

The presence of f-dimers indicated intrahelical crosslinks between
the collagen a-chains. The presence of y-trimers indicated intrahelical
crosslinking between the three collagen a-chains or intermolecular
crosslinking between collagen molecules (Lewis and Piez, 1964). This is
consistent with the high molecular weight as discussed above. ESEM
analysis revealed fibrillary and sheet-like structures of freeze dried pure
collagen supporting intermolecular crosslinks.

The CD spectrum of collagen showed a negative peak between 180
and 214 nm. The rotatory maximum was found at 221.5 nm, a minimum
at 197 nm and a crossover point at 214 nm, which is characteristic for a
triple helical conformation (Wang et al., 2014; Losso and Ogawa, 2014)
(Fig. 4). This further emphasized the intact structure of isolated
collagen.

3.1.3. Thermal properties of isolated collagen

The thermal denaturation of turkey collagen occurred in two steps
with a minor transition (Ts) at 38.3°C and a major transition (Ty,) at
44.5°C under the current experimental conditions (Fig. 5). The minor
transition has previously been reported to be caused by collagen fibril
depolymerization and melting of small parts of the triple helix structure,
while the major transition was reported to be caused by denaturation of
the triple helix to form monocoils (Liu et al., 2013). The transition at
44.5°C was just above the turkey body temperature of 41.1 °C and is
together with collagen from chicken keel bone among the highest
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Fig. 5. Nano DSC thermogram of collagen from turkey tendon; 1.5 mg/ml in
20 mM acetic acid at heating rate 2 °C/min (baseline not subtracted).

reported denaturation temperatures for collagen (Losso and Ogawa,
2014). A high denaturation temperature can be attributed to the imino
acid content (hydroxyproline and hydroxylysine) of collagen (Persikov
et al., 2005). However, the amino acid content was not investigated in
detail in the present study. An extensive crosslinking of the collagen
molecule can also contribute to a high denaturation temperature
(Wright and Humphrey, 2002).

Two thermal transitions with T between 36.1 and 38.4°C and Ty,
between 41.4 and 44.1 °C were observed in all samples (Fig. S1 A and B).
The transition temperature for both transitions was dependent on the
heating rate and shifted to a higher temperature when the heating rate
increased. The transition temperature was a linear function of the log-
arithm of the heating rate (Figure S1 C). This indicated that the native
protein was not in equilibrium with the unfolded protein, even at low
heating rates (0.015°C/min) and the unfolding was Kkinetically
controlled (Liu et al., 2013). It is considered that such slow kinetics can
be caused by a large activation energy or the many steps and complexity
of the collagen unfolding (Leikina et al., 2002).

The helicity curve of collagen (Fig. S2) showed a biphasic transition,
which is consistent with the two transitions from the nano DSC experi-
ments (Fig. 5). The helicity went from 100% to 0% during the temper-
ature interval 37-47 °C, which matched the onset temperature of the
minor transition and offset temperature of the major transition,
respectively, in the nano DSC experiments and confirmed the high
denaturation temperature.

Collagen melting and denaturation has been described both as an
irreversible rate-limited process with first-order reaction kinetics and
Arrhenius dependency, and as a reversible process with an apparent
irreversibility due to extremely slow equilibrium kinetics (Leikina et al.,
2002). Lumry and Eyring (1954) proposed a three-state model for the
thermal denaturation of proteins, involving a thermodynamic step and a
kinetically controlled step (Equation (2)):

NoU-=D 2

where N is the protein in its native form, U is the unfolded triple helix
form and D is the denaturated form of the protein (Lumry and Eyring,
1954). This model has been evaluated to be the best model for the
thermal denaturation of collagen (Liu and Li, 2010). The minor transi-
tion observed in the thermogram of collagen can thereby be assigned to
the reversible step, while the major transition can be assigned the irre-
versible denaturation step in the Lumry-Eyring model (Liu et al., 2013).

According to Leikina et al., (2002) the peak transition temperature
below 44.5°C, i.e., T, of collagen, is related to formation of gelatin
fragments. Partial refolding of collagen with formation of gelatin frag-
ments was demonstrated by a renaturation study (Fig. 6). The refolding
capability was apparently maintained even when the sample was heated
to 55 °C. Irreversible refolding of collagen has been reported when the
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Fig. 6. Renaturation properties of collagen from turkey tendon (baseline sub-
tracted). Left axis; partially renaturated collagen (solid line), right axis; collagen
sample stored at 4 °C for the same time period (dashed line).
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Fig. 7. FTIR spectrum of collagen from turkey tendon.

molecule is heated above 55 °C (Liu et al., 2013). Temperatures above
this value could be avoided in a pharmaceutical context unless heating is
the only option for sterilization (Wright and Humphrey, 2002).

3.1.4. FT-IR analysis

The FT-IR spectrum of the isolated collagen included the bands of
amide A (3324cm™)), amide B (2938 cm™!), amide I (1658 cm™}),
amide II (1548 cm ™) and amide III (1234 cm™ 1) (Fig. 7).

The amide A band of collagen has been associated with the NH-
stretching frequency and is usually found at 3325-3330 cm™!. The po-
sition is shifted towards a lower frequency, around 3300 em, if the NH
group of a protein or peptide is involved in a hydrogen bond (Doyle
et al, 1975). However, NH-stretching occuring in the range
3400-3440 cm ™! indicates a free NH group (Wang et al., 2014).
Collagen from turkey tendon was found to have an amide A band at
3324 cm™!, which was an indication of hydrogen bonding (Doyle et al.,
1975). The amide B band position of collagen from turkey tendon was
observed at 2938 cm L. This band could be related to the asymmetrical
stretch of CHy (Fauzi et al., 2016).

The amide I, IT and III bands are related to the secondary polypeptide
conformation of proteins. The amide I band of collagen has previously
been reported at 1650-1688 cm™! (Doyle et al., 1975). In the present
study the amide I band was identified at 1658 cm’l, which indicated the
existence of non-equivalent C=0 bonds. The band was asymmetrical,
which is typical for collagens (Terzi et al., 2018). The amide II band of
collagen is usually found at 1530-1540 cm ™!, however, if the material is
partially hydrated, the band moves to higher frequencies around
1550 cm ! (Doyle et al., 1975). The present collagen was found to have
an amide IT band at 1548 cm ™, which further indicated a partially hy-
drated material. The amide II band is associated with N-H bend coupled
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Fig. 8. Viability (i.e. the amount of ATP present) of human primary dermal
fibroblasts treated with different collagen concentrations and without (control).
The data is presented as the mean of three independent cell culture experiments
seeded out in triplicates.

with C-N stretching. The amide III band of collagen is associated with
N-H bend coupled with C-N stretch and indicates the presence of a
helical structure. The amide III bands in our samples were identified
around 1234 cm™! and confirmed the native structure of the collagen
triple helix (Terzi et al., 2018; Gasior-Glogowska et al., 2010).

3.1.5. Invitro biocompatibility assessment of isolated collagen

The addition of collagen to primary human fibroblasts did not
significantly affect the cell viability (i.e., the amount of ATP present)
after 48 h at any of the concentrations of the isolated collagen compared
to the control (Fig. 8). However, the viability showed a slight decrease
with increasing collagen concentration. Collagen is supposed to be
biocompatible and non-toxic to cells. The variance in the results can
therefore be attributed to the increasing bulk volume of collagen in the
well and/or a quenching of the luminescence from the luciferase in the
viability assay. The results demonstrated good in vitro biocompatibility
of the isolated collagen at concentrations relevant for production of
freeze dried scaffolds.

3.2. Characterization of collagen freeze dried scaffolds (sponges)

3.2.1. Mechanical properties

Freeze dried scaffolds prepared in the presence or absence of photo-
crosslinking resulted in sponges with different mechanical properties.
The mechanical property studies of the sponges showed a clear differ-
ence between the stress at 10, 30 and 50% strain of the irradiated and
non-irradiated sponges, respectively. The irradiated sponges had a stress
varying between 1.35 + 0.72 kPa at 10% strain, 2.08 + 0.58 kPa at 30%
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strain and 3.74 +0.94 kPaat 50% strain. The non-irradiated sponges
had a stress varying between 0.22+0.03kPaat 10%  strain,
0.77 £0.17 kPa at 30% strain and 1.79 + 0.20 kPa at 50% strain (Fig. 9
A and B). The variance within the irradiated samples can be attributed to
an inhomogeneous photochemical crosslinking throughout the sample,
due to a filter effect. This can in the future be addressed by making
thinner sponges with a larger irradiation surface area. The flattening of
the curve, especially for the irradiated sponges at strain > 30%, can be
attributed to the bending of the sponge, rather than direct compression.
This happened to all the irradiated sponge samples at > 30% strain.
Upon dispersion in aqueous solution, the irradiated sponges retained
their structure, while the non-irradiated sponges disintegrated.

3.2.2. Thermal stability of collagen sponges

Thermal stability studies of the two different sponges by TGA showed
a significant weight loss with onset at approximately 173 °C and a small
weight loss with onset at approximately 285 °C. The major weight loss
was ascribed to PCL, while the small weight loss was ascribed to the
decomposition of collagen (Fig. S3) (Schmidt et al., 2004; Ashokkumar
et al., 2016). The results showed no differences in the thermal stability
between the samples. However, the DSC results revealed differences
with the irradiated sponges exhibiting a transition at 63.5+2.5°C
compared to the non-irradiated sponges with a very weak transition at
57.1 £1.9°C (Fig. S4). The transition corresponds to a shrinkage and
the loss of the triple helical structure of collagen (Ashokkumar et al.,
2016; Pietrucha, 2005). The transition around 40 °C was ascribed to
PCL.
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Fig. 10. In vitro release curves of prilocaine hydrochloride from irradiated

collagen sponges (solid line), non-irradiated collagen sponges (dash-dotted line)
and a solution of the drug (dashed line). The first two curves are superimposed.
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Fig. 9. Representative figures of compressive stress-strain curves of collagen sponges at 10, 30 and 50% strain. A: irradiated collagen sponges, B: non-irradiated

collagen sponges.
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Fig. 11. Cross section of non-irradiated collagen sponges at 100X (left) and 300X (right) magnification (scale bars =100 pm). The images show collapsed pore

structures and few fibrils (F) to stabilize the pores.

Fig. 12. Cross section of irradiated collagen sponges at 100X (left) and 300X (right) magnification (scale bars =100 pm). The images show formation of more and
smaller pores (P) compared to the non-irradiated sponges. The right image shows formation of fibrils (F) stabilizing the pores.

3.2.3. Invitro release study of prilocaine hydrochloride from collagen
sponges

There was a significant slower release of PCL from the sponges
compared to the membrane passage of a solution of the drug (Fig. 10).
The difference between irradiated and non-irradiated sponges was
however, not significant. The sustained release of the model drug from
the sponge can be explained by diffusion through the hydrogel that was
formed upon hydration of the sponge (Li and Mooney, 2016; Tihan et al.,
2016). The slower release achieved from the sponges can be beneficial
for applications where a prolonged effect of the active ingredient is
requested, like a pain-relieving agent or a local anesthetic like our model
drug. For other types of drugs, e.g. a photosensitizer for localized anti-
microbial photodynamic therapy, a fast release will be desired. PCL is
water soluble and can easily be quantified with a chromatographic
method. PCL and riboflavin have no overlap in their respective ab-
sorption spectra. PCL was regarded as stable under the applied poly-
merization conditions, i.e., the degradation was <6%, and the substance
served as a relevant and convenient model drug in the current
experiments.

3.2.4. Morphology of collagen sponges

The ESEM images and structure of the sponge indicated that the
degree of crosslinking was higher for the irradiated sponges than the
non-irradiated sponges due to the photopolymerization of collagen fi-
brils in the presence of riboflavin (Figs. 11 and 12). The irradiated
material showed a more rigid structure. The pores formed by cross-
linking were probably too large to retain and control the release of the
selected model drug which is a small molecule with M, = 256.8 g/mol.
During freeze drying, ice grows into large crystals, segregating the solute
and compress it into thin sheets. Once the ice sublimate, empty spaces (i.
e., pores) are formed. The pore size and mechanical properties of the
collagen sponges could be altered by increasing the collagen
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concentration and/or change the polymerization conditions (Tirella
et al., 2012). This was, however, not performed in the current study, but
will be investigated as the next step. The pore size and scaffold archi-
tecture will directly affect the mechanical stability of the scaffold and
behavior of cells migrating into the device. Cell migration is dependent
on that the specific surface area of the scaffold is large enough for cells to
attach, e.g. a high number of pores per unit area. However, the pores
must be large enough to facilitate cell migration and cell nutrition ex-
change. The pore size estimated from the ESEM images of irradiated
sponges was within the optimal pore size reported in the literature for
cell attachment and proliferation (approximately 250-500 pm) (Murphy
and O’Brien, 2010; Loh and Choong, 2013; Davidenko et al., 2015). It
might therefore be difficult to achieve a pore size small enough to obtain
controlled release of low-molecular weight probes (~ 500 g/mol), but
sponges for controlled release of larger molecules, polymeric com-
pounds, peptides and proteins could be achieved by an optimization of
the production method.

4. Conclusions

Collagen of high purity was isolated from turkey tendons by appli-
cation of acetic acid and pepsin. The collagen was identified as type I
and III. CD and FT-IR studies confirmed that the native triple helix
structure was preserved after isolation. The collagen demonstrated high
thermal stability, among the highest reported for vertebras, and good
biocompatibility. An in vitro release test showed promising results for
the application of freeze dried collagen scaffolds as a drug delivery
system. There was a significant difference between the release rate of the
model drug from the sponges and from a solution. Photochemical
polymerization of the sponges increased the mechanical properties and
made the product easier to handle. The properties of the isolated ma-
terial and of the preliminary formulations make this collagen a
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promising candidate as excipient in pharmaceutical as well as cosmetic
products.
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Figure S1. Relation between the transition temperature at the maximum of the
denaturation peak and the DSC heating rate. A: minor transition (Ts), B: major
transition (Tm), C: the logarithm of the heating rate for both transitions (lower curve =

Te, r2=0.99; upper curve = T, r2 = 0.96).
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Figure S2. Changes in molecular ellipticity at 221 nm with heating at 2°C/min. 100%
helicity corresponds to the triple helix content of native collagen, while 0% helicity

corresponds to denaturated collagen.

92



1007

901

Weight (%)

50 : r . r r : : .
0 100 200 300 400 500 600 700 800
Temperature (°C)

Figure S3. TGA thermograms of collagen freeze dried scaffolds. Irradiated collagen

sponges (dashed line), non-irradiated collagen sponges (solid line).

-
o
]

Heat Flow (W/g)
o
12}

e
=)

Temperature (°C)

Figure S4. DSC thermograms of collagen freeze dried scaffolds. Irradiated collagen

sponges (dashed line), non-irradiated collagen sponges (solid line).
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Natural deep eutectic solvents (NADES) have previously shown antibacterial properties alone or in combination
with photosensitizers and light. In this study, we investigated the behavior of the structural protein collagen in a
NADES solution. A combination of collagen and NADES adds the unique wound healing properties of collagen to
the potential antibacterial effect of the NADES. The behavior of collagen in a NADES composed of citric acid and
xylitol and aqueous dilutions thereof was assessed by spectroscopic, calorimetric and viscosity methods. Collagen
exhibited variable unfolding properties dependent on the type of material (telo- or atelocollagen) and degree of

Keywords:
Na},’uwml deep eutectic solvent (NADES) aqueous dilution of the NADES. The results indicated that both collagen types were susceptible to unfolding in
Collagen undiluted NADES. Collagen dissolved in highly diluted NADES showed similar results to collagen dissolved in

acetic acid (i.e., NADES network possibly maintained). Based on the ability to dissolve collagen while maintaining
its structural properties, NADES is regarded as a potential excipient in collagen-based products. This is the first
study describing the solubility and structural changes of an extracellular matrix protein in NADES.

© 2020 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license (http://
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1. Introduction

We hereby propose a new sustainable concept for potential use in
antimicrobial products, e.g., for treatment of infected wounds. This con-
cept combines collagen from rest raw material and a natural deep eutec-
tic solvent (NADES; used as both singular and plural in the following).
This combination benefits the unique wound healing properties of col-
lagen with the potential antibacterial effect of NADES [1,2]. The concept
focuses on reducing environmental pollution and using sustainable re-
sources, like “green”, natural solvents and rest raw material. A success-
ful combination depends on the molecular stability of collagen in the
solvent while keeping the eutectic properties of NADES intact. The fol-
lowing paper addresses the structural and thermal properties of colla-
gen in a selected NADES and maintenance of eutectic properties. Both
issues are of great importance in the preformulation of a potential ther-
apeutic product based on collagen and NADES.

Collagen is the major fibrillar component and protein in both human
and animal connective tissue. Collagen has a triple helix structure
formed by three at-chains held together by hydrogen bonds. The chains
consist of repeating triplets of the amino acid glycine, followed by often
proline and hydroxyproline. Collagen has nonhelical telopeptides at-
tached to the ends of the molecule in its post-translational form [3,4].

* Corresponding author.
E-mail address: k.g.gronlien@farmasi.uio.no (K.G. Grenlien).

https://doi.org/10.1016/j.ijbiomac.2020.04.026

The telopeptides can be cleaved off by pepsin digestion to produce
atelocollagen. The amino acid tyrosine is located at the telopeptides,
and cleavage of these will result in a low tyrosine content [4,5]. While
telocollagen can produce immunogenicity, atelocollagen is considered
biocompatible and well tolerated by the human body. Telocollagen is
soluble in weak acids, while atelocollagen is soluble in both pepsin
and in weak acids [6]. Both collagen and collagen peptides have demon-
strated excellent wound healing properties by the attraction of cells in-
volved in the rebuilding of the extracellular matrix and skin [2,7].

NADES are regarded as a third class of liquids in organisms, different
from water and lipids, which is present in all living cells. NADES were
first described by Choi et al. in 2011 [8]. They solely consist of natural
compounds, i.e., primary metabolites (e.g., organic acids, amino acids,
sugars, polyols, and tertiary amines). It is postulated that NADES have
a central role in plants' ability to survive extreme conditions, such as
cold and drought [8]. Apart from solubilizing plant metabolites, they
have been reported to solubilize both small molecules such as
itraconazole, curcumin and porphyrins, and proteins, such as gluten
and laccases [9-16]. NADES are considered as “green” solvents com-
pared to conventional organic solvents. NADES have shown antimicro-
bial effect in the absence and presence of light. The antimicrobial
effect is present in pure NADES, in aqueous dilutions of NADES up to
1:200, or in combination with photosensitizers and light under the pro-
duction of toxic reactive oxygen species. This was first reported by
Wikene et al. in 2017 [1]. NADES have also shown antioxidative proper-
ties [17].

0141-8130/© 2020 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

97



K.G. Gronlien et al. / International Journal of Biological Macromolecules 156 (2020) 394-402 395

A polyol compound is an important component of some NADES.
Polyols have been reported to stabilize the triple helix of collagen to var-
ious extents, depending on the number of carbon atoms present in the
polyol molecule. The stabilizing effect is suggested to be achieved
through the binding of the polyol to the surface of the collagen molecule
followed by the formation of additional hydrogen bonds [18,19]. Al-
though this should indicate a stabilization of collagen in NADES, the
properties of polyols when part of a eutectic mixture could be different
from a polyol solution. In NADES, the components are tightly bound in a
network of hydrogen bonds, which can affect the way the solutes reacts
with the surrounding media.

NADES have been proposed as potential excipients in pharmaceuti-
cal preparations and drug delivery systems, particularly because of their
solubilizing properties, varying viscosity and antibacterial properties
[1,16]. Collagen has good biocompatibility, and both collagen and colla-
gen peptides have as mentioned above, beneficial properties for wound
healing. The combination of NADES and collagen has the potential to be
included in different types of topical formulations, e.g., spray formula-
tion, personalized products from 3D printing, and wound dressings. Col-
lagen to be used in wound products should retain the chemotactic
properties important for wound healing, either as a triple helix or in
fragmented form as collagen peptides [2,7]. For other purposes like 3D
printing, the collagen should be able to be crosslinked, either physically
by pH and temperature, or by a crosslinker. This requires an intact triple
helical structure [20].

The aim of the present study was to investigate the physicochemical
properties of collagen in a selected NADES and aqueous dilutions
thereof to identify potential combinations suitable in pharmaceutical
preparations. Both pepsin soluble collagen (atelocollagen) and acid sol-
uble collagen (telocollagen) were studied. The selected NADES
contained an organic acid (citric acid) and a polyol (xylitol). This
NADES has shown antibacterial effect combined with unique solvent
properties and is, therefore, a candidate excipient in antimicrobial prod-
ucts [1]. The unfolding, thermal properties, fragmentation and viscosity
of telo- and atelocollagen in NADES were assessed. Freeze-dried colla-
gen sheets with NADES were prepared as a potential wound dressing.
The structure and mechanical properties of the sheets were evaluated.
Our data reveals the potential of the selected NADES and aqueous dilu-
tions thereof as excipients in collagen-based products. This is to our
knowledge the first study describing solubility and behavior of an extra-
cellular matrix protein in NADES.

2. Materials and methods

All experiments were performed at 25 °C unless other stated. The
data were presented as mean =+ highest deviation from three indepen-
dent experiments.

2.1. Materials

Pepsin soluble collagen (atelocollagen) isolated from industrially
produced turkey (Meleagris gallopavo) rest raw materials was prepared
as described in Grenlien et al. [21]. Acid soluble collagen (telocollagen)
from calf skin (Sigma-Aldrich, C9791) and other reagents were of ana-
lytical grade and were purchased from either Sigma-Aldrich Chemical
Company (St. Louis, MO, USA) or Merck KGaA (Darmstadt, Germany).

2.2. Preparation of the natural deep eutectic solvent (NADES)

The selected NADES was prepared by a solvent evaporation method,
according to Wikene et al. [12]. The two components of the NADES were
dissolved in warm Milli-Q water (~50 °C) and evaporated at 45 °C for
20 min with a rotary evaporator. The liquid obtained was transferred
to polypropylene tubes with a tight cap. Water content was determined
by Karl Fischer titration (C20 Coulometric KF Titrator, Mettler Toledo
Inc., Schwerzenbach, Switzerland). The NADES prepared contained
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citric acid/xylitol (molar ratio 1:1) (abbreviated CX). The NADES was
used in the undiluted form or after dilution in Milli-Q water 1:1, 1:10,
1:50, 1:100 and 1:200. The pH was measured using a pH 526 MultiCal®
pH meter (WTW GmbH, Weilheim, Germany).

2.3. Intrinsic viscosity and estimated average molecular weight of collagen

Collagen isolated from turkey tendon was dissolved in 0.5 M acetic
acid to a concentration of 0.5 mg/ml. The solution was diluted to con-
centrations between 0.1 and 0.5 mg/ml. Acetic acid (0.5 M) was used
as negative control. The viscosity of the solutions was determined
with an Anton Paar Rheometer (Anton Paar Physica MCR301 Rheome-
ter, Germany). Samples of 10 ml were measured with a double gap con-
centric cylinder (DG 26.7) at 25 °C with a shear rate of 10 s~ '. The
intrinsic viscosity of collagen was calculated from the dynamic viscosity
[22]. The average molecular weight was then estimated from the intrin-
sic viscosity according to the Kuhn-Mark-Houwink-Sakurada equation
(Eq. (1)):

[ = Kkm* M

where 1) is the intrinsic viscosity, M is the average molecular weight, K
and o are values specific for the polymer or protein (1.86 x 10~'° and
1.8 for collagen, respectively) [23].

2.4. Sodium dodecy! sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE)

SDS-gel electrophoresis is a common method for determination of
collagen polypeptide chains [24,25]. Collagen (both qualities) was solu-
bilized in 0.02 M acetic acid or NADES diluted 1:10, 1:50, 1:100 and
1:200 with Milli-Q water to a final concentration of 2.0 mg/ml. Lower
dilutions of NADES (1:1 or undiluted samples) were not tested for prac-
tical reasons (i.e., high viscosity). Further, 100 pl sample was mixed with
50 pl buffer to a final concentration of 0.05% Tris-HCl pH 6.8, 7% glycerol,
0.07 M dithiothreitol, 1% (w/v) SDS and 0.001% bromophenol blue. The
samples were then pre-heated to 50 °C for 10 min and separated by
SDS-PAGE by use of 4-12% Bis-Tris gels (Invitrogen, MD, USA),
NuPAGE® MOPS SDS running buffer (Invitrogen, MD, USA) and Novex
XCell I apparatus (Invitrogen, MD, USA). Protein bands were visualized
by Coomassie Staining and molecular weight determined by use of
Benchmark prestained protein ladder (Novex, Life technologies,
10748-010) run simultaneously on the gel.

2.5. Preparation of samples for spectroscopy

Collagen isolated from turkey filet tendon or collagen from calf skin
was dissolved at 1.5 mg/ml in NADES, aqueous dilutions of NADES or
0.02 M acetic acid. The samples were gently stirred overnight at room
temperature (IKA® RO 15, IKA Werke, GmbH, Staufen, Germany,
400 rpm) protected from light and filtered (5 pm Versapor® Membrane,
Pall Corporation, MI, USA) prior to the spectroscopic measurements.

2.6. UV-Vis spectrophotometry

Absorption spectra were recorded between 190 and 700 nm on a
Shimadzu UV-2101 PC (Kyoto, Japan) UV-Vis scanning spectrophotom-
eter using a quartz cuvette with a 1 cm cell path.

2.7. Fluorescence spectroscopy

Fluorescence measurements were performed on a Photon Technol-
ogy International modular fluorescence system (London, Ontario,
Canada), Model 101 monochromator with f/4 0.2-m Czerny-Turner
configuration. The instrument was equipped with a red-sensitive
photomultiplier. The excitation source was a 75 W xenon lamp. The
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emission and excitation spectra were automatically corrected for both
the lamp spectral radiance and the detector quantum efficiency by
means of the acquisition software (FeliX32, PTI). The excitation and
emission monochromator bandpasses were set at 2 or 5 nm for record-
ing of emission spectra and fluorescence quenching measurements re-
spectively, and at 10 nm for anisotropy measurements. The excitation
wavelength was 270 nm or 295 nm (anisotropy measurements of tur-
key collagen). Correction for the difference in absorbance between sam-
ples at the excitation wavelength was performed when relevant. The
measurements were performed in quartz cuvettes with 1 x 1 cm cell
path or in micro cuvettes at 25 4 0.1 °C (n = 3). The anisotropy mea-
surements were performed by the L-format (single channel) method.

2.8. Viscosity measurements

Viscosity measurements were performed on a Brookfield DV2T vis-
cometer (Brookfield Engineering Laboratories, Inc., Middleboro, MA,
USA) with spindles CPA-40Z (low viscosity samples < 10 mPa s; accu-
racy: £0.1 mPa s; sample volume: 1.5 ml) and CPA-52Z (high viscosity
samples > 10 mPa-s; accuracy: +3.1 mPa-s; sample volume: 0.5 ml).
The temperature was kept constant at 25 4 0.1 °C during the viscosity
measurements (Grant LTD6G water bath, Grant Instruments, Cam-
bridge, Ltd., Royston, UK). A single point viscosity measurement was
performed with the end condition parameter fixed at 2 min and speed
30 rpm for all samples.

2.9. Differential scanning calorimetry

Differential scanning calorimetry (DSC) experiments were per-
formed using a Nano DSC 602000 differential scanning calorimeter
(TA Instruments, Lindon, UT, USA) with a capillary cell volume of
0.300 ml. DSC thermograms were recorded for 1.5 mg/ml collagen solu-
tions in selected media at a constant heating rate of 2 °C/min and 3 atm
in the temperature range of 20-60 °C. The respective NADES in their
current dilutions were used as baseline references. The transition tem-
perature of collagen was defined at the maximum of the transition
peak after baseline subtraction and processing.

The results were processed by application of the NanoAnalyze soft-
ware (TA Instruments). The partial specific heat capacity of collagen
was determined from the estimated average molecular weight and a
partial specific volume of 0.700 ml/g [26]. The results were fitted to a
two-state trimer-to-monomer model. The deviation between the re-
corded data and the modulated data was <3%.

2.10. Preparation of collagen-NADES sheets

Collagen-NADES sheets were prepared by a freeze-drying method.
Collagen (both qualities) was solubilized overnight in NADES CX diluted
1:1,1:10, 1:50, 1:100 and 1:200 with Milli-Q water to a final concentra-
tion of 3.0 mg/ml. The solutions were transferred to a 6-well multiplate
(Corning Life Sciences, Tewksbury, MA, USA) (2 ml) and freeze-dried in
order to form the sheets. The solutions were frozen at —80 °C for 1 h
prior to freeze-drying at 0.0019 mbar for 20 h, including 1 h final drying
at 0.0010 mbar (Alpha 2-4 LD Plus Freeze Dryer, Martin Christ, Osterode
am Harz, Germany). Collagen dissolved in undiluted NADES is not appli-
cable, as undiluted NADES will neither freeze nor freeze-dry under the
actual conditions.

2.11. Fourier transform infrared spectroscopy (FT-IR) of collagen-NADES
sheets

FT-IR spectra of undiluted NADES CX and the freeze-dried collagen-
NADES sheets were acquired using a Nicolet™ iS™ 5 FTIR Spectrometer
(Thermo Fisher Scientific, Waltham, MA, USA) with an iD5 diamond
ATR Accessory. For each sample, 16 scans from 4000 cm™! to

550 cm ™! were collected in single beam mode with a spectral resolution
of 4 cm™ . The smoothed spectra are presented.

2.12. Mechanical force-displacement studies of collagen-NADES sheets

Mechanical properties (force-displacement) of the collagen-NADES
sheets were studied using a TA-XT2i Texture Analyser (Stable Micro
Systems, Haslemere, UK) in compression mode. The sheets were ex-
posed to constant pressure at 0.5 mm/s with a 2 mm probe. Force-
displacement curves of the collagen-NADES sheets were compared to
collagen sheets without NADES (n = 3-6). The force was defined as
the maximum force measured and displacement was defined as the dis-
placement at the maximum force.

3. Results
3.1. Intrinsic viscosity and estimated average molecular weight of collagen

The intrinsic viscosity of collagen isolated from turkey tendon was
found to be 1721 cm>/g. The average molecular weight was estimated
to be 445 kDa. Commercially available collagen from calf skin has no re-
ported molecular weight, but the specified production method indi-
cated an isolation without pepsin, producing acid soluble (telo)
collagen. In the current experiments, the average molecular weight
was set to 300 kDa.

3.2. SDS-PAGE

The SDS-PAGE pattern of collagen (both qualities) in acetic acid indi-
cated the presence of a-chains from both collagen type I and III
[25,27,28]. For collagen dissolved in aqueous dilutions of NADES, the
pattern showed the most extensive fragmentation of the molecule in di-
lution 1:10 in case of calf skin collagen and dilutions <1:50 in case of tur-
key collagen. The pattern for dilutions >1:50 appeared similar to
collagen dissolved in acetic acid (Fig. 1).

3.3. Absorption spectra

Collagen (both qualities) in acetic acid displayed an absorption max-
imum around 220 nm and a broad shoulder in the range 250-290 nm
with a diffuse maximum around 275 nm (Table 1). Dissolution in undi-
luted NADES resulted in a broad peak with low absorbance and a max-
imum at 265 nm and shoulders at 258, 268, 275, and 281 nm (calf) or
281 nm with shoulders at 269, 265, and 259 nm (turkey). Dissolution
in NADES diluted 1:1 induced a blue shift of the main peak of 32 nm
and 16 nm for turkey and calf skin collagen, respectively. The resulting
absorption maximum was similar in both samples (249 nm). The ab-
sorption maximum was further blue-shifted upon further dilution
(Fig. 2). The absorption maximum in the individual NADES dilutions
was similar for both collagen qualities. A hyperchromic effect occurred
atdilutions >1:50 in the case of calf collagen and 21:1 in case of collagen
from turkey. A shoulder at approximately 280 nm remained virtually
constant in all the diluted samples (Fig. 2). There was a linear relation-
ship (r? = 0.998, turkey collagen; r* = 0.975, calf skin collagen) be-
tween the absorption maximum (Table 1) of collagen and the pH of
the NADES solution (Table 2) in the dilution range 1:1-1:100.

3.4. Fluorescence spectra

An excitation wavelength (270 nm) corresponding to the tyrosine
absorption was selected. The emission maximum was 297-303 nm in
all the samples containing collagen from calf skin. The emission maxi-
mum in samples made from turkey collagen showed a bathochromic
shift and was detected between 319 nm and 339 nm with a shoulder
around 298 nm (Table 1, Fig. 3). The fluorescence excitation spectrum
at emission 340 nm was recorded in acetic acid and in NADES diluted
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Fig. 1. SDS-PAGE of collagen from turkey tendon and calf skin dissolved in either 0.02 M acetic acid (HAc) or aqueous dilutions of NADES and stained with Coomassie Brilliant Blue.
Molecular weight standard (Benchmark prestained protein ladder) is shown in the middle (M).

Table 1
Spectral and thermal properties of collagen from turkey tendon and calf skin dissolved in NADES CX and aqueous solutions thereof.
Sample Solvent Nabs™ Nem” (M) (Ngy 270 Anis.S (Ngy 270 Viscosity ~ FIY/Abs® (270 nm) T Tm
(nm) nm) nm) (mPa-s)  (x10%) o) (e
Turkey tendon collagen (isolated in-house) NADES CX 281 (259, 265, 269) 319 0.12 + 0.01 - 6.40 - -
NADES CX (1 1) 249 (280) 335 012+004 835 423 - -
NADES CX (1: 242 (280) (297),333 0.13 £ 0.01 6.50 2.52 338 383
NADES CX (1: 50) 234 (280) (297),334 0.12 + 0.01 5.69 2.36 348 403
NADES CX (1:100) 231 (280) (301), 339 0.12 + 0.01 5.12 3.08 35.1 409
NADES CX (1:200) 228 (280) (297), 336 0.12 + 0.01 4.64 1.48 357 417
0.02 M Acetic acid 223 (~275) (298),333 0.10 4 0.02 5.42 3.30 385 442
Calf skin collagen (Sigma-Aldrich) NADES CX 265 (258, 268, 275,281) 303 0.12 + 0.02 - 3.26 - -
NADES CX (1:1) 249 (278) 300 0.13 + 0.02 6.67 0.68 - -
NADES CX (1:10) 243 (278) 301 018+ 002 552 0.29 - 357
NADES CX (1:50) 231 (282) 297 0.20 + 0.01 5.19 1.01 341 396
NADES CX (1:100) 230 (280) 298 0.20 + 0.01 4.86 0.46 344 399
NADES CX (1:200) 230 (279) 300 0.21 + 0.01 4.54 0.32 341 400
0.02 M Acetic acid 221 (~275) 296 0.22 + 0.01 543 133 369 426

Absorption wavelength.
Emission wavelength.
Anisotropy.
Fluorescence intensity.
Absorption intensity.
Minor transition.

Major transition.

@ =0 an oo
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Fig. 2. Absorption spectra of collagen dissolved in NADES and aqueous dilutions thereof. The concentration of collagen was 1.5 mg/ml in all samples. A: calf skin collagen; B: turkey tendon

collagen.

1:1 and 1:50 (emission 335 nm) in case of turkey collagen and emission
at 300 nm in case of calf skin collagen. The excitation maximum kept
constant in the range 272-278 nm, characteristic of tyrosine (data not
shown). The fluorescence intensity corrected for differences in absorp-
tion at the excitation wavelength was highest in undiluted NADES and
at dilution 1:1 in case of turkey collagen and exceeded the intensity in
acetic acid. The intensity showed a linear decrease as a function of sam-
ple viscosity (12 = 0.973, dilution 1:1-1:200; 1:100 excluded) in case of
collagen from turkey but was virtually independent of NADES concen-
tration in case of calf skin collagen (Table 1).

3.5. Steady state fluorescence anisotropy

The fluorescence anisotropy was independent of the solvent in sam-
ples containing turkey collagen but did increase upon dilution of the
NADES in calf skin samples. The latter showed a linear increase as a
function of NADES dilution (r> = 0.992; except 1:50); i.e., by a decrease
in sample viscosity (Table 1).

3.6. Differential scanning calorimetry

The thermal transitions of collagen from turkey tendon and calf skin
were dependent on the dissolution medium. Collagen exhibited both a
minor (Ts) and a major thermal transition (Ty,) in acetic acid and aque-
ous dilutions of NADES > 1:50. In NADES diluted 1:10 in the case of calf
skin collagen, only Ty, was present (Table 1). No signals were detected
in undiluted and 1:1 dilution of NADES. The denaturation temperature
showed a linear increase as a function of increased pH between dilution
1:10 and 1:100 (1% > 0.999, turkey: Ts and Tyy,; calf: Tp,).

3.7. Characterization of collagen-NADES sheets

Freeze-drying of collagen dissolved in aqueous dilutions of NADES
CX between 1:50 and 1:200 formed sheet-like sponges with different
plasticity. Dilution 1:10 resulted in a sticky fibrous layer, which was dif-
ficult to handle. Dilution 1:1 resulted in a transparent product (i.e., no
sheet formation).

The FT-IR spectrum of calf skin (Fig. 4a) and turkey tendon (Fig. 4b)
collagen included the bands of amide A (3313/3324 cm '), amide B

Table 2
Aqueous dilutions of NADES CX and corresponding pH
values.

Sample pH
NADES CX 0.2
NADES CX (1:1) 1.0
NADES CX (1:10) 1.6
NADES CX (1:50) 22
NADES CX (1:100) 24
NADES CX (1:200) 24

(2942/2938 cm™'), amide I (1648/1658 cm™'), amide II (1542/
1548 cm™!) and amide Il (1237/1234 cm™") for calf skin collagen/tur-
key tendon collagen, respectively [21,29]. The FT-IR spectrum of undi-
luted NADES CX included a broad band at 3360 cm~', a band at
1630 cm™ ! and aband at 1710 cm ™.

Force-displacement studies demonstrated a plasticizing effect by
aqueous dilutions of NADES on collagen sheets. However, the mechan-
ical strength of the sheets was also dependent on the collagen source.
Only sheets made from turkey tendon collagen could be handled,
whereas sheets made from calf skin collagen were sticking to the con-
tainer and appeared too fragile to be tested. The results are summarized
in Table 3 and representative figures are shown in Supplementary Ma-
terial, Fig. Sla-d.

4. Discussion

Type I collagen has a low content of aromatic amino acids, which are
represented by tyrosine and phenylalanine. The tyrosine residues are
located at the non-helical telopeptides [30,31]. Collagen from calf skin
contains telopeptides, while turkey collagen has been treated with pep-
sin to remove these peptides. It has, however, been demonstrated that
telopeptides are not completely excised by pepsin treatment [30]. This
can explain why tyrosine was detected in both types of collagen. An ab-
sorption peak at ~276 nm and a shoulder at ~282 nm would reflect the
presence of tyrosine residues while peaks at 268, 265, and 258 nm indi-
cate the presence of phenylalanine [30]. All these peaks were identified
in collagen samples dissolved in undiluted NADES. The absorption peak
of phenylalanine (i.e., 265 nm) emerged as the highest intensity peak in
the calf collagen spectrum in undiluted NADES, while the tyrosine ab-
sorption (i.e., 281 nm) was dominating in samples of turkey collagen
under similar conditions. The hypsochromic effect showed a linear
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Fig. 3. Representative fluorescence spectra of collagen dissolved in NADES with calf skin
collagen (A) and turkey tendon collagen (B) exhibiting Ngy, = 298 and 339 nm,
respectively.
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Fig. 4. FT-IR spectra of NADES CX, collagen and freeze-dried collagen-NADES sheets (prepared with aqueous dilutions of NADES CX 1:1-1:200). A: calf skin collagen; B: turkey tendon

collagen.

dependency of the solution pH which increased from 1.0 to 2.4 upon
NADES dilution. The pKj, value of tyrosine and phenylalanine is approx-
imately 2.2 and 2.0, respectively. A hyperchromic effect in turkey colla-
gen occurred at dilutions >1:50 which corresponded to a pH similar to
the tyrosine pK, value. A similar hyperchromic effect in calf collagen
was observed at lower dilutions, i.e., at a pH closer to the pK, value of
phenylalanine. It has previously been reported that hypsochromic and
hyperchromic shifts in collagen samples could indicate an uncoiling of
the triple helix, i.e., a denaturation of the protein [31,32]. However,
since the components in NADES and the solutes are tightly bound to-
gether in a network of hydrogen bonds, the hyperchromic effect ob-
served upon dilution could also indicate a weakening in the hydrogen
bonding between collagen and the NADES network, leading to collagen
stabilization as observed in acetic acid. This is consistent with a
bathochromic shift in fluorescence in the case of turkey collagen
(i.e., tyrosine/tyrosinate fluorescence). Tyrosine side chains are often
distributed from the interior to the surface of a protein, while phenylal-
anine residues are highly apolar and thereby buried in the interior of the
protein, making them less sensitive to changes in the solvent
(e.g., polarity, H-bonding) [33].

Collagen belongs to the group of tryptophan-free proteins. Excita-
tion at 270 nm should, therefore, induce tyrosine fluorescence (maxi-
mum emission near 305 nm) without any interference from
tryptophan (maximum emission near 350 nm). However, unusual tyro-
sine emission at longer wavelengths has previously been reported in
proteins [34]. This can be observed as a weak shoulder on the tyrosine
band in the range 330-350 nm and has been ascribed to tyrosinate
emission [35]. In the present study, the tyrosinate emission was intense
and emerged as the main peak in turkey collagen samples while absent
in calf skin collagen. Ground state tyrosine has a pK, value of 10.3 and
tyrosinate fluorescence is, therefore, most easily observed at high pH.
The pK, value does, however, decrease to about 4 in the excited state.
Tyrosinate emission can for that reason occur at neutral pH from the sin-
glet excited tyrosine [36]. This is facilitated by the presence of proton ac-
ceptors like acetate in the solvent but is also dependent on to which
extent the tyrosine is exposed to the aqueous phase. Tyrosinate

Table 3
Force-displacement data for collagen-NADES sheets.

Sheet Force (N) Displacement (mm)
Turkey tendon collagen 0.10 + 0.01 1.80 £+ 0.12
+NADES CX (1:50) 0.28 4 0.08 449 + 1.04
+NADES CX (1:100) 0.46 + 0.07 494 + 0.65
+NADES CX (1:200) 031 +0.15 3.70 + 0.59
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emission can also be achieved by excited-state proton transfer to adja-
cent acceptor groups within the protein, e.g., carboxylate, histidyl, and
lysyl residues or the side chains of aspartate and glutamate residues
[35,37]. The excitation spectrum for the tyrosinate emission is expected
to be independent of pH below the pKj, of ground-state tyrosine if the
emission arises from singlet excited tyrosine. This was the case in the
present study when the pH varied from 1.0 to 3.2. The intensity of the
tyrosinate emission (corrected for variation in absorbance) showed a
linear decrease as a function of decreased viscosity in the diluted
NADES samples. The fact that tyrosinate emission occurred only in tur-
key collagen (including samples in 0.02 M acetic acid) might indicate
that tyrosine was more exposed to the aqueous phase than in calf skin
collagen, which is in agreement with the UV absorption measurements
(see above) and/or the presence of nucleophilic group(s) in the tyrosyl
microenvironment in turkey collagen. Further, it has previously been re-
ported that tyrosine residues in calf skin collagen mainly are located in
hydrophobic regions of the protein that are poorly accessible to the sur-
rounding solvent, which supported the above results [38]. The intensity
of the tyrosine emission from calf skin collagen was quite independent
of NADES concentration (i.e., viscosity and pH). This emphasized that
the rate of deactivation of the tyrosine excited state in calf skin collagen
was fast relative to the rate of deprotonation (i.e., formation of
tyrosinate).

The anisotropy in dilute non-viscous solutions is primarily deter-
mined by the rotational motion of the fluorophore. In the case of pro-
teins, these motions will rely on e.g., the size, shape, and extent of
aggregation of the molecule. The samples in the present study varied
from low to medium viscosity dependent on the extent of NADES dilu-
tion, which complicated the interpretation of the results. Further, all the
samples were slightly turbid in spite of filtration prior to the spectro-
scopic measurements. The observed anisotropy can be expected to de-
crease linearly with an increase in turbidity. The contribution of
scattering to depolarization can be evaluated by changing into a cuvette
with smaller dimensions. Both conventional cuvettes (1 x 1 cm) and
micro cuvettes (2 x 2 mm) were applied in the present work giving sim-
ilar results (data not shown). It is therefore unlikely that depolarization
due to scattering made a major contribution to the observed values.

The steady-state fluorescence anisotropy of tyrosinate emission in
turkey collagen remained constant independent of NADES dilution;
i.e,, independent of the supramolecular structure, pH, and viscosity of
the solvent. Further, the anisotropy was virtually independent of the ex-
citation wavelength, which indicated that the angle between the ab-
sorption and emission dipoles did not change upon changes in the
macro environment. Fluorophores bound to proteins can be indepen-
dent of the overall rotational diffusion by displaying fast segmental
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motions [39]. The result is that the anisotropy becomes rather insensi-
tive to macroscopic viscosity [34]. This could explain the observations
on turkey collagen and emphasized the assumption that the tyrosine
residues were not deeply embedded in this protein. On the other
hand, the fluorescence anisotropy from tyrosine emission in calf skin
collagen was dependent on the NADES dilution and was apparently an
inverse function of the viscosity. It is evident from the calorimetric mea-
surements that the conformation of calf skin collagen changed upon di-
lution of the NADES. This had apparently a palpable effect on the
emission properties of the tyrosine fluorophores in calf skin collagen.
Collagen normally exhibits two thermal transitions when heated. The
minor transition has previously been ascribed to collagen fibril depoly-
merization, unfolding and melting of small parts of the triple helix struc-
ture or been related to the thermally labile regions with hydroxyproline
deficient sequences, while the major transition has been ascribed to de-
naturation of the triple helix to form monocoils [40,41]. The thermo-
grams demonstrated a lack of protein unfolding prior to denaturation
in undiluted NADES and samples diluted 1:1 and 1:10 in case of calf
skin collagen; i.e., only the denaturation temperature could be detected.
This indicated either that collagen is thermostable in concentrated
NADES, or that unfolding of the triple helix had occurred at room tem-
perature in these solvents. The latter hypothesis was supported by
SDS-PAGE, where collagen in NADES diluted 1:10 showed higher frag-
mentation than dilutions >1:50. It is reasonable to infer that dilution
of NADES will cause conformational changes in the protein due to
changes in the supramolecular network formed in deep eutectic sol-
vents combined with the change in pH. The triple helix, therefore,
seemed to be maintained at dilutions >1:10 illustrated by the occur-
rence of two peaks in the thermograms that are typical for unfolding
and denaturation, respectively. Further, this is consistent with the in-
crease in fluorescence anisotropy observed by dilution of the NADES,
best illustrated by calf skin collagen. In very dilute NADES samples
(i.e., 1:200); the anisotropy was virtually similar to samples in 0.02 M
acetic acid representing a stable collagen structure. This is as well con-
sistent with the hypothesis that the hyperchromic effect observed
upon dilution of the NADES was caused by a weakening of the eutectic
network, rather than denaturation of collagen. The presence of xylitol
in the eutectic mixture had apparently no stabilizing effect on the colla-
gen triple helix, which was an effect hypothesized from studies where
collagen exhibited increased thermostability in the presence of polyols
[18,19].

The denaturation temperature showed a linear increase as a function
of increased pH between dilution 1:10 and 1:100. This was valid for
both the minor and major transition of turkey tendon collagen, but
only for the major transition of calf skin collagen. Collagen has shown
low protein solubility, water binding capacity and apparent viscosity
at pH < 1, caused by a partial denaturation [42]. This can explain why
the collagen lacked an unfolding transition prior to denaturation in
the thermograms and the fragmentation observed by the SDS.

The correlations demonstrated by the overall results were valid up
to a NADES dilution between 1:100 and 1:200 with water, e.g., the
hyperchromic effect of collagen absorbance at the absorption maximum
observed upon dilution of NADES was present up to a 1:200 dilution.
Further, at this dilution, the anisotropy became virtually similar to colla-
gen dissolved in 0.02 M acetic acid. Together, these results indicated
that the eutectic network was preserved upon dilution to this ratio.
This is in accordance with previous results obtained in our lab where
the eutectic network appeared to be preserved upon dilution <1:200
[1]. However, a report in the literature claims that the network was ab-
sentin dilutions >1:1 [43]. The NADES network structure is probably de-
pendent on a series of factors, e.g., ionic strength, pH and chemical
properties of the solute.

The results on collagen-NADES sheets were consistent with the
spectroscopic and thermal observations on collagen dissolved in
NADES solutions, indicating that the structural properties of collagen
was maintained when the NADES was diluted >1:10. This can be

illustrated by e.g., comparing the FT-IR spectra of the freeze-dried sheets
with the undiluted NADES. The main peaks of collagen (amide A, B, I, 1I
and II) were clearly present in collagen-NADES sheets prepared with
NADES diluted 1:50-1:200, whereas the sheets prepared with NADES
diluted 1:1 and 1:10 showed weak or no amide I or II signals. Conforma-
tional changes in the secondary structure of the collagen molecule can
be followed by the changes in the amide profile in the FT-IR spectrum.
The profile of amide I is associated to the c-helix conformation, the 3-
sheet conformation and the B-turn. An apparent loss in these structures
is indicated by the lower intensity of this peak, which was observed for
collagen-NADES sheets prepared with NADES diluted 1:1 and 1:10. A
shift of the C=0 stretching signal of the citric acid component of the
NADES (i.e., from 1692 to approximately 1714 cm™') can be a measure
of hydrogen bonding between the reagents [44]. Such a shift was ob-
served in the plain NADES (undiluted) and in all the NADES samples
containing collagen. The water will evaporate upon freeze-drying of
the collagen sheets and leave concentrated NADES within the protein
structure. This was confirmed by the FT-IR results obtained for
collagen-NADES sheets when compared to the undiluted NADES. The
presence of concentrated NADES within the sheets will maintain the
solubilizing properties and potential antibacterial properties of this
solvent.

Mechanical force-displacement studies of the formed sheets clearly
showed a plasticizing effect by the NADES and aqueous dilutions thereof
compared to a sponge of collagen without NADES. The plasticizing effect
can be attributed to the high concentration of NADES, the presence of
polyols, a crosslinking effect of the NADES components or a combina-
tion of all. Some of the force-displacement results expressed quite
large standard deviations. This can be caused by a variation in the orga-
nization of the collagen fibers formed during freeze-drying or how the
NADES is organized within the collagen structure. Highly concentrated
NADES may dissolve the collagen and result in varying mechanical
properties. The mechanical properties of collagen sheets prepared
with highly diluted NADES seem to approach the properties of collagen
sheets prepared in acetic acid, although some of the plasticizing effects
by the NADES are maintained. Further, the NADES may work as a plas-
ticizer as demonstrated by the force-displacement results discussed
above, to form bioplastics, offering an alternative to toxic or non-
biodegradable plasticizers [45]. Citric acid has previously been investi-
gated as a potential natural crosslinker for collagen, increasing the me-
chanical properties of collagen sheets. Andonegi et al. [46] investigated
how compressed collagen sheets were influenced by different concen-
trations of citric acid. Addition of low amounts of citric acid did not
change the structure, but higher contents changed the structural order
of the collagen sheets [46]. In a NADES based on citric acid, the acid is
maintained within a hydrogen-bonded network, resulting in supersatu-
rated solutions. The high concentration of citric acid may induce a
change in the collagen structure. Xylitol has previously been tested for
a plasticizing effect on squid protein films, where it showed promising
properties, although the films became brittle over time [47]. It is how-
ever, likely that the properties of xylitol or other components can be
modified when they are part of a NADES network. A choline chloride
and glycerol based NADES has been evaluated for a potential plasticizing
effect on pectin films and showed promising properties as excipients in
bio-based plastics formulations [48]. The addition of plasticizers to a col-
lagen sheet can be used to control the mechanical properties of the con-
structs. It appeared that a 1:100 dilution of the NADES was the optimal
concentration in this study, maintaining both the collagen structure and
a plasticizing effect. A collagen-NADES sheet formulation has to be opti-
mized further to find the optimal NADES composition and
concentration.

Based on the above results and previous knowledge about the anti-
bacterial properties of NADES and the unique wound healing properties
of collagen, a combination of NADES CX and collagen represents a prom-
ising formulation strategy for topical preparations. Inclusion of a photo-
sensitizer could allow for additional application in antimicrobial
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photodynamic therapy (aPDT). In cases where there is a need to pre-
serve the collagen triple helical structure, an aqueous dilution of the
NADES between 1:10 and 1:200 can be selected. Although collagen
seems fragmented in undiluted NADES, it is still possible that the che-
motactic properties are preserved. The application of undiluted or
slightly diluted NADES in collagen preparations should therefore not
be ruled out.

5. Conclusions

Collagen exhibited variable unfolding properties based on the type
and method of isolation and the degree of aqueous dilution of the
added NADES. The results indicated that both telo- and atelocollagen
were more susceptible to molecular changes when dissolved in undi-
luted NADES than in acetic acid. However, a formulation based on undi-
luted NADES and collagen can benefit from both chemotactic properties
by the attraction of cells involved in wound healing by collagen peptides
and the unique antibacterial properties of the NADES. The results ob-
tained in highly diluted samples approached the data obtained in acetic
acid. Further, the results indicated that the intramolecular NADES net-
work was maintained up to a dilution <1:200, which preserves the
unique effects of NADES. The eutectic solvents have previously shown
antibacterial properties in aqueous dilutions up to 1:200 [1]. Further,
an increased mechanical strength of freeze-dried collagen-NADES
sheets and a plasticizing effect of NADES at low concentration, were
demonstrated in the present work. The combination of diluted NADES
and collagen seemed suitable for further development into a topical
preparation.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.ijbiomac.2020.04.026.
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Tuning of 2D cultured human fibroblast behavior using lumichrome

photocrosslinked collagen hydrogels

Abstract

Biomedical application of collagen is limited by its slow gelation and crosslinking
(via chemical or photochemical methods) could tailor these properties. Collagen
has previously been crosslinked by chemical or photochemical methods. Chemical
crosslinkers are often toxic, and the crosslinking reaction is difficult to control.
Photochemical crosslinkers are usually biocompatible compounds that are
activated upon irradiation. Riboflavin (vitamin By), a photochemical crosslinker of
collagen, photodegrades to lumichrome upon irradiation. Cyclodextrins have
previously been used to increase the aqueous solubility of lumichrome and regulate
collagen self-assembly. In this study, lumichrome dissolved by cyclodextrin
complexation was used as a photochemical crosslinker of collagen. Lumichrome
photocrosslinking reduced the gelation time to 10 s, compared to 90 min for
physical crosslinking. The formed hydrogels exhibited increased elasticity and
water holding capacity compared to physically crosslinked collagen hydrogels and
riboflavin  photocrosslinked collagen hydrogels. Fibroblasts achieved a
myofibroblastic phenotype alongside with an apparent migratory behavior when
cultivated in 2D on lumichrome photocrosslinked gels as observed from real-time
PCR and ELISA results. These biocompatible photocrosslinked hydrogels could
have potential applications in biomedical applications, such as wound healing.

Keywords: collagen; lumichrome; fibroblasts
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1. Introduction

Collagen is a structural protein that is considered as a good material candidate for
fabrication of biocompatible and biodegradable scaffolds. Collagen is composed of
three a-chains forming the characteristic triple helix structure of the protein. The a-
chains consists of repeating triplets of the amino acids Glycine-X-Y, where X and Y are
often proline and its metabolite hydroxyproline [1]. As the main structural protein in the
extracellular matrix and connective tissue, collagen serves important functions in the

body as support for cell growth and migration in various biological processes [2].

The production of scaffolds suitable for cell growth can be used in tissue engineering
techniques. These techniques are considered as emerging technologies for production
and engineering of tissue and biomimicking constructs and organs [3-5]. In tissue
engineering, scaffolds are fabricated to serve as synthetic extracellular matrices to
organize cells into three dimensional architectures, providing mechanical support and
allowing for optimal growth, nutrition and biological signaling [6, 7]. Examples of
scaffold fabrication techniques are electrospinning, bioprinting, production of hybrid
scaffolds and hydrogels [8]. Constructs can be fabricated with cells seeded within the
material, or used without cells to mimic biological constructs and scaffolds where
seeding of cells on the scaffolds can be performed after the fabrication [9, 10]. The use
of collagen in such applications has been considered somewhat limited due to low
viscosity and slow gelation. Previous attempts to overcome these challenges include
increasing collagen concentration, using protein or polymer blends, forming the
structures directly into a supportive gelatin slurry bath (commonly known as FRESH
bioprinting) or chemically modifying the collagen with methacrylate [11-15]. Recently,
the effects of riboflavin (Vitamin B, RF) photocrosslinking on the printability of

collagen bioinks for bioprinting have been studied. Diamantides et al. (2017) reported
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that blue light-activated RF crosslinking improved the viscoelastic properties and
printability of the bioink [16]. The study found that the RF photocrosslinking increased
the storage modulus even before the bioink was brought to 37 °C, which is normally
necessary for collagen to physically crosslink. RF photocrosslinking of collagen is
commonly used in corneal crosslinking (CXL) for the treatment of the eye disease
keratoconus [17]. Irradiation of RF results in photodegradation to lumichrome (LC) and
lumiflavin (LF) in acidic and neutral, and alkaline solutions, respectively [18, 19]. Both
LC and LF are considered as more photostable than RF and are efficient
photogenerators of singlet oxygen in aqueous media [19-21]. LC has previously been
investigated as a potential photosensitizer for inactivation of pathogens by antimicrobial
photodynamic therapy (aPDT). The photosensitizer absorbs in both UVA and the blue
region of the electromagnetic spectrum. The use of these metabolites as photosensitizers

are, however, limited due to their low aqueous solubility [20].

Cyclodextrins (CDs) have been used to increase the water solubility of LC by a tenfold
[20]. This increases the potential for LC as a photosensitizer. CDs are cyclic
oligosaccharides with a hydrophobic inner and a hydrophilic outer structure [22]. They
are stable in bases and weak organic acids but may be hydrolyzed in strong acids [23,
24]. Collagen has previously been modulated with CDs in order to regulate the collagen
self-assembly and producing materials similar to native cornea [25]. CDs will bind to
aromatic residues on the collagen molecule resulting in increased viscosity through
collagen self-assembly [25]. Potential aromatic residues are phenylalanine and tyrosine,
where the latter is almost completely eliminated if the protein is isolated by pepsin
digestion [1]. CDs have as well been incorporated into collagen scaffolds to promote
binding of growth factors and modulate stem cell activity [26]. In drug delivery

systems, CDs have been incorporated into collagen membranes for controlled delivery

114



and increased bioavailability of ofloxacin for the treatment of bacterial keratitis [27].

Collagen is a protein interesting for tissue engineering applications, including the
treatment of dermal loss and wound healing, mimicking the native structure of the skin.
During wound healing, collagen is degraded by proteolytic enzymes to peptides, which
are chemotactic to cells involved in the remodeling of the skin. This makes collagen an
excellent candidate as an excipient in products for wound healing purposes [28, 29].
The invasion of cells, among other fibroblasts, is important for migration and
proliferation into the wound site and synthesis of extracellular macromolecules. In
granulation tissue, the fibroblasts are activated further into myofibroblasts, expressing
a-smooth muscle actin (a-SMA). Myofibroblasts are involved in the wound healing by
production and organization of the extracellular matrix [30]. It is further involved in
wound contraction and scarring [31]. In all steps of the wound healing process,
proteolytic enzymes play a major role modifying the wound matrix allowing cell
migration and remodeling of the skin. These include matrix metalloproteinases (MMPs)
and tissue inhibitors of MMPs (TIMPs). MMPs are important for collagen in wound
healing, digesting the collagen to fragments, that may work chemotactically to cells
involved in the healing process [32]. Syndecan-4 (SDC-4) is a cell receptor protein,
which is a target for MMP-2 activity. Its extracellular domain is cleaved by this protease
among others, thereby fine tuning the biological activity of the receptor protein [33].
SDC-4 belongs to a family of transmembrane heparan sulfate proteoglycans, and
functions as co-receptors for growth factor activities, or signaling by itself via the
cytoplasmatic domain regulating cell activities [34]. SDC-4 is shown to be important for
the wound healing process [35]. The importance is highlighted by the ability to also
interact with extracellular matrix ligands, morphogens and cytokines that are important

regulators of tissue regeneration [34]. SDC-4 is a prominent regulator of focal adhesion
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and actin-cytoskeletal organization formation in fibroblasts, and therefore a regulator of

fibroblast cell adhesion and migration [36-38].

In the present study, the aim was to investigate the effects of CD modulation and LC
photocrosslinking on collagen hydrogels. The physical properties of the hydrogels were
studied with respect to water retention, mechanical properties and enzyme mediated
scaffold degradation. Cell studies were conducted with fibroblasts seeded on top of the
hydrogels. Cell morphology, cell viability, enzyme expression and secretion of proteins
involved in extracellular matrix production and differentiation were monitored, as well
as expression of corresponding genes. To our knowledge, this is the first paper

describing the use of LC as a photochemical crosslinker for collagen.

2. Materials and methods

All experiments were performed at 25 °C unless other stated. LC photocrosslinked
collagen hydrogels were crosslinked at 4 °C and used directly, or further physically
crosslinked at 37 °C. Physically crosslinked collagen hydrogels, RF photocrosslinked

collagen hydrogels and CD modulated collagen hydrogels were crosslinked at 37 °C.

2.1. Raw materials, chemicals, and reagents

Collagen isolated from industrially produced turkey (Meleagris gallopavo) rest raw
materials was prepared as described in Grgnlien et al. 2019 [39]. In brief, turkey
tendons were manually cleaned and freeze dried for 48 h. A 0.5 M acetic acid solution
with pepsin (1:10) was added to enzymatically hydrolyze the material. The hydrolyzed
material was centrifuged, and the supernatant was collected. The collagen was
precipitated by the addition of 4 M NaCl (1:3) and centrifuged. The collagen was re-

solubilized in 0.5 M acetic acid and dialyzed against distilled water for 3 days. The
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dialyzed solution was further freeze dried to obtain dry collagen. Other reagents were of
analytical grade and were purchased from Merck KGaA (Darmstadt, Germany). Cell
medium and components were all purchased from Thermo Fischer Scientific (Waltham,

MA, USA).

2.2. Preparation of collagen hydrogels

The preparation of collagen hydrogels by physical crosslinking, lumichrome
photocrosslinking, collagen photocrosslinking and CD modulations is described below.

The preparation parameters are summarized in Table 1.

2.2.1. Hydrogels prepared by lumichrome photocrosslinking (LC gels)

LC photocrosslinked hydrogels (LC gels) were prepared by a direct photocrosslinking
method. (2-Hydroxypropyl)-Beta-cyclodextrin (HPBCD) was dissolved in 20 mM acetic
acid to a final concentration of 5% (w/v). LC was dissolved in the acidic HPBCD-
solution to a final concentration of 250 uM. Collagen was dissolved in the acidic
HPBCD-solution over 24 h to a final concentration of 5 mg/ml. The collagen solution
was neutralized to pH 7.4 by the addition of 10X phosphate buffered saline (PBS) (0.1
x final volume of the combined solution), 1 M NaOH (0.023 x volume of added
collagen-HPBCD solution) and Milli-Q water to give a final concentration of 4 mg/ml
collagen, 200 uM LC and 1X PBS. The neutralized solutions were crosslinked by
irradiation with either UVA (Amax = 365 nm, 16.0 mW/cm?) or blue light (Amax = 405
nm, 17.8 mW/cm?) (Bio X, Cellink, Gothenburg, Sweden) for 10 s. The gels were

incubated at 37 °C for 90 min to complete the crosslinking procedure.

To distinguish the effects of lumichrome and HPBCD in cell studies, CD modulated

collagen hydrogels (CD gels) were prepared with 5% (w/v) HPBCD added to 20 mM
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acetic acid without the addition of LC and photocrosslinking.

2.2.2. Hydrogels prepared by physical crosslinking (Col gels)

Physically crosslinked hydrogels (Col gels) were prepared by a direct gelation method.
Collagen was dissolved in 20 mM acetic acid over 24 h to a concentration of 5 mg/ml.
The collagen solution was neutralized to pH 7.4 by the addition of 10X PBS (0.1 x final
volume of the combined solution) and 1 M NaOH (0.023 x volume of added collagen
solution) and diluted with Milli-Q water to give a final concentration of 4 mg/ml
collagen and 1X PBS. The neutralized solution was incubated in the dark at 37 °C for

90 min to initiate gelling and self-assembly of the collagen.

2.2.3. Hydrogels prepared by riboflavin photocrosslinking (RF gels)

RF photocrosslinked hydrogels (RF gels) were prepared by a two-step gelation and
photocrosslinking method. The hydrogels were prepared as for the Col gels, except with
the addition of riboflavin 5’-monophosphate sodium salt to a final concentration of
0.01% (w/v) (265 uM). The neutralized solution was incubated in the dark at 37 °C for
1 h to initiate gelling and self-assembly of the collagen. The collagen hydrogels were
irradiated with UVA (Amax = 365 nm, 2.94 mW/cm?) (Polylux-PT, Dreve, Germany), for
4 min to form interhelical crosslinks. The crosslinking procedure was then completed by

incubating the hydrogels in the dark at 37 °C for 30 min.

2.3. Viscosity measurements

Viscosity measurements were performed on a Brookfield DV2T viscometer (Brookfield
Engineering Laboratories, Inc., Middleboro, MA, USA) with spindles CPA-40Z (low
viscosity samples < 10 mPa s; accuracy: + 0.1 mPa-s; sample volume: 0.5 ml) and

CPA-52Z (medium viscosity samples 10 — 300 mPa-s; accuracy: + 3.1 mPa-s and high
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viscosity samples > 1500 mPa-s; accuracy: + 31.0 mPa-s; sample volume: 0.5 ml). For
the HPBCD-collagen samples, the temperature was kept constant at 4 °C, while for the
neutralized and irradiated samples, the temperature was kept constant at 25 °C during
the viscosity measurements (Grant LTD6G water bath, Grant Instruments, Cambridge,
Ltd., Royston, UK). An average measurement was performed with the end condition
parameter fixed at 2 min and speed depending on the expected viscosity (30 rpm for
samples < 300 mPa-s, 5 rpm for samples 300 — 1500 mPa-s, and 3 rpm for samples >

1500 mPa:s).

2.4. Water holding capacity (centrifugal dehydration)

Col, RF, LC and CD gels were compared according to their water holding capacity. The
hydrogels were placed in a Corning™ Costar™ Spin-X™ Centrifuge Tube Filter
(Corning Inc. Life Sciences, Corning, NY, USA) with 0.45 um pores and centrifuged at
2000 rpm (3949) [40]. The water retention at fixed time points between 2 and 240 min
were calculated based on the weight ratio after and before centrifugation (W/Wo). The
water holding capacity was defined as the percentage of weight remaining after

centrifugation for 240 min.

2.5. Enzyme-mediated scaffold degradation

Enzyme-mediated scaffold degradation was studied by collagenase digestion of the
prepared hydrogels. Type I collagenase from Clostridium histolyticum (C0130, Sigma-
Aldrich, Saint Louis, MO, USA) was dissolved in Dulbecco’s Phosphate Buffered
Saline (DPBS) with 100 mg/l MgCl2 and 100 mg/l CaCl; (Gibco, Life Technologies
Corp., Grand Island, NY, USA) to a concentration of 5 CDU/mI. Hydrogels prepared
were first soaked in DPBS for 30 min. Further, the hydrogels were treated with the

collagenase solution and incubated at 37 °C. Remaining hydrogels were weighed and
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compared with untreated hydrogels at fixed time points between 2 and 24 h. The

collagenase solution was changed at every 3 sampling.

2.6. Mechanical properties (macroindentation)

Mechanical properties of the prepared hydrogels were studied using TA-XTplusC
Texture Analyser (Stable Micro Systems, Godalming, UK) in compression mode. The
hydrogels were prepared in 24-well plates (VWR International., Radnor, PA, USA)
according to the described preparation procedures. The resulting cylindrical gels
equilibrated in PBS overnight (4 °C) and exposed to constant pressure at 0.1 mm/s with
a maximum strain set to 60% by a cylindrical flat-ended indenter (g = 6 mm) attached to
a 500 g load cell. The probe was positioned approximately 2 mm above the sample prior
to analysis. The stress (kPa) was calculated by the force and load-bearing area (A) of

the gels and plotted against the strain. The elastic moduli (E) were calculated using

Equation 1.
_2
E= %, (Equation 1)

where v is the Poisson’s ratio, Fc is the applied force (N), ¢ is the indentation depth and

r is the indenter radius [41]. Poisson’s ratio was estimated to 0.5 for the hydrogels.

2.7. Cell studies

The cell studies consisted of three independent biological experiments, each performed

in triplicates.

2.7.1. Cell culture

Human primary dermal fibroblasts (ATCC, Manassas, VA, USA) were cultured in

Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% (v/v) fetal
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bovine serum (FBS), 100 U/ml penicillin, 100 pg/ml streptomycin and 250 pg/mi
fungizone in tissue culture flasks. The cells were maintained at 37 °C in a humidified
atmosphere of 5% CO.. The cells were routinely sub-cultivated twice a week. The cells
were examined by a Leica DM IL LED light microscope (Leica Microsystems Nussloch
GmbH, NuBloch, Germany) during incubation. Cells between passages 3-10 were used

in these experiments.

2.7.2. Cell behavior on hydrogels

Evaluation of the suitability of the hydrogels as cell matrices was conducted for 48 h on
proliferating cells. The different hydrogels (prepared as described above) were prepared
in the wells of 24-well plates with glass bottom (MatTek Corp., Ashland, MA, USA).
Fibroblasts were seeded on top of the hydrogels at a concentration of 50 000 cells/well.
To monitor cell nuclei and dead cells, the cells were stained with NucBlue™ Live
ReadyProbes™ (Hoechst 33342, bisbenzimide) and Propidium Iodide ReadyProbes™
(Life Technologies Corp., Eugene, OR, US), respectively. The dyes were used
according to the manufacturer’s instructions. Media was replaced prior to staining. The
cells were examined and imaged with a Zeiss Axio Observer Z1 microscope and the
ZEN 2.6 blue edition microscopy software suite (Zeiss, Jena, Germany). If necessary,
the brightness and contrast of the image were manually adjusted across the entire image

using Adobe Photoshop Elements 11.

2.7.3. Immunofluorescence

Hydrogels (prepared as previously described) were prepared on the glass bottom of
uncoated petri dishes with the area of the glass bottom corresponding to the size of the
wells of a 24-well plate (MatTek Corp., Ashland, MA, USA). Fibroblasts were seeded

on top of the hydrogels at a concentration of 50 000 cells/well. After 48 h, the cells were
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washed twice with PBS, fixed with 4% (v/v) formaldehyde solution (252549, Sigma-
Aldrich, Saint Louis, MO, USA) for 15 min. The cells were washed three times with
0.1% (v/v) Tween 20 in PBS (PBS-t) before permeabilizing with 0.1% (v/v) Triton X-
100 in PBS for 10 min. After washing with PBS-t, the cells were blocked for 1 h (25
°C) or overnight (4 °C) using blocking buffer (ab126587, Abcam, Cambridge, UK)
diluted in PBS-t before incubation with the primary antibody (Anti-alpha smooth
muscle Actin antibody, ab5694, Abcam, Cambridge, UK or, Monoclonal Anti-Pan
Cadherin antibody, C1821, Sigma, St. Louis, MO, USA, both 1:100 dilution) for 1 h (25
°C) or overnight (4 °C). Subsequent incubation with secondary antibody (Goat anti-
Rabbit 1gG (H+L) Cross-Adsorbed Secondary Antibody, Alexa Fluor™ 546, A-11010
or Goat anti-Mouse IgG, IgM, IgA (H+L) Secondary Antibody, Alexa Fluor™ 488, A-
10667 both 1:400 dilution) for 1 h was performed after washing three times with PBS-t
for 10 min. The cells were washed again thrice for 10 min before mounting the gels
with Dako Fluorescence Mounting Medium (Dako North America, Carpinteria, CA,
USA) or ProLong™ Diamond Antifade Mountant (P36961, Life Technologies Corp.,
Eugene, OR, US). For staining of the F-actin filaments, Alexa Fluor™ Phalloidin 488 or
555 (A12379 and A34055, Life Technologies Corp., Eugene, OR, US, 1:200 and 1:400
dilution, respectively) was added together with the secondary antibody. Hoechst
(1:1000 dilution, Invitrogen, Carlsbhad, CA, USA) was used to counterstain cell nuclei.
The cells were examined and imaged with a Zeiss Axio Observer Z1 microscope and
the ZEN microscopy software suite (Zeiss, Jena, Germany). If necessary, the brightness
and contrast of the image were manually adjusted across the entire image using Adobe
Photoshop Elements 11. Integrated density of fluorescence signal was quantified using
ImageJ for staining of pan-cadherin [42]. Presented values for integrated densities are

calculated from the sum of pixel values in section x area of section of 10 randomly

122



chosen cells.

2.7.4. Sandwich enzyme-linked immunosorbent assays (ELISAS)

The protein secretion of matrix metalloproteinase-2 (MMP-2), tissue inhibitor of
metalloproteinase-2 (TIMP-2) and shed syndecan-4 (SDC-4) was measured in the cell
media supernatants. Fibroblasts were cultured on hydrogels in 24-well plates (VWR,
Radnor, PA, USA) for 48 h and the protein secretion was measured with commercial
sandwich ELISA Kits (KHC3081 and EHTIMP2, Thermo Fisher Scientific, Inc.,
Waltham, MA, USA and ab213830, Abcam, Cambridge, UK). The ELISA Kits were
used according to the manufacturer’s instructions. The optical density was detected
using a Synergy H1 Hybrid Multi-Mode Microplate Reader (Biotek, Bad Friedrichshall,

Germany).

2.7.5. RNA extraction and reverse transcriptase quantitative polymerase chain
reaction (RT-gPCR)

After sampling the supernatant for the Sandwich ELISA, the remaining gels were
washed two times with PBS and preserved at -80 °C for RT-gPCR experiments. The
cells within the hydrogels were lysed and homogenized with a Precellys Evolution
(Bertin Technologies SAS, Montigny-le-Bretonneux, France) for 2 cycles of 30 sec in
RLT-lysis buffer (RNeasy® Plus Micro Kit, Qiagen, Hilden, Germany). The RNA was
further purified using the RNeasy® Plus Micro Kit according to the manufacturer’s
protocol. cDNA was generated from the entire MRNA sample using TagMan® Reverse
Transcription Reagents (Applied Biosystem, Life Technologies, Carlsbad, CA, USA)
according to the manufacturer’s protocol. The cDNA (40 pl) was diluted to 65 pl with
RNase-free water before aliquots were subjected to real-time gPCR by QuantStudio 5

Real-Time PCR System (Applied Biosystem, Life Technologies, Carlsbad, CA, USA).
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Amplification of cDNA by 45 two-step cycles (15 sec at 95 °C for denaturation of
DNA, 1 min at 60 °C for primer annealing and extension) was performed, and cycle
threshold (Ct) values were obtained graphically (QuantStudio 5, Applied Biosystem,
Design and Analysis Software version 1.5.1). The TagMan® Gene Expression Assays
used in this study are listed in Table 2. Gene expression of the samples was normalized
against the average value of the housekeeping gene EEF1A1, and the ACt values were
calculated according to the MIQE guidelines [43]. Comparison of the relative gene
expression (fold change) of the fibroblasts between Col gels, LC gels and CD gels was
derived by using the comparative Ct method. In short, values were generated by
subtracting ACt values between two samples which gave a AACt value. The relative
gene expression (fold change) was then calculated by the formula 244 [44]. The AACt
value of LC gels and CD gels were calculated based on the mean ACt value of collagen.
The real-time gPCR was performed with three technical replicates in three independent

cell culture experiments seeded out in triplicates.

2.8. Statistical analysis

The data was presented as mean + standard deviation from three independent
experiments. Statistical analyses were performed by one-way ANOVA with Tukey’s
multiple comparisons using GraphPad Prism version 8.0.1 for Windows (GraphPad
Software, La Jolla, CA, USA, www.graphpad.com). Differences were considered

significant at P < 0.05.

2.9. Graphics

Illustrations were prepared in Microsoft PowerPoint. Graphs were created with
GraphPad Prism version 8.0.1 for Windows (GraphPad Software, La Jolla, CA, USA,

www.graphpad.com). Microscopy images were modulated with Adobe Illustrator CS6.
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3. Results

3.1. Physical properties of collagen hydrogels are dependent on the preparation

method and the crosslinking procedures

LC gels were formed directly after photocrosslinking of the neutralized collagen
solution. A simplified illustration of the photocrosslinking by lumichrome is illustrated
in Fig. 1a. To evaluate the optimal irradiation source for LC gels, the viscosity of gels
before and directly after irradiation was measured. Collagen solutions with 5% (w/v)
HPBCD and 250 puM LC exhibited a viscosity of 29.15 + 0.44 mPa-s before crosslinking
and 998.6 + 55.2 mPa:s after irradiation by UVA (10 s, Amax = 365 nm), while exposing
the solution to blue light (10 s, Amax = 405 nm) increased the viscosity to 1818 + 83.8
mPa-s. Due to a superior viscosity and low deviation compared to the other
formulations, we decided to continue with the formulation irradiated by blue light for 10
s. The collagen hydrogels prepared by physical crosslinking appeared translucent with a
low water retention (2.67 + 0.53 %). LC photocrosslinking of collagen resulted in gels
with high water retention (44.97 + 3.04 %), which appeared slightly yellow and
transparent. RF photocrosslinking of collagen resulted in gels appearing yellow and
translucent with a low water retention (2.57 + 0.06 %). CD gels had a low water
retention (5.12 + 2.80 %) and appeared translucent after complete crosslinking
procedure (Fig. 1b-c). Exposing the gels to collagenase resulted in complete degradation
within 24 hours for all the gels, except RF gels. The weight of the LC gels became
significantly reduced compared to the weight of the RF gels already after 3 h (Fig. 1d).

After 24 h, 18.5 £ 1.9% of the RF gels were still intact (data not shown).

Compression tests illustrated the difference in the mechanical properties for the gels.

Values for Young’s moduli, ultimate compressive strengths and fracture points are
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presented in Table 3. Stress-strain curves are presented in Fig. le.

3.2. Fibroblasts seeded in 2D on LC gels exhibited a myofibroblastic phenotype

and collective migratory behavior

Light microscopy investigation of the fibroblasts cultured on the different hydrogels
showed different cell behavior dependent on type of crosslinking. Fibroblasts seeded on
Col gels and CD gels were evenly distributed throughout the hydrogel surface (Fig. 2a
left and right), however no cell clustering was observed, despite cell contact. Cells
seeded on hydrogels with LC photocrosslinking, on the other hand, were self-organized
into cell clusters and the fibroblast had a more elongated morphology (Fig. 2a, middle).
The cell viability was high, demonstrated by the low appearance of dead cells on either
of the hydrogels (Fig. 2b). Cells seeded on top of hydrogels photocrosslinked using RF
did, however, lead to dramatically reduced cell viability and were therefor not included

in the following cell behavior experiments (Fig. S1).

When examining filamentous actin (F-actin) we clearly observed more prominent
intracellular stress fibers in the Col and CD gels, while cells seeded onto LC gels
demonstrated stronger staining of peripheral stress fibers (Fig. 3a). All the hydrogels
seemed to stimulate the expression of the common myofibroblast marker a-SMA (Fig.
3b), however, cells seeded onto the LC hydrogel displayed a more mature organization
of a-SMA visualized as long aligned fibers, whereas the other hydrogels displayed
immature, less organized and prominent punctured structures (Fig. 3c). Immunostaining
against cadherin, a cell adhesion protein related to myofibroblast differentiation,
revealed a more prominent expression in fibroblasts on LC gels with significantly
higher level (P < 0.001) than in the Col gels and CD gels (Fig. 4). Secondary antibody

controls were included in the experiments to verify specific staining of a-SMA and

126



cadherin (Fig. S2 and S3). On the gene level, the fibroblasts seeded on Col gels had a
significantly higher mRNA expression of a-SMA (ACTA2) (P < 0.001) compared to
both LC gels and CD gels (Fig. 5a). Fibroblasts cultured on Col gels and LC gels
showed a lower expression of collagen type 1 mRNA expression (COL1A2) compared

to cells cultured on CD gels (Fig. 5b).

The mRNA expression of the SDC4 gene in fibroblasts seeded on Col gels was
significantly higher than the other gels (P < 0.001) (Fig. 5¢). The levels of SDC-4 shed
by fibroblasts on the different collagen gels were variable, both within the same gel
samples and between gel types, indicating a spontaneous shedding. The experiment was
repeated with two different ELISA Kits, with similar results. Despite no significant
differences between the different gels, the LC and CD gel seemed to have a slightly
higher level of shed SDC-4 (Fig. 5d). The ratio between secreted MMP-2 and its
inhibitor TIMP-2 is presented (Fig. 5e). The ratio can be used as an indication for the
enzyme activity and was calculated based on the results from the ELISA experiments
for MMP-2 and TIMP-2. The MMP-2/TIMP-2 ratio for the cells on LC gels was
significantly higher than Col gels and CD gels (P <0.01 and P <0.001, respectively).
The difference between the Col gels and CD gels was not significant. The MMP-2 and
TIMP-2 raw data are included in the supplementary material (Fig. S4). The cells seeded
on Col gels showed significantly higher MMP-2 protein secretion than the LC gels (P <
0.05). There was no significant difference in the MMP-2 protein secretion between LC
gels and the gels made with HPBCD. The cells seeded on LC gels had the lowest TIMP-
2 protein secretion of all samples. There was no significant difference in the TIMP-2

secretion between Col gels and CD gels.
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4, Discussion

In this study, we developed a hydrogel based on CD modulated collagen and LC
photocrosslinking to tailor the properties of the material. CDs are known to interact with
collagen by binding with hydrophobic amino acids in the protein chain. This has
previously been shown to reduce the fibril diameter during gelation, and provide
increased viscosity, mechanical strength and transparency [25]. The LC gels were
clearly more transparent compared to Col gels and RF gels after completed
photocrosslinking and incubation. The CD gels without LC did, however, become
translucent, similar to the Col gels. A change in the crosslinking procedure from
irradiation before to irradiation after incubation for 1 h (as used in the RF
photocrosslinking procedure) resulted in more translucent gels but quite similar
mechanical strength (data not shown). The ability of LC photocrosslinking to achieve
gelling already after 10 s of irradiation may be crucible for the organization of collagen
fibrils and transparency. This will further increase the potential for use in biofabrication
applications. Transparent materials may be desirable for certain applications, like in the
eye [45]. Based on these observations, and the ease of the crosslinking procedure, the
further photocrosslinking irradiation was performed directly after neutralization and

before the final incubation.

The water holding capacity, enzymatic resistance and mechanical properties of the
hydrogels depended on the crosslinking procedure. The RF gels exhibited a surprisingly
low water holding capacity, despite a high Young’s modulus and a high enzymatic
resistance to collagenase. This indicates that RF gels have higher crosslinking density
than the other gels [46, 47]. The water holding capacity of the LC gels was superior.
This is probably due to a more organized alignment of the collagen molecules by CD

modulation before photocrosslinking, and stabilization of the structure after
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photocrosslinking [25, 48]. The potential water absorption properties by CD was
eliminated by including and comparing the significantly lower water holding capacity of
CD gels with LC gels. The LC gels were, however, least resistant to the collagenase
degradation. In cases where there is an elevated level of MMPs, like collagenases, the
LC gels may be broken down to smaller fragments in a shorter time than collagen
hydrogels prepared by other crosslinking procedures. Further, this indicates a good
biodegradability. The collagenase effect is dependent on the availability of the site of
cleavage and may be influenced by the apparent difference in fibril organization after
crosslinking [49]. The water holding capacity is on the other side a measurement on the
hydrogen bonding ability and may be an indication of a change in crosslinking [50-52].
The difference in water holding capacity between the gels indicates a variation in
crosslinking of the structures. The variation in crosslinking is supported by the
difference in resistance to collagenase. The crosslinking will further change the
mechanical strength [53]. This resulted in more brittle LC gels, but with a high Young’s
modulus (higher elasticity). The high water retention may be desirable in tissue
engineering applications, as it will facilitate the diffusion and retention of nutrition and

provide elasticity and flexibility similar to the native extracellular matrix [54].

Fibroblasts were seeded on top of the produced gels. By examining the cell distribution,
some of the cells seemed to migrate into the gels. Most of the cells were, however, still
distributed on the gel surface after 48 h (results not shown). The 3D migration through
the gels were not studied further. The cell viability was high on Col gels, LC gels and
CD gels, illustrated by a higher number of live cell nuclei compared to the low number
of dead cells. The RF gels did, however, not allow for cell growth. The reason for the
low viability is unknown but was confirmed in three independent experiments. The only

differences between the RF gels and the Col gels, were the addition of 0.01% (w/v) RF
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and a photocrosslinking procedure after 1 h incubation in the former. The gels were
incubated for 30 min after irradiation to complete crosslinking, before addition of cells.
Gels prepared with the same RF concentration and similar photocrosslinking procedure,
have previously been tested as a scaffold for fibrochondrocytes with excellent viability.
This revealed most likely cell specific effects of RF in our study [55]. Another potential
explanation is the formation of hydrogen peroxide (H202) during irradiation of
riboflavin in the presence of certain amino acids [56]. This suggested the need for a
reduction in irradiation time during the preparation of collagen constructs. Based on

these results, the RF gels were not included in the further cell studies.

All cells cultured on the different hydrogels expressed a-SMA, as demonstrated by the
immunofluorescence staining. RT-gPCR was further used to quantify the expression of
a-SMA by the cells in the gels after 48 h. The differentiation of fibroblasts into
myofibroblasts on gels is known to be dependent on, among other factors, the gel
rigidity [57]. The myofibroblasts play an important role in the wound healing process,
promoting matrix synthesis and wound contraction [58]. Cells cultured on a rigid
surface, like the bottom of a well plate or a rigid gel, can differentiate into
myofibroblasts at low seeding densities [59, 60]. The cells were seeded with similar
density for all samples, and with a density more than 3-fold higher than the reported
values in the literature. Further, this indicates that the differentiation was a result of the
material and not the seeding density. The LC gels exhibited remarkably higher stress at
lower strains, which can influence the myofibroblast differentiation. Even though the
MRNA expression of a-SMA by fibroblasts seeded on LC gels and CD gels was
somewhat low and the fibroblasts seeded on the Col gels expressed higher a-SMA
expression at the time of sampling, the immunofluorescence results indicated that the

LC gels contained fibroblasts with more organized a-SMA. This may indicate that the
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onset of myofibroblast differentiation was earlier in fibroblasts grown on LC gels,
reflecting the observed downregulation of a-SMA at MRNA level. This was further
supported by the appearance of a-SMA in Col gels and CD gels, expressed as an
unorganized grainy pattern, rather than fibers. The formation of cadherin-type cell-cell
adherens junctions (AJs) are related to the differentiation of fibroblasts to
myofibroblasts. Cadherins were expressed in fibroblasts on LC gels, significantly higher
than in cells seeded on the other gels. The cadherins were detected throughout the cells
on the LC gels, including focal adhesion points. AJs are normally absent in normal
fibroblasts, which do not develop prominent stress fibers and a-SMA [61]. The
increased expression of cadherins for cells seeded on LC gels may be connected with

the more prominent myofibroblastic phenotype [61].

SDC-4 is a regulator of fibroblast cell adhesion and migration by regulating focal
adhesion and actin-cytoskeletal organization formation in fibroblasts. SDC-4 shedding
of its ectodomain results in an altered distribution of cytoskeletal components,
functional loss of adhesion, and gain of migratory capacities [62]. Our results showed a
redistribution of stress fibers in LC gels, which is a morphological characteristic
observed in less adhesive and more migratory cells [63, 64]. An increased SDC-4
shedding, although not significant, was observed from cells grown on LC gels. Together
with less SDC-4 production and reorganized actin-cytoskeletal organization of less
adhesive cells, this supports a more migratory fibroblast phenotype when grown on LC

gels.

MMP-2 is known as an enzyme involved in wound healing and remodeling of the
extracellular matrix by promoting migration of fibroblasts to the wound site [65]. The

ratio between the protein secretion of MMP-2 and its inhibitor, TIMP-2, indicated a
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balance of the expression of the proteins leaning towards MMP-2 for cells seeded on all
of the gels. Fibroblasts seeded on LC gels had the highest MMP-2/TIMP-2 ratio. The
MMP-2 and TIMP-2 levels were, however, lower in cells grown on the LC and CD
gels, indicating a lower release or complexation of the enzyme. A possible explanation
is complexation of MMPs with TIMPs or that the protein is shielded by complexation
with CDs. The ratio of MMP-2/TIMP-2 was significantly higher for cells seeded on LC
compared to the other gels, suggesting that complexation with TIMPs may explain the

lower enzyme levels.

The tendency of increased SDC-4 shedding from fibroblasts seeded on collagen
hydrogels can potentially be due to an elevated MMP-2/TIMP-2 ratio, whereas MMP-2
is known to cleave SDC-4 [66]. SDC-4 is a target for MMP-2 activity, and shedding of
syndecan-4 is necessary for migration, therefore also indirectly an indication of
migratory behavior [62]. The COL1A2 mRNA expression for fibroblasts seeded on CD
gels was significantly higher than both LC gels and Col gels. LC gels also tended to
have a higher expression than Col gels (although not significant). The levels of TIMP-2
were highest in Col gels, which can explain the somewhat lower COL1A2 mRNA
expression for the same gels, whereas the addition of TIMP-2 has shown to suppress
collagen synthesis and mRNA expression in keloid fibroblasts [67]. In cardiac
fibroblasts, SDC-4 is shown to increase COL1A2 mRNA expression and, as well as
increasing a-SMA protein expression and fiber organization, correlating with the results

in our study [68].

The fibroblasts seeded on LC gels exhibited an apparent cell clustering, despite results
on mRNA and protein expression for SDC-4 and MMP-2 indicating a low adhesively

and a more migratory behavior. Cell clustering is depended on extracellular matrix
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properties, growth factors and cell-cell interaction stabilization. Formation of fibroblast
clusters can further be promoted by procontractile conditions, i.e., presence of growth
factors that activate signaling proteins, like Rho (e.g., growth factors in FBS), whereas
growth factors that activate Rac (e.g., platelet-derived growth factor, PDGF) will
promote promigratory conditions where fibroblasts migrate as individuals without
clustering [69]. FBS was used as an additive with growth factors in the present study.
Rac will stimulate the protrusion of fibroblast dendritic extensions [69, 70]. The
clustering can be independent on the SDC-4, which leads to the involvement of other
receptors, like cadherins, which are important for cell-cell interactions [71]. As
discussed above, cadherin was used to assess AJs expression in myofibroblasts.
Cadherins can further be addressed to clustering properties. Cadherin has also been
studied as a mechanotransducer to stimulate the polarization of cell clusters and their
collective forward-directed migration movement [72]. This behavior may be important
for applications, such as in wound healing [73]. The promigratory versus procontractile

behavior was not studied further.

The mechanisms of RF photocrosslinking of collagen have previously been discussed
and thoroughly studied [74]. LC photocrosslinking of collagen to a firm gel can as
demonstrated in the present work, be performed at 4 °C without further crosslinking.
Photocrosslinking with RF needs to be performed after incubation at 37 °C to form a
firm gel [16, 55, 75]. RF is rapidly photodecomposed to LC within minutes under
certain experimental conditions [19]. This might indicate that the photocrosslinking by
RF actually is a result of the photochemical degradation of the photosensitizer. This
hypothesis is further supported by studies on the phototoxic effect of RF, being a
hydrophilic substance, while LC is lipophilic and can penetrate the bacterial membrane

[20]. Further, the crosslinking effect can be due to the formation of ROS and singlet
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oxygen (*O2) by excitation of RF, supported by the ability of quenchers to inhibit the
photocrosslinking properties of RF [75, 76]. Similar mechanisms can occur in the
presence of LC. The quantum yield of *O, formation by LC at 365 nm exposure is more

than 30% higher than for RF in aqueous media (®rr = 0.48, ®Lc = 0.63) [19].

The CD is a multifunctional excipient in the current formulation, increasing viscosity,
decreasing fiber diameter and securing transparent gels. CDs are also applied to increase
solubility of components with poor aqueous solubility, like LC in the present
formulation. The application of LC as a photosensitizer has been limited due to the low
aqueous solubility, as described in the introduction. Complexation of LC with HPBCD
has increased the aqueous solubility of LC by a tenfold and has previously been
demonstrated a photoinactivation effect on certain bacteria [20]. By combining a CD-
LC complex with a collagen delivery system, we have developed a potential
formulation strategy, e.g., for the treatment of localized infections. Treatment of the eye
disease keratoconus is another possible application of the collagen-LC-CD formulation.
The conventional therapy for this disease consists of RF photocrosslinking by
application of RF eye drops and UVA irradiation, and was first described by Wollensak
et al. in 2003 [17]. The procedure requires a long UVA irradiation procedure, up to 30
minutes [17]. A recent study has, however, shown that an accelerated crosslinking of 10
minutes is comparable to the conventional procedure [77]. CXL of the cornea painful
for some patients, especially postoperative, and requires active pain management [78].
Based on our results, an eye drop formulation containing CDs and LC can possibly be
used in CXL. HPBCD is considered safe for use in eye drop formulations [79]. Further,
the mechanical properties and transparency of the LC-collagen gels, combined with
facilitated cell growth make them suitable as, among others, corneal transplants or

shields with controlled release of relevant drugs added to the device [45]. Recently,
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ultra-stiff compressed collagen constructs have been developed for corneal perforation
patch grafts using in situ RF photochemical crosslinking combined with compression to
make nearly transparent constructs with enhanced mechanical properties [80]. It should

be possible to substitute RF with LC for the preparation of similar constructs.

In addition to good physical properties, i.e., good mechanical properties and excellent
water holding capacity, it is important that scaffolds for tissue engineering, e.g., eye
applications and in wound treatment allow for sufficient exchange of nutrients and
oxygen. The fibroblasts in the present work were seeded on top of the hydrogels. The
translation of the present results (in 2D) to the proposed applications (in 3D) can,
however, be challenging. The LC photocrosslinked scaffolds are currently further
developed in our lab and will therefore be assessed for their suitability in tissue

engineering (3D cultures) and wound healing in future work.

5. Conclusions

This study has demonstrated the effects of photocrosslinking of collagen hydrogels by
LC on human fibroblasts cultured in 2D. LC photocrosslinking reduced the gelation
time to 10 s prior to optional physical crosslinking. The gels exhibited stronger water
holding capacity and higher elasticity compared to Col gels and RF gels. The use of
CDs in the hydrogel formulation increased the solubility of LC and potentially
contributed to increased transparency and good physical properties of the hydrogel. CD
modulation of collagen gels combined with LC photocrosslinking can further be utilized
in drug delivery. Cell studies indicated good biocompatibility and an apparent migratory
behavior of fibroblasts seeded on the gel. The fibroblasts seeded on LC gels seemed to
differentiate into myofibroblasts. LC is an endogenous compound and LC

photocrosslinking of collagen offers an alternative to other potentially toxic
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crosslinkers. Further studies of fibroblast behavior in 3D and in vivo have to be

performed to assess the suitability in tissue engineering and wound healing.
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Figure legends

Fig. 1. Physical properties of hydrogels. a) Schematic illustration of LC
photocrosslinking showing organization and crosslinking of collagen after irradiation.
b) Gel appearance depended on crosslinking procedure. Upper left; LC gel with slightly
yellow and transparent appearance, upper right; CD gel with translucent appearance,
lower left; RF gel with yellow and translucent appearance, lower right; Col gel with
translucent appearance. c) Water holding capacity of hydrogels subjected to 394g
centrifugal force, with LC gels having a superior water holding capacity compared to
Col gels, CD gels and RF gels, where the latter had the lowest capacity. d) Enzyme-
mediated scaffold degradation by collagenase, showing highest resistance to
collagenase for RF gels (points marked with a dagger (f) for LC gels had only one
replicate due to low mechanical strength after collagenase digestion). €) Representative
stress-strain curves of hydrogels between 0-30% strains. Col gels (green), LC gels
(blue), RF gels (red), CD gels (purple).

Fig. 2. Fibroblast morphology and viability on hydrogels. a) Light microscopy images
of fibroblasts seeded on the hydrogels showing even dispersion of fibroblasts on Col
gels and CD gels, while fibroblasts on LC gels seemed to cluster or collectively migrate
through the gel. b) Staining of cell nuclei (blue) and dead cells (red, marked with
arrows) mainly showing viable cells for fibroblasts seeded on Col gels, LC gels and CD

gels.

Fig. 3. Hydrogel crosslinking procedures influences fibroblast F-actin stress fibers and
myofibroblast differentiation. a) Fluorescence microscopy of F-actin (Phalloidin)
showing more prominent intracellular stress fibers in the Col and CD gels, while cells
seeded onto LC gels had stronger staining of peripheral stress fibers. b) Immunostaining
of a-SMA (red) and cell nuclei (blue). ¢) Higher magnification of a-SMA, showing
organized smooth muscle actin fibers (marked by arrow heads) for LC gels rather than

immature fibers as seen for Col and CD gels.

Fig. 4. Hydrogel crosslinking procedure influences the production and expression of
cadherins by fibroblasts. a) Fluorescence microscopy of cadherins (pan-cadherin)
showing a clearly higher fluorescence intensity of cadherins from fibroblasts seeded

onto LC gels. b) Merged fluorescence image of pan-cadherin (green) and F-actin stress
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fibers (red) emphasizing that the focal adhesions of LC are expressing cadherins, boxed
magnification of cells seeded on LC hydrogels. c) Total cadherin expression in cells
was quantified using ImageJ, based on fluorescence intensity on images of
immunostaining, as presented in b. A total of 10 randomly chosen cells were quantified
for each hydrogel. Presented values are Integrated Densities (sum of pixels values in
selection x area of selection). Asterisks (*) indicate significant differences (*** P <
0.001 in LC gels compared to the other gels). Statistics assessed by one-way ANOVA

with Tukey’s multiple comparison test.

Fig. 5. mMRNA expression and secretion of proteins related to fibroblast differentiation
and migration are changed upon crosslinking of the hydrogels. mRNA expression is
presented as the relative and normalized mRNA (fold change) in cells seeded on
hydrogels compared to cells seeded on Col gels. Protein secretion is presented as the
average protein concentration. The hydrogel crosslinking procedure affects the
expression of a) ACTA2 (a-SMA), b) COL1A2 (collagen type | alpha 2 chain) mRNA
expression, ¢) SDC4 mRNA expression, d) SDC-4 shedding and €) MMP-2/TIMP-2
ratio calculated based on the secretion of protein into the cell media. The data was
collected from three independent biological experiments, each with three technical
replicates. Asterisks (*) denote significant differences. Statistical analysis was
performed by one-way ANOVA with Tukey’s multiple comparison test (* P < 0.05, **
P <0.01, *** P <0.001).
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Table legends
Table 1. Summary of preparation parameters of collagen hydrogels.
Table 2. List of TagMan Gene Expression Assay probes used in RT-gPCR experiments.

Table 3. Results from macroindentation of collagen hydrogels.
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Tables

Table 1. Summary of preparation parameters of collagen hydrogels.

Final Final Final . - Post-
Gel collagen cyclodextrin photocrosslinker Final Incubation Irradiation irradiation
sample . - p pH parameters . -
concentration _concentration _concentration incubation
Col 4 mg/ml N. A. N. A 74 37°C,90 min  N.A. N. A
gels
LC 4 mg/ml 4% 200 uM LC 74 N. A 10s, 37°C, 90 min
gels Amax= 405 nm
RF 4 mg/ml N. A 265 uM RF 74 37°C,60 min 4 min, 37°C, 30 min
gels Amax =365 nm
CcD 4 mg/ml 4% N. A 74 37°C,90 min  N.A. N. A
gels
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Table 2. List of TagMan Gene Expression Assay probes used in RT-qPCR experiments.

Gene TagMan Description TagMan assay 1D
EEF1A1 Eukaryotic translation elongation factor 1 alpha 1 Hs00265885_g1
ACTA2 Actin, alpha 2, smooth muscle, aorta Hs00909449_m1
SDC4 Syndecan 4 Hs00161617_m1
COL1A2 Collagen type | alpha 2 chain

Hs01028939_g1
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Table 3. Results from macroindentation of collagen hydrogels.

Gel sample Young’s modulus (20% strain) Ultimate compressive strength Fracture point
Col gels 3.50 £0.21 kPa >0.43+0.04 kPa > 60% strain
LC gels 62.30 +7.95 kPa 16.05 + 4.93 kPa 25-35% strain
RF gels 30.88 + 0.51 kPa >11.89 +0.49 kPa > 60% strain
CD gels 3.90 + 0.40 kPa >0.57 £0.05 kPa > 60% strain
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Fig. S1. Fibroblast morphology and viability on hydrogels. a) Light microscopy images of
fibroblasts seeded on the hydrogels. b) Staining of cell nuclei (blue) and dead cells (red).
Dead cells were only detected for fibroblasts seeded on RF photocrosslinked collagen gels.
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Phalloidin 0-SMA + Secondary antibody

Secondary antibody

Fig. S2. Control experiments with secondary antibody show no unspecific binding for cells
stained with anti-o-SMA followed by incubation with secondary antibody (Goat anti-Rabbit
IgG (H+L) Cross-Adsorbed Secondary Antibody, Alexa Fluor™ 546, A-11010, 1:400
dilution, red) (upper panel) or staining with secondary antibody alone (lower panel) before
fluorescence microscopy analysis (Zeiss Axio Observer Z1 microscope). Nuclei were stained
with Hoechst (blue) and F-actin filaments were stained with phalloidin (green). All pictures

were captured under the similar experimental conditions.
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Hoechst Phalloidin Cadherin + secondary.antibody

20um

Hoechst Phalloidin Secondary antibody

Fig. S3. Control experiments with secondary antibody show some unspecific binding for cells
stained with anti-pan cadherin followed by incubation with secondary antibody (Goat anti-
Mouse IgG, IgM, IgA (H+L) Secondary Antibody, Alexa Fluor™ 488, A-10667, 1:400
dilution, green) (upper panel) or staining with secondary antibody alone (lower panel) before
fluorescence microscopy analysis (Zeiss Axio Observer Z1 microscope). Nuclei were stained
with Hoechst (blue) and F-actin filaments were stained with phalloidin (red). All pictures

were captured under the similar experimental conditions.
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Fig. S4. Secretion of a) MMP-2 and b) TIMP-2 into the cell media of fibroblasts cultured on
hydrogels. Asterisks (*) denote significant differences. Statistical analysis was performed by
one-way ANOVA with Tukey’s multiple comparison test (* P < 0.05, ** P <0.01, *** P <
0.001).
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Lumichrome (LC), an endogenous, lipophilic degradation product of riboflavin,
is both a photocrosslinker of collagen and a photosensitizer for antimicrobial
applications. Preliminary results demonstrated improved aqueous solubility of
LC by the formation of cyclodextrin (CD) inclusion complexes. Therefore,
collagen hydrogels were prepared with two types of CDs, namely (2-
hydroxypropyl)-3-CD (HPBCD) and -y-CD (HPyCD). The release of LC from the
gels and the phototoxic effect of UVA-irradiated LC against planktonic
Staphylococcus aureus were investigated. Irradiation of LC hydrogels complexed
with either CD resulted in similar levels of bacterial death despite a 2-fold lower
LC concentration in the gel containing HPyCD. This effect was ascribed to the
higher complexation efficiency and stability of the LC-HPBCD complex. The
results indicated an excipient-dependent formation of O.. The study is a proof of
concept for possible application of an endogenous photocrosslinker in
combination with a biopolymer in applications such as antimicrobial

photodynamic therapy (aPDT) after further optimization.

Keywords: collagen; lumichrome; photocrosslinking; phototoxicity;

antimicrobial photodynamic therapy



1. Introduction

Collagen preparations may be efficient in the treatment of chronic wounds by
facilitating chemotaxis of cells involved in remodeling of the skin [1-3]. Collagen
hydrogels, characterized by a high degree of biocompatibility and high moisture
content, contribute to a humid healing environment [4]. Such hydrogels have been
identified as sacrificial materials against proteolytic enzymes and protection against
secondary infections [5]. However, the collagen by itself has no antibacterial properties
[6]. A disadvantage of the biomedical use of collagen hydrogels is their low mechanical
strength. Photochemical crosslinking with photosensitizers can increase the mechanical
strength without compromising biocompatibility. This method is used for, e.g., in vivo
corneal photocrosslinking with riboflavin (Vitamin B2; RF) in combination with UVA
irradiation in the treatment of the eye disease keratoconus [7]. UVA irradiation is
advantageous for treatment in the adult eye due to its limited penetration depth. RF has
also been used as a photosensitizer in photocrosslinking of collagen gels [8]. Irradiation
of RF results in photodegradation to lumichrome (LC) in acidic and neutral solutions or
lumiflavin (LF) in alkaline solutions [9,10]. Studies in our lab have shown that LC acts
as a photocrosslinker of collagen gels [11]. When used as a photosensitizer in bacterial
phototoxicity studies a reduction in the number of bacteria was achieved. The reduction
was dependent on the solubilization method [12]. LC is nearly 100 times more
photostable than its precursor and will not be consumed in either the photocrosslinking

or the aPDT process [10].

The application of aPDT has been postulated as an alternative or supplement to
antibiotics in the treatment of localized infections [13]. An aqueous solubility of ~ 107
M has been the major limitation for the use of LC as a photosensitizer. Solubilization

can be increased by a tenfold through the formation of inclusion complexes with
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cyclodextrins (CDs) [12]. CDs are cyclic oligosaccharides with a hydrophobic inner and
a hydrophilic outer structure [14]. Furthermore, collagen has been complexed with
cyclodextrins (CD) to regulate the collagen self-assembly and produce materials similar
to native cornea [15]. CDs have also been incorporated into collagen membranes for
controlled delivery and increased bioavailability of conventional antibiotics, such as

ofloxacin for the treatment of bacterial keratitis [16].

The aim of the present work was to investigate the bacterial phototoxic effect of the

photocrosslinked hydrogels following LC release.

2. Materials and methods

2.1. Raw materials, chemicals and reagents

Pepsin soluble collagen isolated from industrially produced turkey (Meleagris
gallopavo) rest raw materials was prepared as described in Grgnlien et al. 2019 [17]. In
brief, turkey tendons were manually cleaned and freeze dried for 48 h. A 0.5 M acetic
acid solution with pepsin (1:10) was added to enzymatically hydrolyze the material. The
hydrolyzed material was centrifuged, and the supernatant was collected. The collagen
was precipitated by the addition of 4 M NaCl (1:3) and centrifuged. The collagen was
re-solubilized in 0.5 M acetic acid and dialyzed against distilled water for 3 days. The
dialyzed solution was further freeze dried to obtain dry collagen. Other reagents were of
analytical grade and were purchased from Merck KGaA (Darmstadt, Germany).
Bacterial medium and components were all purchased from Thermo Fischer Scientific

(Waltham, MA, USA) or VWR International, LLC (Radnor, PA, USA).

2.2. Preparation of LC photocrosslinked collagen hydrogels

LC photocrosslinked collagen hydrogels were prepared by a direct photocrosslinking
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method as described in Grgnlien et al. 2021 [11]. In short, (2-hydroxypropyl)-B-
cyclodextrin (HPBCD, International Specialty Products, KéIn, Germany) and (2-
hydroxypropyl)-y-cyclodextrin (HPyCD, Wacker Chemie AG, Burghausen, Germany)
were both dissolved in 20 mM acetic acid to a final concentration of 5% (w/v). LC was
dissolved in the acidic HPBCD- and HPyCD-solutions to final concentrations of 250 pM
and 100 pM in, respectively. Collagen was dissolved in the acidic LC-CD-solution for
24 h to a final concentration of 5 mg/ml. The solution was neutralized to pH 7.4 on ice
by the addition of 10X phosphate buffered saline (PBS) (0.1 x final volume of the
combined solution), 1 M NaOH (0.023 x volume of added collagen solution) and Milli-
Q water to give a final concentration of 4 mg/ml collagen and 200 uM or 80 uM LC in
the mixed solution. The solutions were further crosslinked by irradiation with blue light
from a light emitting diode source (Amax = 405 nm; 17.8 mW/cm? at solution surface)
(Bio X, Cellink, Gothenburg, Sweden) for 10 s directly after neutralization. The gels

were incubated at 37°C for 90 min before further use.

2.3. Antibacterial phototoxicity studies

2.3.1. Bacteria and media

The model bacterium, Staphylococcus aureus strain Newman, was cultured overnight in
brain heart infusion (BHI, Oxoid Ltd., Basingstoke, UK) broth at 37°C in a 5% CO-
supplemented atmosphere. The bacteria were centrifuged at 50009 for 5 min and
redispersed in Dulbecco's PBS (DPBS, Lonza, Verviers, Belgium) to an optical density
at 600 nm (ODgoo) of 1.0, corresponding to approximately 3.0x108 colony-forming units

(CFU)/ml. Agar plates were made of BHI and bacteriological agar.
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2.3.2. Antibacterial assay on planktonic bacteria

A gel diffusion method was applied to evaluate the antibacterial phototoxicity of LC
photocrosslinked collagen hydrogels on planktonic bacteria. Hydrogels were prepared
as described in section 2.2 in 24-well cell culture inserts (Falcon®, Corning Inc. Life
Sciences, Corning, NY, USA) with 3.0 um pores and 8.0x10° pores/cm? placed in 24-

well plates. The diffusion area of the inserts was 0.33 cm?.

One ml of a 1:10 dilution of ODggo 1.0 inoculum was added to each well before the
inserts containing hydrogels were added. The gels were incubated with the bacteria for
3 h, followed by the removal of the inserts containing the remaining gel. The bacterial
suspension was subjected to UVA irradiation from three fluorescent tubes (Ralutec
9W/78, Radium, Germany) in a chamber (Polylux-PT, Dreve, Germany) (Amax = 365
nm; full width at half maximum: 19 nm; mean spectral irradiance: 5.1 + 0.3 mW/cm? at
level of wells) for 30 min. Irradiance was measured immediately prior to experiments
with a radiometer (United Detector Technology, 371 Optical Power Meter, Hawthorne,
CA, USA with probes 268 Blue and 222 UVA). Spectral data were obtained by a
Bentham spectroradiometer (model DTM300, Bentham Instruments Ltd., Reading,
UK). The absorption spectrum of LC partly overlapped the emission spectrum of the
irradiation source [12]. Colonies of surviving bacteria were calculated after serial
dilution in PBS and plating on BHI agar plates incubated overnight at 37 °C in 5% CO-
supplemented atmosphere. Experiments were performed in triplicate and repeated three

times. The experimental setup is schematized in Fig. 1.

2.4. In vitro release of LC from photocrosslinked collagen hydrogels

The photocrosslinked collagen hydrogels were tested for in vitro release of LC. The LC

photocrosslinked gels were prepared directly in the 24-well inserts (section 2.3.2).
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The wells were filled with 1 ml receptor medium (DPBS). The inserts containing the
gels were placed in the wells followed by addition of 0.5 ml receptor medium. The well
plates were continuously stirred at 50 rpm at 37 + 1°C. The inserts were transferred to a
new well containing fresh medium at fixed time points in order to maintain sink
conditions throughout a 4 h release period. Samples (200 pl) were collected from each
well and diluted 1:1 with the HPLC mobile phase (Milli-Q water and methanol (MeOH)
in the ratio 65:35 (v/v)) prior to LC quantification by isocratic reversed phase HPLC
(Shimadzu Prominence modular system equipped with a LC-20AD pump, a SIL-20AC
HT auto sampler, a CTO-20A column oven, a SPD-M20A diode array detector and a
CBM-20A communication bus module, Shimadzu Corp., Kyoto, Japan). A Cig column
(Nova-pak®, Waters Corporation, Milford, MA, USA) was used with a flow rate of 1.0
ml/min and column temperature of 30°C. The calibration curves were prepared from a
stock solution of 250 pM LC in 5% HPBCD and 100 uM LC in 5% HPyCD. The
retention time of LC was approximately 7 min under the given experimental conditions.
The experiments were performed in triplicate. The accumulative amount of released LC

was calculated.

2.5. Statistical analysis

The data were presented as mean =+ standard deviation (SD) from three independent
experiments. Statistical analyses were performed by using one-way ANOVA followed
by the Tukey’s multiple comparison test using GraphPad Prism version 8.0.1 for
Windows (GraphPad Software, La Jolla, CA, USA; www.graphpad.com). Differences

were considered significant at P < 0.05.
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3. Results

The exposure with LC photocrosslinked collagen hydrogels (prepared with HPBCD and
HPyCD) combined with UVA irradiation reduced S. aureus survival compared to non-
irradiated samples (P < 0.05) (Fig. 2A). The bacterial survival was not dependent on the
LC concentration of the hydrogels (P > 0.05) (Fig. 2B). Control experiments with and
without UVA irradiation in the absence of hydrogels gave no reduction in the number of

CFU/ml (P < 0.05; data not shown).

The amount of LC released from collagen hydrogels prepared with HPBCD and HPyCD
increased more than 3-fold between 30 min and 4 h (Fig. 2C). The percentage LC
release was similar for the two hydrogels after 4 h (P > 0.05), and analysis showed that
LC remaining in the donor compartment was almost equally distributed between the gel
and the supernatant (Table 1). LC retained in the hydrogels was dependent on the gel

characteristics and choice of CD with a higher retention in the HPBCD gels (Table 1).

4. Discussion

The dual function of LC, namely as a photocrosslinker in the formulation of collagen
hydrogels and as a photosensitizer in antimicrobial applications is facilitated by the fact
that LC is photostable, i.e., not consumed during irradiation. LC has proven photostable
in both HPBCD and HPyCD complexes [10,18]. No differences in mechanical behavior
between the resulting hydrogels were observed, indicating that the hydrogels prepared
with HPyCD complexes were crosslinked in a similar way as hydrogels previously

studied with HPBCD [11].

The bacterial phototoxic effect in S. aureus of the LC released from the two gels was

similar despite a more than 2-fold higher concentration of LC in hydrogels containing
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HPBCD (Fig. 2A and B). The complexation efficiency (CE) and stability constant (Kz1:1)
of LC in HPBCD are more than twice the values in HPyCD (CE = 0.0165 compared to
0.0034 and Ki:1 = 412 compared to 85 M, respectively) [19,20]. The pore size of the
semipermeable inserts used to separate the gels from the bacterial suspension, allowed
for the release of both free LC and LC-CD complexes into the receptor medium. The
higher K11 of HPBCD compared to HPyCD indicated that LC was retained to a greater
extent in the HPBCD cavity after the release from the hydrogels than its counterpart.
Studies on the complexation of photosensitizers by CDs have reported that the
production of 1O, was reduced in the presence of CDs. This effect was explained by the
lower diffusion rate of ground state oxygen in CD solutions resulting in diffusion-
limited formation of 10, [21,22]. The difference in antibacterial effect between the two
gels in the current study may further be explained by the longer diffusion path of 1O,
generated within the CD cavity compared to *O, formed in the surrounding solution
and, thereby, in close proximity to the bacterial membrane. Furthermore, 1O, can be
quenched by the CDs to a various extent. As LC-HPBCD complexes are more stable
than LC-HPyCD, a relatively higher phototoxicity per dose of the latter could be
expected despite the lower concentration of LC. This was consistent with our results

(Fig. 2B).

Despite the similar percentage cumulative release of LC after 4 h, the release profiles
indicated a higher percentage release from HPyCD earlier in the process (i.e., compared
to HPBCD after 1 h, P < 0.05) (Fig. 2¢). This was expected due to difference in the CE
and Ky:1 between the LC-CD complexes. Studies on the material properties of LC
photocrosslinked collagen hydrogels containing HPBCD have shown a water retention
ability of more than 40% [11]. A high water retention capacity will favor the retention

of hydrophilic compounds such as LC-CD complexes dissolved in the water phase of
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the hydrogels. This is consistent with the observed amount of LC retained in the
HPBCD gels (Table 1). A previous study in our lab on the phototoxicity of LC
complexed with CD demonstrated a stagnation of the phototoxic effect above a certain
LC concentration due to radiation attenuation in highly absorbing solutions (inner filter
effect) [12]. However, the low amount of LC released from the gels in the present work

excluded an inner filter effect.

In vitro phototoxicity studies on antibiotic resistant bacteria strains with
photosensitizers and irradiation have shown promising effect. Studies on the
development of resistance against aPDT treatment have shown conflicting results
[23,24]. However, only a few studies have so far tried to induce resistance [24]. The use
of CDs in topical formulations will allow for co-inclusion of lipophilic antimicrobial
substances in addition to the photosensitizers, thereby facilitating a combined therapy
when needed. A combined effect may be achieved by a weakening of the bacteria by
phototoxicity and attack by a conventional antimicrobial agent, which may result in a
complete eradication of the bacteria. Further in vitro and in vivo testing of the
formulation and evaluation of the phototoxicity have to be performed prior to clinical
translation. This will include, e.g., other bacteria and biofilms as well as optimization of

the irradiation dosimetry (wavelengths and radiant exposure) and LC doses.

4. Conclusions

The maximum LC concentration in the hydrogels was dependent on the complexation
efficiency and stability of the inclusion complexes. The high LC-HPBCD complexation
constant indicated that LC was retained in the CD cavity even when the inclusion
complex was released from the hydrogels. The dual effect of LC in collagen hydrogels,

both as a photocrosslinker of collagen and photosensitizer for antimicrobial applications
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was demonstrated. The results are a proof of concept for the possible application of an
endogenous photocrosslinker in combination with a biopolymer in UVA-activated

aPDT after further optimization.
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Figure legends

Figure 1. Schematic of the bacterial phototoxicity experiment. In vitro release
experiments were performed with similar setup, except for S. aureus which was

replaced by PBS in the acceptor compartment.

Figure 2. a) Viable counts (CFU/mI) of S. aureus in planktonic form after incubation
with LC photocrosslinked collagen hydrogels for 3 h with and without UVA irradiation
(~ 9 J/cm?). Dark and UVA are the dark control and UVA-irradiated hydrogels prepared
with HPBCD (200 uM LC) and HPyCD (80 uM LC), respectively. b) Percentage
bacterial survival as a function of LC content in the respective hydrogels. ¢) In vitro
cumulative release curves of LC from LC-photocrosslinked collagen hydrogels. Dots:
hydrogels prepared with HPBCD; squares: hydrogels prepared with HPyCD. Mean
released LC (jg) to the acceptor compartment is presented beside the respective
timepoints. All results are the mean of three experiments. Asterisks (*) denote

significant differences.
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Table legends

Table 1. Hydrogel characteristics and summary of the results from the release of LC

from the hydrogels.
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Amax = 405 nm, 0.2 J/cm? Amax = 365 nm, 9 J/cm?

and 37 °C, 90 min or 37 °C, 30 min (dark)
;;; 37 °C, 180 min ;;;
*—— Donor compartment [ ——— PBS
—— Hydrogel
+—— Acceptor compartment e——— S. aureus in PBS
1. Preparation of gel —— 2. Incubation with bacteria — 3. Irradiation

Figure 1. Schematic of the bacterial phototoxicity experiment. In vitro release
experiments were performed with similar setup, except for S. aureus which was

replaced by PBS in the acceptor compartment.

182



2
2
A

Z

o

108 @100 E50
3 =
* T 80 % 40 1.6ug
- - 2 3 14pg
E s 2 HPyCD
= - 5 60 230 109 HPRCD
S 407 H HPYCD -
o 10 - HPBCD > B 3.7 ng
© g 40 §20 0.6 ug 3.0ug
k] S 239
S 20 Z10{ 04us
a S 14,9
106 e © ol 2o
FOR\ o R o "0 50 100 150 200 250 0 1 2 3 4 5
SR LC gel concentration (uM) Time (h)
F L PP
K

N
SEEE

Figure 2. a) Viable counts (CFU/mI) of S. aureus in planktonic form after incubation
with LC photocrosslinked collagen hydrogels for 3 h with and without UVA irradiation
(~ 9 J/cm?). Dark and UVA are the dark control and UVA-irradiated hydrogels prepared
with HPBCD (200 uM LC) and HPyCD (80 uM LC), respectively. b) Percentage
bacterial survival as a function of LC content in the respective hydrogels. ¢) In vitro
cumulative release curves of LC from LC-photocrosslinked collagen hydrogels. Dots:
hydrogels prepared with HPBCD; squares: hydrogels prepared with HPyCD. Mean
released LC (ug) to the acceptor compartment is presented beside the respective
timepoints. All results are the mean of three experiments. Asterisks (*) denote
significant differences.
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Table 1. Hydrogel characteristics and summary of the results from the percentage

release of LC from the hydrogels.

Hydrogel Total LC LC release to acceptor LC release to donor LC retained in
sample concentration compartment compartment hydrogel

HPBCD 200 pM 30.15+ 1.67% 32.60 £ 0.15% 37.16 + 1.79%
HPyCD 80 uM 33.76 £ 5.71% 35.47 £ 0.77% 30.77 £5.13%
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