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Abstract

The ideal vascular or skin substitute is able to simulate the functions of original
vascular or skin tissue. To reach this goal, the tissue substitute should be based on a
biomaterial scaffold of an appropriate structure and desirable physical and chemical
properties. These properties strongly influence successful implantation of the substitute
to the patient’s organism, substitute durability in the organism, and the desired
colonization of the scaffolds with cells. These properties have a great impact on the
adhesion, proliferation, differentiation, and desired phenotypic maturation of cells. Most
of the biomaterials used for constructing clinically used tissue substitutes do not have
appropriate properties for sufficient cell colonization, and thus their surface
modification is needed. This thesis focuses on the improvement of biomaterial surface
properties for successful cell colonization by plasma treatment, or by grafting and
coating biomaterials with bioactive substances and extracellular matrix proteins.

The modification of polyethylene (PE) foils by Ar™ plasma discharge showed a
positive effect on the spreading, proliferation, and phenotypic maturation of vascular
smooth muscle cells (VSMC). Subsequent grafting of the plasma-activated surface with
bioactive substances further influenced cell behavior. Grafting with Gly or polyethylene
glycol (PEG) predominantly promoted cell spreading and the formation of focal
adhesion plaques. PE grafted with bovine serum albumin (BSA) or BSA with carbon
nanoparticles (BSA+C) enhanced the growth and desired phenotypic maturation of
VSMC, manifested by a higher concentration of contractile protein a-actin and SM1
and SM2 myosin. However, BSA grafted on polymer surface hampered cell
proliferation in the cell culture medium without a serum supplement.

In order to improve the attractiveness of nanofibrous membranes for skin cells,
the membranes were treated by oxygen plasma or coated with extracellular proteins
(collagen, fibronectin, or fibrin). The plasma-treated membranes enabled better
attachment, spreading and proliferation of human HaCaT keratinocytes. Fibrin
nanocoating on nanofibrous membranes improved the adhesion and proliferation of
human dermal fibroblasts, whereas collagen nanocoating positively impacted the
behavior of human HaCaT keratinocytes. In addition, the fibrin combined with ascorbic
acid added into the cell culture medium stimulated fibroblasts to synthetize and deposit
collagen I in the form of a fibrous extracellular matrix. Fibronectin attached on the

fibrin or collagen nanocoating further enhanced cell adhesion.
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Abstrakt

Cilem tkanového inZenyrstvi je vytvofit ndhradu cévy nebo kize, ktera by byla
schopna co nejlépe simulovat funkce ptivodni tkané. Zakladem tkanové ndhrady je
biomaterial o vhodné struktute, fyzikalnich a chemickych vlastnostech, které zajisti
usp&Snou implantaci ndhrady do organismu a jeji kolonizaci bufikami. Vlastnosti
biomateridlu vyznamné ovliviuji adhezi, rist, diferenciaci a fenotypickou maturaci
bunék. VéEtsSina biomaterialti uzivanych pro konstrukci tkdnovych nahrad nema vhodné
vlastnosti pro jejich uspésnou kolonizaci bunikkami. Tato dizertacni prace se zamétfuje na
modifikace biomaterialii s potencidlnim vyuzitim v tkafiovém inzenyrstvi cévni a kozni
tkan¢. Cilem je zlepSit povrchové vlastnosti materidlli, a tim podpofit adhesi a rlst
bunck.

Jednou z modifikaci, ktera byla pouzita pro Upravu povrchovych vlastnosti
polyethylenu, byla modifikace v argonovém plasmatu. Na povrch polyethylenu ozéafeny
plasmatem byly nésledné roubovédny bioaktivni molekuly. Modifikace v plasmatu
vyrazné zlepsila rozprostieni, proliferaci a fenotypickou maturaci hladkych svalovych
bunék cévni stény. Gly a polyethylenglykol (PEG), naroubované na ozafeny povrch
materidlu, dale podpofily pfedevSim rozprostieni buné€k a formovani fokalnich
adheznich plakti, zatimco bovinni sérovy albumin (BSA) a BSA s uhlikovymi
nanocasticemi (BSA+C) podporovaly spiSe rust a fenotypickou maturaci hladkych
svalovych bun€k, projevujici se zvysenou syntézou kontraktilniho proteinu a-aktinu a
SM1 a SM2 isoformy myosinu. Bylo vSak zjisténo, Ze v bezsérovém médiu BSA
nepodporuje adhesi a nasledny riist bunéck.

Za ucelem zvySeni atraktivity nanovlakennych membran pro adhesi a rast koznich
bun¢k byly membrany modifikovany v kyslikovém plasmatu nebo potazeny proteiny
extracelularni matrix (kolagenem, fibronektinem nebo fibrinem). Modifikace
v plasmatu zlepSila uchyceni, rozprostfeni a rist lidskych keratinocyt linie HaCaT.
Fibrinova sit’ na nanovlakennych membranach vyrazné podpoftila adhesi a rast lidskych
dermalnich fibroblasti, kdezto lidské keratinocyty linie HaCaT adherovaly pfednostné
na membrany modifikované kolagenem. Fibrin navic stimuloval dermalni fibroblasty
k produkci kolagenu I a jeho ukladani v podobé extracelularnich vldken na povrch
membrany. Sit’ z fibronektinu vytvofena na povrchu fibrinové nebo kolagenové vrstvy

dale podporila adhesi a rozprostieni koznich bunék.
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1. Introduction

The contemporary lifestyle is often the cause of many health problems.
Widespread diseases in our population include cardiovascular diseases, such as
atherosclerosis or hypertension, diabetes, cancer, or skin damage, such as burns or
bedsores. These problems strongly influence the length and quality of life. Modern
medicine has been developing new drugs that help to reduce the symptoms and
consequences of these diseases. However, in some cases, the tissue is irreversibly
damaged and must be replaced.

In clinical practice, grafts derived from the same patient or transplants derived
from human or animal donors are still widely applied for the replacement of damaged
tissue. However, this approach brings a number of problems. Patient tissue is available
in a limited quantity and its transplantation could lead to further damage to the tissue
itself, along with infection and prolonged rehabilitation. Grafts from human or animal
donors can cause disease transmission and severe immune responses leading to
transplant rejection. Consequently, new approaches are needed to overcome these
limitations.

A promising strategy is the construction of artificial substitutes with appropriate
properties for replacing damaged tissue. This task is dealt with a new developing
interdisciplinary field - tissue engineering. The strategy is to develop a suitable material
scaffold seeded by patient’s cells and to implant whole construct into the patient’s body.
However, the clinically applied vascular and skin substitutes do not meet all the
requirements of ideal substitutes. The vascular prostheses are fabricated from porous
polymers  polyethylene  terephthalate =~ (PET, Dacron®) and expanded
polytetrafluoroethylene (ePTFE, Teflon®, Gore-Tex®). These commercially available
vascular prostheses are steady, safe, and able to resist the stress generated by the
bloodstream. However, they are less attractive for cell colonization due to the relatively
high hydrophobicity of the polymer surface. This high hydrophobicity does not allow
the reconstruction of a continuous non-thrombogenic layer of endothelial cells which is
the best prevention of graft occlusion and failure due to the adhesion of thrombocytes,
immunocompetent cells, and other blood components.

The skin substitutes currently used in clinical practice mostly serve as temporary
wound coverages (dressings) or carriers of skin cells due to their final rejection by the

organism. This transplant rejection is mainly caused by using non-resorbable materials
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or allogenic cells which are the subjects of inflammatory reactions. The advanced
substitutes should be made from materials of appropriate physical and chemical
properties that support the cell colonization of materials. A promising approach could
be developing biodegradable carriers with cells which would be slowly resorbed by the
organism and finally replaced by a newly formed (regenerated) tissue.

This work is focused on the modifications of planar or nanofibrous polymer
materials and its interaction with vascular and skin cells. The aim of the modifications is
to enhance the cell colonization of materials for the purpose of potentially applying

these materials to vascular and skin substitute construction.
1.1 Vascular anatomy and physiology

Blood vessels (arteries and veins) are composed of three main concentrically
organized layers, namely the tunica intima, tunica media and tunica adventitia (Fig. 1).

The tunica intima is the inner layer of the blood vessels. It contains a monolayer
of endothelial cells, supported by the internal elastic lamina. In healthy blood vessels,
the endothelial cell layer is continuous and semipermeable, and the endothelial cells are
phenotypically mature, i.e. non-proliferating, non-thrombogenic, non-immunogenic,
and produce factors, which help to maintain the vascular smooth muscle cells (VSMC)
of the tunica media in mature contractile phenotypes. These factors include e.g. sulfated
glycosaminoglycans, heparin-like molecules, nitric oxide etc. (Glukhova and
Koteliansky 1995).

The tunica media is the middle layer of the blood vessel wall. It contains VSMC
arranged into layers disposed circularly around the vessel. Very large vessels, such as
the aorta, also contain layers of longitudinally arranged VSMC in the outer part of the
media. An important feature of VSMC in a healthy adult blood vessel is that these cells
are in a mature, quiescent (i.e. non-proliferative and non-migratory) phenotype, referred
to as a contractile (because of the abundance of contractile filaments), and exert their
contractile function (for a review, see Bacakova et al. 2004; Bacakova and Svorcik
2008; Bacakova et al. 2011).

The tunica adventitia is the outer layer of the blood vessel. It is composed of
fibroblasts, and particularly small blood vessels (referred to as “vasa vasorum”) and
nerves, which provide blood supply and innervation to the cells in the vessel wall. Other

functions of the tunica adventitia is to anchor the blood vessel to the surrounding tissue
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(Shin et al. 2003), and also to provide a source of stem and progenitor cells for the
physiological renewal of the blood vessel or for its regeneration in case of its damage

(Stenmark et al. 2006).
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Fig. 1: The structure of the arterial wall in cross section (Adams 2002)
1.2 Blood vessel damage

Blood vessel damage is most often associated with atherosclerosis and
hypertension. Vessel injury is initiated through mechanical or biochemical damage to
the endothelial cell lining. Mechanical damage is especially induced by pathologically
high blood pressure (hypertension). Biochemical injury can be caused by increased
levels of glucose or cholesterol, or the presence of free radicals or nicotine (for a
review, see (Parizek et al. 2011). Damage to the endothelial cell lining is manifested by
increasing its permeability for molecules that normally do not occur inside the vessel
wall. In a healthy adult organism, vascular smooth cells (VSMC), forming the tunica
media of vessels, are in the quiescent non-proliferative state and have a mature
differentiated contractile phenotype (Stiebellehner et al. 2003). The molecules which
penetrate from an ambient environment to the vessel wall stimulate the VSMC to
abnormal migration and proliferation. These molecules include particularly platelet
derived-growth factor (PDGF) and other growth factors, e.g. fibroblasts growth factor
(FGF) or epidermal growth factor (EGF). Other blood proteins, such as albumin,
fibronectin, vitronectin, globulins, and lipoproteins, penetrate through the endothelial
cell lining and change the composition of the ECM of the vessel wall. This process

initiates the immune activation of endothelial cells and VSMC (Rudijanto 2007). The
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cells synthesize the immunoglobulin and selectin adhesion molecules, e.g. intracellular
adhesion molecule-1 (ICAM-1), vascular adhesion molecule-1 (VCAM-1), and
endothelial-leukocyte adhesion molecule-1 (ELAM-1), exposed on their surface. These
adhesion molecules on the cell membrane bind immune cells, such as leukocytes,
lymphocytes, monocytes, macrophages, and mast cells (Glaser et al. 2011). The
inflammatory cells migrate inside the vessel wall, produce cytokines, e.g. interleukins
and tumor necrosis factor (TNF), and proteolytic enzymes, e.g. tryptase, chymase, and
metalloproteases (MMP) (Sprague and Khalil 2009), which degrade the ECM of the
vessel wall and activate the VSMC to migrate and proliferate (Stiebellehner et al. 2003).

All these mechanisms stimulate the VSMC to phenotypic modulation, i.e. the cells
change their phenotype from contractile to synthetic (Stiebellehner et al. 2003; Orr et al.
2010). This change is manifested by the loss of contractile proteins, such as alpha-actin
and the isoforms SM1 and SM2 of myosin (Sung et al. 2005), and an increase in the
number of cell organelles involved in proteosynthesis (endoplasmatic reticulum,
ribosomes, Golgi complex) (Fager et al. 1989). The phenotypically-modulated VSMC
increase the production of ECM proteins, which support cell migration from the funica
media into the tumica intima, and their subsequent proliferation. The migration and
proliferation of VSMC lead to a thickening of the vascular wall, the formation of
atherosclerotic plaques, and a reduction of the vascular lumen diameter (Stiebellehner et
al. 2003; Parizek et al. 2011).

Atherosclerosis is usually treated with a specific low fat diet and medicine use.
However, in some cases, the vessel is seriously and irreversibly damaged and must be

replaced with an autologous or artificial substitute (Chlupac et al. 2009).
1.3 Skin anatomy and physiology

Skin is the largest organ of the human body serving as a protective barrier against
environmental influences. It plays a crucial role in thermoregulation and nutrition. Skin
protects the organism against mechanical insults and the penetration of potentially
harmful chemical and microbiological agents into the internal organs (Pereira et al.
2013).

The skin is composed of three main layers — the epidermis, dermis and
hypodermis (Fig. 2A). The epidermis, the outermost layer, consists mainly of

keratinocytes (more than 90 % of all cell types), but it also contains subpopulations of
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melanocytes, Langerhans cells and Merkel cells. The epidermal cells form five
sublayers: stratum basale, stratum spinosum, stratum granulosum, stratum lucidum and
stratum corneum (Fig. 2B). These sublayers are bound together by complexes of cell
adhesion proteins referred as to desmosomes. Desmosomes attach (link) the cell surface
adhesion proteins to intracellular keratin filaments and enable cell-cell interactions. The
cell adhesion proteins of desmosomes important in keratinocyte-keratinocyte bonding
are cadherins, desmogleins and desmocollins. New epidermal cells are created in the
deepest basal layer as stem cells, and then they differentiate and mature in adult
keratinocytes and move towards the skin surface. The basal cells are the most
mitotically active, thus the defects in the homeostasis of this layer have a critical impact
on the maintenance of an intact and viable epidermis. As keratinocytes mature and
ascend towards the epidermal layers, their shape becomes flattened, and these cells
synthetize the structural protein keratin. The outermost keratinized layer is created by
dead keratinocytes rich in the protein keratin. The importance of keratinization is to
create a barrier to prevent fluid loss and the unwanted entry of potentially harmful
molecules and microorganisms. The keratinocytes also produce many important
molecules - growth factor and protective immunogenic molecules. These molecules
include interleukins (IL), transforming growth factors (TGF-a, TGF-B), PDGF, FGF,
TNF-a, and interferons (IFN-a, IFN-B). The melanocytes produce the pigment melanin
that protects the skin against the harmful effect of sunlight. The Langerhans cells, i.e. a
type of leucocytes, are responsible for immune activation. The function of Merkel cells
is not yet clearly elucidated, but they probably occasionally participate in the formation
of the synaptic junction with peripheral nerves, and in lower vertebrates, they
participate in slow-adapting touch perception (Nguyen et al. 2009; Imahara and Klein
2009)

The dermis, situated below the epidermis, is responsible for the elasticity and
mechanical integrity of the skin, cutaneous nutrition, immunosurveillance, sensory
perception and temperature regulation. The dermis contains fibers of ECM - collagen
and elastin that run throughout this layer in all directions. Collagen is a major structural
protein of the dermis. It comprises approximately 70 % of its weight and occurs in the
majority as type I and the rest is type III. The dermis also contains glycosaminoglycans
(GAGs, e.g. hyaluronic acid, heparin-like molecules). The major function of these
components is to bind water and cationic molecules, to serve as a cofactor for multiple
enzyme pathways and to participate in cell adhesion and growth. Collagen and GAGs
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are commonly utilized molecules for creating the bioactive scaffolds used to induce skin
regeneration (Nguyen et al. 2009; Imahara and Klein 2009). The main cellular types of
dermis are the fibroblasts which are responsible for the synthesis and degradation of
dermal proteins. The other cells included in the dermis are endothelial cells, smooth
muscle cells, and immune cells (dendritic cells, monocytes, lymphocytes). The dermis
also contains nerves, vessels, sweat glands and hair follicles (Imahara and Klein 2009).
Hypodermis, the undermost layer, is mainly composed of adipose tissue and
collagen and acts as a fat storage, an energy source, and enables the anchorage of the

skin to bone or muscle (Imahara and Klein 2009).
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Fig. 2: The anatomy of skin layers (A) and the structure of the epidermis (B)
1.4 Skin damage and wound healing

Skin damage is especially caused by burns, acute trauma, skin diseases, chronic
wounds (venous, pressure, leg ulcers), tumors, and surgical interventions (Groeber et al.
2011; Pereira et al. 2013). Skin defects can be divided according to their depth as
epidermal, superficial partial-thickness, deep partial-thickness, and full-partial thickness
defects. Wound size is a critical factor in the process of epithelialization. A wound
regenerates by the skin’s self-healing ability, i.e. the initiation of fibroblasts and
keratinocyte migration from the wound edge or from hair follicles and sweat glands in
the surrounding undamaged skin tissue. However, full-thickness wounds often result in
extensive scar formation. To prevent scar formation, skin grafting is needed (Groeber et
al. 2011).

At the moment of the injury, a complex cascade of highly integrated and
overlapping reactions is activated. The process of wound healing can be divided into

four phases: hemostasis, inflammation, proliferation, and remodeling (Nguyen et al.
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2009; Pereira et al. 2013). The first process is responsible for preventing the extension
of a hemorrhage. This is attained by platelet aggregation and by the activation of a
hemostasis cascade. Blood platelets are activated and form a platelet plug, which is the
primary hemostasis process that stops bleeding from the wound. Activation of the
coagulation cascade results in the conversion of soluble fibrinogen by thrombin to a
network of insoluble fibrin fibers. The network of fibrin fibers stabilizes the platelet
plug. This primarily formed plug, referred to as a scab, together with the ECM protein
fibronectin, serves as a provisional matrix for wound healing (Mutsaers et al. 1997;
Laurens et al. 2006). Activated platelets initiate inflammation by releasing a number of
growth factors, including PDGF and TGF-B. PDGF initiate the chemotaxis of immune
cells (neutrophils and macrophages), fibroblasts, and endothelial cells. TGF-3 enables
infiltration of the wound site by macrophages (Nguyen et al. 2009). Macrophages
provide a continuous source of cytokines and growth factors such as FGF, interleukins,
TNF-a, and also PDGF. These factors promote the migration, proliferation, and
differentiation of fibroblasts and endothelial cells, and thus they play an important role
in stimulating fibroplasia and angiogenesis, the process of forming new blood vessels
(Mutsaers et al. 1997; Nguyen et al. 2009).

During the angiogenesis process, the endothelial cells migrate to the wound,
promote the degradation of the fibrin clot by plasmin, and proliferate and form new
capillary-like tubes. The proliferation of endothelial cells and tubular sprouting is
activated by the vascular growth factor (VEGF) (Nguyen et al. 2009). Blood vessels
play an important role in supplying the newly formed tissue by oxygen and nutrients
(Laurens et al. 2006). Simultaneously with angiogenesis, i.e. two or three days after
injury, fibroblasts migrate to the wound site and produce new molecules of the ECM,
predominantly collagen of type I and III, which increase the tensile strength of the
wound. At first, type III collagen is deposited, and during the remodeling phase, it is
replaced by a stronger collagen of type I (Mutsaers et al. 1997).

Within several hours after a skin injury, the process of reepithelialization begins.
The main cells responsible for epithelialization are keratinocytes from the basal layer of
wound edges, and also the cells from hair follicles and sweat glands. The epidermal
cells change their phenotype, become longer and flatter, dissolve their desmosomes and
start migrating to the wound. The migration of epidermal cells is promoted by ECM

molecules such as collagen, fibrin, or fibronectin. The cells produce a plasminogen
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activator that activates the plasminogen to convert into plasmin that dissolves the scab.
Migration and proliferation of the epidermal cells continues until all layers of the
epidermis are restored. The proliferation of keratinocytes are regulated in the early stage
of reepithelialization by the EGF and TGF-a (secreted by macrophages and epidermal
cells), and by the PDGF and keratinocyte growth factor (KGF) secreted by fibroblasts in
the middle and late stage of reepithelialization (Nguyen et al. 2009).

During wound healing, the ECM proteins, mainly collagen, are rapidly
synthetized by fibroblasts and subsequently degraded (Mutsaers et al. 1997). When the
deposition of collagen is in abundance, the remodeling of the ECM begins. This
remodeling of the ECM results in scar tissue that contains mostly collagen of type L.
The excess collagen is removed, and the remaining collagen fibrils are reorganized and
stabilized by crosslinking to provide a more suitable environment for cellular function.
This process can last between weeks and months, depending on the size of the wound,
but occasionally it can last for years (Nguyen et al. 2009). The degradation of collagen
is controlled by collagenase and other proteolytic enzymes such as matrix
metalloproteinases. These enzymes are secreted by granulocytes, macrophages,
epidermal cells, and fibroblasts. The scar tissue is gradually degraded by altering its
texture over a period of many months. Pathological increase in metalloproteinases can
lead to excess degradation of collagen resulting in the development of chronic wounds

(Mutsaers et al. 1997; Nguyen et al. 2009).
1.5 Tissue engineering and biomaterials

In 1993, Langer and Vacanti defined tissue engineering as an interdisciplinary
field that applies the principles of engineering and the life sciences toward the
development of biological substitutes that restore, maintain, or improve tissue function
(Langer and Vacanti 1993). Tissue engineering designs new material scaffolds, which
can be purely biological (ECM) or bioartificial and artificial, and serve as carriers for
cells in order to substitute the damaged tissues and organs.

Currently, the autologous grafts, i.e. grafts derived from the same patient, or
allogenous and xenogenous grafts, i.e. transplants derived from human or animal
donors, are still widely applied for the replacement of damaged tissue. However, both
approaches bring a number of problems. Autologous tissue is available in a limited

quantity, and its harvesting could lead to additional damage to a patient’s tissue, along
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with infection and prolonged rehabilitation. Allogeneic or xenogenous grafts can cause
transmission of diseases and severe immune responses leading to transplant rejection.
Consequently, new approaches are being generated to overcome these limitations. A
promising strategy is the construction of biocompatible artificial substitutes with
appropriate properties for replacing the damaged tissue. The crucial property of
artificial materials designed for tissue substitutes is their biocompatibility. The
biocompatibility of the material is its ability to simulate the mechanical and other
properties of the original tissue without any toxic, immunogenic, or mutagenic effects
on cells or tissues (Bacakova and Svorcik 2008).

Biomaterials can be designed as bioinert or bioactive. Bioinert materials do not
allow the adsorption of proteins important for cell adhesion. These types of materials
are used in applications in which it is necessary to prevent the activation of the immune
system, blood coagulation, thrombosis, extracellular matrix deposition, or other
interactions between the material and surrounding environment. These materials have
been applied for constructing intraocular lenses, heads, and cups of joint prostheses,
heart valves, vascular prostheses (Chlupac et al. 2009), catheters for haemodialysis, or
vehicles for therapeutic drug delivery (Bacakova et al. 2004). Bioactive materials are
not passively tolerated by cells. They promote the colonization of material with cells,
i.e. they actively regulate the adhesion, migration, proliferation, and differentiation of
cells, the secretion of various molecules by cells, and also the viability and programmed
death of cells. Thus bioactive materials can mimic the functions of original tissue and
act as analogs of a natural ECM in controlling cell behavior (Bacakova and Svorcik
2008). Bioactive carriers for cells have been constructed in a two-dimensional way, i.e.
as surfaces colonized by cells. Two-dimensional materials have been used for heart
valves and vascular prostheses colonized by endothelial cells, bone implants (Bacakova
et al. 2004), or skin substitutes containing a carrier with a feeder of fibroblasts covered
by keratinocytes (Auxenfans et al. 2009). However, a more advanced approach is the
construction of three-dimensional scaffolds for substitutes of vessels, bones, cartilage
tissue, or whole organs, such as the liver, kidney, intestines etc. Ideally, the artificial
substitute should serve as a temporary support for cell colonization, and it should be
gradually resorbed in the organism and replaced by the newly formed ECM and cells
(Bacakova et al. 2004).

The bioactivity of materials strongly depends on their physical and chemical

properties, mainly the surface polarity and wettability, electrical charge and
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conductivity, surface roughness and topography, and the rigidity and deformability of
the material. These properties control the adsorption of the cell adhesion-mediating
ECM molecules on the material surface in an appropriate concentration and spatial

conformation (Bacakova et al. 2011).
1.6 Mechanism of cell-material interaction

The cells adhere to artificial materials through ECM molecules spontaneously
adsorbed from the serum supplement of the culture medium under in vitro conditions
and from the blood and other body fluids under in vivo conditions. In addition, these
molecules are also synthetized and deposited on the material surface by cells. The most
important ECM molecules playing a role in cell anchorage to the material surface are
collagen, laminin, elastin, fibrinogen, fibrin, fibronectin, and vitronectin. These ECM
proteins mediate cell-material adhesion, but also markedly influence subsequent cell
behavior, such as cell spreading, migration, proliferation, viability, metabolic activity,
and differentiation. The adhesion-mediating molecules are bound to the material surface
through weak chemical bonds such as hydrogen bonds, Van der Waals forces, or
electrostatic interactions (Bacakova et al. 2004; Bacakova and Svorcik 2008).

After the adsorption of the cell adhesion-mediating molecules, the cells bind the
specific amino acid sequences (oligopeptide ligands) of these molecules by cell
adhesion receptors (Fig. 3). These amino acid sequences are typical for certain ECM
proteins or they are preferred by specific cell types. Commonly used sequences are
RGD and REDV which are typical for fibronectin, KQAGDYV for vitronectin, DGEA
for collagen, YIGSR and IKVAYV for laminin, and VAPG for elastin. Vascular smooth
muscle cells preferentially bind KQAGDV and VAPG amino acid sequences (Gobin
and West 2003). The REDV amino acid sequence is recognized preferentially by
endothelial cells (Wang et al. 2014), KRSR by osteoblasts (Balasundaram and Webster
2007), and YIGSR and IKVAV by neurons. RGD and DGEA amino acid sequences

have no significant preference for a specific cell type (Bacakova et al. 2004).
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Fig. 3: The mechanism of cell-material interaction (Bacakova and Svorcik 2008)

For successful cell adhesion, the cell adhesion-mediating molecules have to be
adsorbed not only in a sufficient amount and homogeneity, but also in an appropriate
geometrical conformation. This conformation enables good accessibility of active sites
on these molecules by adhesion receptors on the cell membrane (Shin et al. 2003;
Bacakova and Svorcik 2008; Bacakova et al. 2011). The geometrical conformation of
the ECM proteins is strongly influenced by the physical and chemical surface properties
of the material which is discussed in section 1.7 “Physical and chemical properties of
the material surface”.

The cells bind the ECM proteins adsorbed on the material surface by adhesion
receptors located on the cell membrane. The most known and best-described receptors
are integrins. Integrins are heterodimeric transmembrane glycoproteins composed of
one alpha and one beta chain. Various combinations of alpha and beta chains result in
many types of integrin receptors that have preferential affinity to specific amino
sequences of the ECM proteins, and are also located preferentially on certain types of
cells. For example, the amino acid sequence RGD typical for fibronectin is bound by
the a,f; receptor. Cell adhesion on the material can also be mediated by non-integrin
receptors, e.g. proteoglycan-based receptors. These receptors bind the amino acid
sequences of the ECM proteins but also the saccharide-based parts of the ECM
molecules (Shin et al. 2003; Bacakova and Svorcik 2008). For example, dermal
keratinocytes adhere through this way. One group of non-integrin keratinocyte receptors

is galectins, a member of the lectin family that binds galactosides (Reno et al. 2008).
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After binding the ligands, the integrin adhesion receptors associate into specific
sites on the cell membrane, referred to as focal adhesion plaques. In these sites, the
integrins communicate with various structural and signaling molecules such as paxillin,
talin, vinculin, and focal adhesion kinase. These proteins further communicate with the
cytoplasmic actin cytoskeleton, which crosses the entire cell structure and is associated
with the nuclear membrane and membranes of cellular organelles. This signaling
pathway influences gene expression and proteosynthesis in cells resulting in specific
cell behavior, such as spreading, migration, viability or death. It also affects the
decision between proliferation and differentiation, along with the transport and secretion

of various molecules (Bacakova and Svorcik 2008).
1.7 Physical and chemical properties of material surface

Cell behavior strongly depends on the physical and chemical properties of the
material surface. These properties determine the concentration, spatial conformation,
and stability of cell adhesion ECM mediating molecules adsorbed on the material
surface from the culture media, blood, and other body fluids. These factors influence
cell adhesion, spreading, proliferation, migration, and differentiation. The most
important physical and chemical properties of a material surface are surface polarity and
wettability, electrical charge and conductivity, surface roughness and topography,
material rigidity and deformability, and the presence of a specific chemical group on the
material surface (e.g. oxygen groups, amino groups, carbon etc.) (Shin et al. 2003;

Bacakova et al. 2011).

1.7.1 Surface wettability, rigidity, and deformability

It has been repeatedly shown that hydrophilic surfaces enable the adsorption of
ECM molecules in appropriate geometrical conformations which are well-accessible for
cell adhesion receptors. In addition, on wettable surfaces, the proteins are adsorbed in a
flexible form and can be actively reorganized by cells to reach appropriate spatial
conformation. However, on hydrophobic surfaces, cell adhesion-mediating molecules
are adsorbed in a denatured and rigid form. The geometrical conformation of these
molecules is inappropriate for binding to cells and cells adhere insufficiently (Bacakova
and Svorcik 2008; Bacakova et al. 2011). For example, in previous studies, the

modification of hydrophobic polyterafluorethylene (PTFE) or polyethylene (PE) by UV

24



light irradiation or plasma discharge increased the hydrophilicity of the polymer surface
and promoted cell adhesion and growth (Heitz et al. 2003; Rimpelova et al. 2013).
However, the material surface has to be moderately hydrophilic for optimal cell
adhesion. On highly hydrophilic surfaces, the cell adhesion-mediating molecules either
cannot be adsorbed or are relatively weakly bound and cannot resist the traction forces
generated by the adhered cells. As a result, the cells cannot primarily adhere to the
material surface or they are detached mainly at later culture intervals, when the ECM
molecules are not able to bind a larger number of cells (Bacakova et al. 2011). For
example, in our earlier studies, a highly hydrophilic substrate composed of copolymer
poly-D,L-lactide (PDLLA) and polyethylene oxide (PEO) inhibited the adhesion and
spreading of rat aortic smooth muscle cells. Moreover, PEO chains were highly mobile

which further disabled the stable adsorption of cell adhesion-mediating molecules and

——

led to poor cell adhesion (Bacakova et al. 2007).

A—- B

Fig. 4: A water drop on hydrophilic (A) and hydrophobic substrate (B)

A similar situation is found on highly flexible and elastic and deformable
materials, e.g. gels. Although these materials allow the adsorption of cell adhesion-
mediating molecules, even in an appropriate geometrical conformation, the whole
material surface collapses under the traction forces of adhering cells. The cell adhesion
receptors can bind specific ligands adsorbed on these materials (e.g. on a non-
crosslinked collagen gel or on polyacrylamide gel covalently bound with collagen), but
these receptors cannot cluster into focal adhesion plaques and cannot associate with the
structural and signaling molecules within these plaques. The actin cytoskeleton cannot
be assembled, and the specific signal for further cell proliferation and other cell
functions cannot be delivered into the cells (Engler et al. 2004; Bacakova et al. 2011).

For this reason, appropriate stiffness and rigidity of the material are required.



1.7.2 Electrical charge and conductivity

The electrical charge and conductivity of the material are other important factors
for its colonization with cells. It has been often reported that the positively charged
surfaces enable better cell adhesion than negatively charged surfaces. The reason is that
the cell adhesion-mediating molecules are negatively charged; thus they are
preferentially adsorbed to the positively charged surfaces. In addition, on positively
charged substrates, the EMC molecules are adsorbed in more favorable spatial
conformations (Bacakova et al. 2011). Iwai et al. prepared polyionic nanoparticles
mixing positively charged polymer poly(N,N-dimethylaminoethyl methacrylate) with
negatively charged plasmid DNA. The substrate was prepared with various charge
ratios. The adipose-derived stromal progenitor cells seeded to the substrate
preferentially adhered to the positively charged surface. Moreover, on the positively
charged substrate, the cells produced a significantly higher amount of VEGF and
formed a capillary like network (Iwai et al. 2013). Liu et al. showed different effects of
the self-assembled monolayers of alkanethiols terminated with the positively charged
amino (-NH;) group and negatively charged carboxy (-COOH) groups on the adhesion
and spreading of endothelial cells. The cells preferentially adhered and were more
pervasively spread on the positively — NH; charged surface due to a more appropriate
conformation of the ECM protein osteopontin for cell adhesion receptors (Liu et al.
2005).

On the other hand, negatively charged oxygen groups (carboxyl, aldehyde, ketone
groups) increase substrate wettability and enable the grafting of various adhesion
biomolecules which support cell adhesion and growth (Bacakova et al. 2011). Dadsetan
et. al. reported that the negatively charged oligo(poly(ethylene glycol) fumarate
hydrogel stimulated chondrocyte to produce collagen II and glycosaminoglycans
(Dadsetan et al. 2011). Recent studies of our group have shown that the negatively
charged groups formed on titanium during thermal oxidation supported the osteogenic
differentiation of human osteoblast-like Saos-2 or MG-63 cells, while positively
charged groups on thermally oxidized TiNb were associated with the increased
proliferation activity of these cells (Jirka et al. 2013; Vandrovcova et al. 2014).

The electrical conductivity of various materials also enhanced the adhesion,
growth, and differentiation of various cell types (Jeong et al. 2008; Reznickova et al.

2013). This enhancement was apparent even without the active stimulation of cells with
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an electrical current running through the material, e.g. in human osteoblast-like MG-63
cells in cultures on nanocrystalline diamond films doped with boron (Kromka et al.

2010; Grausova et al. 2011).
1.7.3 Surface roughness and topography

Material surface roughness and topography also play a crucial role in cell
adhesion and growth, with key factors being the size, shape, and distance of
irregularities. Surface roughness can be distinguished according to the size of the
irregularities such as macroroughness (irregularities 100 pm to lmm in size),
microroughness (Ium to 100 pm), submicron-scale roughness (100 nm to 1 pum), and
nanoroughness (less than 100 nm) (Bacakova et al. 2011).

Macroscale surface roughness is usually not felt by cells, because the irregularities
are sufficiently large to allow cell adhesion on these formations, e.g. in hollows or on
the sidewalls of prominences on the material surface. In addition, macroscale
irregularities often help to anchor the implant in the surrounding tissue, e.g. in the bone.

However, microroughness seems to be less appropriate for the adhesion and
spreading of cells. The size of the irregularities is similar to the spreading area of the
cells, thus the cells cannot adhere to the material surface by whole area. The result is
that the cells adhere in a way which is enabled by the surface irregularities. The cells try
to bridge the irregularities or squeeze between them, which leads to the deformation of
the cell spreading area (Bacakova and Svorcik 2008; Bacakova et al. 2011).

An advanced approach is constructing surfaces with nanoscale roughness. The
nanostructure of materials can better mimic the structure and mechanical properties of
the fibrous component of the natural ECM. Nanostructured surfaces enable the
adsorption of cell adhesion-mediating ECM molecules in appropriate geometrical
conformations; thus the cell adhesion receptors can easily bind the specific amino acid
sequences of these molecules (Sun et al. 2012). From this point of view, the surface
nanoroughness has a similar effect to surface wettability. The surface nanoroughness
can even compensate for the low wettability of a material. For example, the addition of
carbon nanotubes to a highly hydrophobic terpolymer of polytetrafluoroethylene,
polypropylene, and polyvinyldifluoride provided nanoscale surface roughness on this
terpolymer and markedly enhanced the adhesion and growth of human osteoblast-like

cells, although the surface hydrophobicity of the material did not change significantly
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(Bacakova et al. 2011). In addition, nanofibrous membranes are advantageous for
constructing a bilayer of skin cells — fibroblasts and keratinocytes. These membranes
will separate the two cell types, but due to the porous structure of the material, they will
ensure the physical and humoral communication of the cells. The layer of fibroblasts
can therefore serve as a nutrient feeder for keratinocytes, similar to the native skin.
Nanofibrous or nanoporous materials can also be advantageous for constructing tubular
three-dimensional vascular substitutes. The wall is designed for the ingrowth of
vascular smooth cells, which would form a contractile multilayer. The inner surface of

the vascular substitute would be colonized with endothelial cells (Parizek et al. 2011).
1.8 Polymer modification for constructing vascular and skin substitutes

The modification of a polymer surface leads to a change in its physical and
chemical properties, such as polarity, wettability, chemical composition (presence of
oxygen-containing groups etc.), surface roughness and topography, and electrical
charge and conductivity. As mentioned above, these characteristics strongly influence
the adsorption of cell adhesion-mediating ECM molecules to a sufficient amount and
appropriate geometrical conformation, which is important for cell adhesion, spreading,
and growth. Modification of the material surface is needed if the substrate does not meet
the requirements for sufficient cell colonization. A range of physical or chemical
modifications are available for creating a bioactive surface for cell colonization. For
example, physical modification can be induced by exposure of the polymer surface to
high-energy particles (ions, electrons, radicals etc.). Chemical modification means
altering the chemical composition of the material surface after its reaction with
chemical solutions, e.g. acids or bases, or after direct grafting various chemical groups
or molecules onto the material surface (Bacakova and Svorcik 2008; Bacakova et al.

2011).
1.8.1 Physical Modification

Physical modifications, based on the exposition of the polymer surface to a beam
of particles with high energy, are ultraviolet (UV) light irradiation, ion irradiation, and
plasma discharge (Bacakova and Svorcik 2008). A common feature of these techniques
is splitting the bonds in the macromolecule chains of a polymer, which results in the

creation of free radicals, double bonds, and new functional groups (mainly oxygen-

28



containing groups) on the polymer surface. Oxidized groups increase surface wettability
which enables the adsorption of cell adhesion-mediating molecules in an appropriate
geometrical conformation for cell adhesion receptors. Free radicals and unsaturated
bonds can be subsequently used for functionalizing the material surface with various
biomolecules, e.g. amino acids, oligopeptides, or proteins, which can further influence
the colonization of the material with cells. Conjugated unsaturated double bonds
increase the electrical conductivity of the material surface, and as mentioned above,
electrical conductivity improves cell behavior (Bacakova and Svorcik 2008; Bacakova
etal. 2011).

Modification of the material surface by UV irradiation is especially used for
synthetic polymers, such as polytetrafluorethylene (PTFE) and polyethylene
terephthalate (PET). These polymers have been applied for the construction of clinically
used vascular prostheses (Chlupac et al. 2009), but in their pristine state, they are
relatively highly hydrophobic. The positive effect of UV irradiation on cell adhesion
can be further enhanced by irradiation in a reactive atmosphere, e.g. an ammonia
atmosphere, which enriched the polymer surface with amine groups (Heitz et al. 2003),
or an acetylene atmosphere, which induced the formation of a carbon film on the
polymer surface (Kubova et al. 2007). Ion irradiation is based on the interactions of
energetic ions with the polymer matrix. Ions are generated in the ion implanter and
accelerated by the electrical field. Plasma discharge is performed in a vacuum chamber
(Bacakova and Svorcik 2008) where the applied gas can be inert or reactive. Argon,
helium, or neon can be used as inert gases, while frequently used reactive gases are
oxygen, nitrogen, fluorine, hydrogen, or organic components such as
tetrafluoromethane. The electrical discharge accelerates the free electrons which ionize,
cleave, and excite the gas molecule. The result is highly reactive gas products which
react with the exposed polymer surface and cleave bonds in macromolecules. As
mentioned before, the cleavage of bonds leads to the generation of free radicals and
unsaturated double bonds. The products of the macromolecule cleavage also react with
the oxygen present in the ambient atmosphere and create oxidized groups on the
polymer surface, e.g. carboxyl, carbonyl, and ester groups (Bacakova and Svorcik 2008;
Svorcik et al. 2009). The resulting surface properties of the modified polymer are
dependent on several physical factors of the plasma modification process, especially the
type of gas used, plasma power, and exposure time (van Kooten et al. 2004; Svorcik et

al. 2006). After plasma modification, the polarity and wettability of the polymer surface
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increase with the exposure time due to a higher concentration of oxidized groups on the
material surface. Oxidized groups, occurring on the polymer surface after plasma
discharge, are reoriented from the surface to the inside of the polymer. This is the aging
period of the polymer after plasma exposition. This rearrangement of the surface
structure causes a decrease in the polarity and wettability of the modified polymer, but
in most cases, the surface wettability still remains higher than in the non-treated
polymer. The rearrangement of the oxidized groups during the aging period is
influenced by the degree of crosslinking of the polymer structure and by the plasma
exposure time. A less crosslinked structure and a longer exposure time lead to a greater
mobility of these groups and a stronger decrease in the surface wettability of the

modified polymer (Svorcik et al. 2006; Kotal et al. 2007).
1.8.2 Chemical modification

Advanced chemical modifications of materials for tissue engineering are based
particularly on grafting bioactive molecules and nanoparticles on the material surface,
which further affects the attractiveness of the material for cells. These biomolecules and
nanoparticles include e.g. amino acids (e.g. glycine, alanine, leucine) (Svorcik 2004),
oligopeptidic ligands for cell adhesion receptors, e.g. RGD (Rockova-Hlavackova et al.
2004), carbon particles (Parizek et al. 2013), or gold particles (Svorcik et al. 2009).

The grafting of biomolecules can be enhanced by UV irradiation, ion irradiation,
or plasma discharge (Fig. 5). Free radical, double groups, and various chemical
functional groups newly formed on the material surface easily create bonds with various
bioactive molecules (Bacakova et al. 2011). In previous studies, polyethylene (PE) of
low density (LDPE) was treated by plasma discharge and subsequently grafted with
glycine, polyethylene glycol (PEG), bovine serum albumin, and colloidal carbon
nanoparticles. This grafting further promoted the adhesion, spreading, and growth of
smooth muscle cells (VSMC) (Parizek et al. 2013). In another study, the PE was grafted
with the bovine serum albumin and cell adhesion-mediating molecule fibronectin after
plasma treatment. The VSMC cultivated in a serum-free medium did not adhere to the
PE grafted with the bovine serum albumin, i.e. a cell non-adhesive protein, whereas on
PE grafted with fibronectin, cell adhesion was better than on non-grafted PE (Novotna

et al. 2013). The grafting of gold (Au) nanoparticles on an Ar" plasma-activated surface
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further enhanced the cell adhesion and proliferation of mouse embryonic 3T3

fibroblasts and VSMC (Svorcik et al. 2009).
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Fig. 5: The principle of grafting nanoparticles on a plasma-activated surface (Svorcik

etal. 2010)

The bioactivity of biomaterials can also be enhanced by coating with durable or
degradable layers. For the fabrication of skin and vascular substitutes, mainly soft
degradable layers are applied. These degradable layers are represented by the various
ECM molecules, e.g. collagen, laminin, fibronectin, or fibrin, which are normally
present in native tissues or participating in tissue regeneration and wound healing
(Filova et al. 2014; Chlupac et al. 2014). These molecules represent a natural source of
ligands for cell adhesion receptors and enhance the physiological behavior of cells. In
addition, the bioactive layers on the material surface can contain growth factors or drugs
which can be released by a controllable manner. These ligands can be suitable for
modifying the inner surface of clinically used PET vascular prostheses in order to
enhance their endothelialization (Chlupac et al. 2014). For the fabrication of a skin
substitute, natural biomolecules, such as collagen I, hyaluronic acid, fibronectin, or
fibrin, could be applied for coating suitable carriers of skin cells. Skin cell carriers could
be constructed as porous or nanostructured scaffolds from biodegradable materials.
Collagen I and hyaluronic acid are normally present in natural skin, and fibrin - as a
provisional matrix molecule - plays an important role in skin regeneration (Imahara and
Klein 2009; Nguyen et al. 2009). Previous studies proved that a fibrin scaffold
supported the proliferation of fibroblasts and keratinocytes, collagen I and III
production by dermal fibroblasts, and keratinocyte differentiation (Mazlyzam et al.
2007; Seet et al. 2012). In addition, collagen, fibrin, and hyaluronic acid are often the

main components of current clinically used skin substitutes.
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The most advanced approach to tissue engineering is binding not all of the ECM
molecules, but their active sites, i.e. oligopeptidic ligands for cell adhesion receptors on
the material surface. The oligopeptidic ligands are tethered to the material surface
through flexible polymeric chains, i.e. PEO or PEG, in defined concentrations, spacing,
and distribution in order to precisely control the extent and strength of cell adhesion, the
size of the cell spreading area, and the subsequent cell growth. Flexible PEO or PEG
chains ensure appropriate spatial conformation of the ligands and good accessibility of
the ligands to cell adhesion receptors. In addition, these chains provide a bioinert and
protein-repulsive background preventing unwanted protein adsorption and aberrant
uncontrolled cell adhesion to these surfaces. Another benefit is that direct
functionalization with adhesion oligopeptides enables the binding of specific ligands for
a specific cell type. Moreover, the oligopeptide ligands are not species-specific, and
thus they are not immunogenic like whole ECM molecules (Bacakova et al. 2004;

Bacakova et al. 2007; Bacakova and Svorcik 2008).
1.9 Vascular substitutes

Autologous native vessels are still considered as vascular substitutes of the
highest quality. The most important advantage is that natural vessels consist of a
phenotypically mature endothelial cell layer which is considered as the best prevention
against the adhesion and activation of immunocompetent cells and thrombocytes on a
vascular graft, as well as against the abnormal migration and proliferation of VSMC
(Chlupac et al. 2009). In addition, autologous vascular substitutes do not cause an
immune response leading to graft rejection or the transmission of diseases like
allogenous or xenogenous grafts. However, this approach also has several limitations.
Healthy autologous vascular substitutes are available in a limited quantity mainly due to
the patient’s older age. The other limits are the burden to the patient due to additional
surgery and damage of the donor site (Parizek et al. 2011). In addition, typical artery
replacements are carried out as a bypass created from vein grafts (e.g. aortocoronary
bypass) (Chlupac et al. 2009). After implantation, the venous grafts are exposed to
higher blood pressure leading to damage of the endothelial cell layer, activation of
VSMC migration and proliferation, thrombosis, and immune activation. This failure to

adapt causes restenosis of the venous grafts and failure of the autologous vessel

32



substitute (Parizek et al. 2011). From this point of view, the new approach tries to
overcome these limitations by constructing synthetic vascular substitutes.

The ideal vascular substitute should be composed of all three parts as in the
natural vessel: the tunica intima, tunica media, and tunica adventitia (Shin et al. 2003).
The vascular substitute can be constructed either purely from biological material (i.e.,
without any synthetic material), i.e. from ECM molecules and endothelial cells and
VSMC, or it can be based on a synthetic scaffold seeded with cells (Chlupac et al.
2009). The synthetic scaffolds should be constructed as three-dimensional porous or
fibrous tubular structures. The wall of these structures is adapted for ingrowth of
VSMC, which can form a contractile multilayer, while the wall of the scaffold should
also enable ingrowth of nourishing capillaries and nerves. The lumen of the synthetic
vascular substitute is constructed for colonization by the endothelial cells and these cells
should form a confluent layer of phenotypically mature cells, which is non-
immunnogenic and non-trombogenic (Parizek et al. 2011).

The scaffolds used for the fabrication of advanced bioartificial vascular prostheses
should mimic the function of the natural ECM, i.e. they should regulate the extent of
cell adhesion, proliferation, differentiation, and maturation to the desired phenotype.
The most promising scaffolds could be made from degradable materials, such as
polylactide, polyglycolide, polycaprolactone, or their copolymers and polyurethane
derivatives. The goal is that a degradable vascular substitute can serve as a temporary
supportive structure for cells stimulating the regeneration of a damaged vessel. The
degradable materials can be slowly resorbed in the living organisms and replaced by
cells and a newly formed natural ECM. However, studies have revealed that the
degradation rate of the degradable substitute is faster than the regeneration of new
vascular tissue. In addition, synthetic degradable polymers have often insufficient
mechanical properties (Ravi et al. 2009; Ravi and Chaikof 2010). These drawbacks can
lead to the formation of an aneurysm on the vascular substitute or a rupture of the
vascular prosthesis. Therefore, there has been resurgence in the use of biostable non-
degradable polymers, namely PET and PTFE, in vascular wall regeneration or they are
combined with degradable materials (Chlupac et al. 2009).

Clinically used vascular prostheses made from non-degradable PET and PTFE
polymers are fabricated as porous structures. These polymers have appropriate
mechanical properties resistant to stress from the bloodstream. However, these

polymers are less attractive for the adhesion and growth of vascular cells mainly due to
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the high hydrophobicity of the material surface. This high hydrophobicity does not
allow the reconstruction of a continuous layer of endothelial cells. As mentioned above,
a phenotypically mature endothelial cell layer is the best anti-thrombogenic surface. A
missing endothelial cell layer may lead to a high risk of failure in the vascular
substitute, due to the adhesion of thrombocytes, immunocompetent cells and other
blood components (Chan-Park et al. 2009; Chlupac et al. 2009; Ravi and Chaikof 2010).
This negative effect predominantly occurs in blood vessel substitutes of small diameter
(less than 6 mm) due to the relatively slow blood flow. The slow blood flow allows the
accumulation of thrombocytes and immune cells, leading to stenosis of the vascular
prosthesis. In vascular substitutes of a larger diameter (more than 6 mm), the fast blood
flow prevents the adhesion of undesirable blood components. From this point of view,
the mature continuous layer of anti-thrombogenic endothelial cells should be
specifically reconstructed on a vascular substitute of small diameter (Chan-Park et al.
2009). The attractiveness of the polymer surface for cell colonization can be enhanced
by the many forms of physical and chemical modifications mentioned above in section
1.8 “Polymer modification for constructing vascular and skin substitutes”.

Many studies deal with the reconstruction of the functional mature endothelial cell
layer on vascular prostheses. In addition, the endothelization of vascular prostheses has
already been applied in clinical practice, although this procedure is not yet currently
used in the surgical treatment of vascular diseases. However, in clinical practice,
reconstruction of the tunica media, consisting of layers of VSMC, is still omitted in
vascular substitutes due to the risk of excessive migration and proliferation of the
VSMC and subsequent restenosis of the prosthesis. The construction of the contractile
VSMC multilayer remains on a theoretical level and it is applied in experiments in vitro
or on laboratory animals (Parizek et al. 2011). The contractile phenotype of VSMC can
be maintained by the appropriate structure and chemical composition of the scaffolds.
Previous studies showed that a three-dimensional structure contributed to maintaining
cells in a contractile phenotype (Hu et al. 2010). In addition, some molecules of the
ECM, such as laminin, collagen IV, elastin, and sulfated and heparin-like
glykosaminoglycans maintain a differentiated contractile phenotype of cells (Moiseeva
2001; Chan-Park et al. 2009). From this point of view, the surface of the vascular
substitute can be constructed from these ECM molecules or can be modified by the
oligopeptidic ligands derived from ECM molecules, e.g. the amino acid sequence Val-

Ala-Pro-Gly (VAPG) derived from elastin, which maintains VSMC in a contractile
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phenotype (Andukuri et al. 2010). In addition, the desired VSMC phenotype can be
reached by stimulation using the specific growth factors released from the scaffolds or
present in the cultivation media (Thyberg 1996; Ucuzian et al. 2010), and particularly
by the appropriate mechanical stimulation of cells, e.g. uniaxial cyclic strain stress (Li
et al. 2011) or pulsatile flow of the culture medium (Wang et al. 2010) in dynamic

bioreactors.
1.10 SKkin substitutes

Using autologous tissue (i.e., autografts) is still preferred in the treatment of skin
injuries because it enables effective wound healing without immune reactions and
decreases the risk of subsequent infection. However, in many cases, autografts are
available in a limited quantity for grafting or the patient’s conditions do not permit
using it. Allografts and xenografts provide only temporary coverage of wounds due to
their immune rejection, and also bring problems with potential disease transfer,
availability, as well as cultural and ethical problems (Murphy and Evans 2012). For
these reasons, a promising approach is the development of bioengineered skin
substitutes that would be available in any quantity needed, inexpensive, not the subject
of immune rejection, mimicking the physiology and mechanical properties of normal
skin, and highly effective in the acceleration of tissue regeneration. Unfortunately, the
current clinically applied skin substitutes have not yet achieved all of these expectations
(Eisenbud et al. 2004). They often consist of allogeneic cells or xenogeneic materials;
thus, they cannot provide permanent coverage. Another common problem of skin
substitutes is their high cost.

Most models of skin replacements consist of artificial or biological material
serving as a carrier for the anchorage of fibroblasts and subsequently for the cultivation
of keratinocytes. Many previous studies have reported that cultivating keratinocytes
without a feeder of fibroblasts is often unsuccessful because the dermis with the main
fibroblast cellular type plays a crucial nutritional role for keratinocytes (Auxenfans et al.
2009). Nevertheless, clinically used skin substitutes without fibroblasts exist. For
example, the skin substitute Laserskin (Fidia Advances Biopolymers, Italy) is a
biodegradable matrix composed of benzyl-esterified hyaluronic acid derivate.

Autologous keratinocytes are directly cultured on the matrix.
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Many synthetic and natural polymers have been used for constructing scaffolds
suitable for treating skin injuries. They have different structures (planar, porous or
fibrous materials) and chemical compositions. A synthetic skin replacement could be
constructed from nylon (Malin et al. 2013), polybutylene terephthalate (El-Ghalbzouri
et al. 2004), polyHEMA (Dvorankova et al. 1996), hydroxybutyrate (Peschel et al.
2008), polylactic acid (Selig et al. 2013), polyglycolic acid, polycaprolactone (Dai et al.
2004), or their copolymers (Chen et al. 2005; Selig et al. 2013). The most widely
applied natural materials are collagen (Morimoto et al. 2001), chitosan (Pajoum Shariati
et al. 2009), hyaluronic acid (Harris et al. 1999; Liu et al. 2004), chondroitin sulfate
(Lacroix et al. 2007) etc.

Clinically used skin substitutes are mainly applied for burns, non-healing wounds,
chronic ulcers such as venous leg ulcers and diabetic foot ulcers (Eisenbud et al. 2004).
They can be divided into three groups: epidermal, dermal, and combined
epidermal/dermal substitutes. Epidermal substitutes are composed of autologous
keratinocytes, which are -cultivated on the biomaterial matrix, or autologous
keratinocytes cultivated on mitotically-inactivated mouse fibroblasts. Substitutes,
consisting of matrix, are for example MySkin (CellTran Ltd., UK), a silicone support
layer; Laserskin (Fidia Advances Biopolymers, Italy), a laser-microperforated matrix of
hyaluronic acid derivate (Groeber et al. 2011); or Bioseed-S (BioTissue
TechnologieGmBH, Germany), a fibrin sealant (Vanscheidt et al. 2007). An epidermal
substitute, consisting of no matrix but inactivated fibroblasts, could for example be
Epicel (Genzyme Biosurgery, USA) (Eisenbud et al. 2004).

For treating full-thickness burns, dermal substitutes are applied. These substitutes
enable the replacement of both the epidermal and dermal layers of the skin. Some of
these substitutes are based on the allogeneic human acellular dermis without the
cultivation of the cells (e.g. AlloDerm, LifeCell Corporation, USA). However, most of
these substitutes consist of synthetic or biological carriers designed for the subsequent
cultivation of skin cells (Groeber et al. 2011). For example, Integra (LifeSciences,
USA) is composed of a porous biodegradable matrix of cross-linked bovine collagen
with chondroitin sulfate and a semi-permeable silicone layer which prevents water loss
(Winfrey et al. 1999). Dermagraft (Advanced Tissue Sciences, USA) consists of human
foreskin fibroblasts cultured on a biodegradable polyglactin (PGA/PLA) mesh. As the
fibroblasts proliferate across the mesh, they secrete ECM proteins, growth factors, and

cytokines (Marston et al. 2003). Hyalograft 3D (Fidia Advanced Biopolymers, Italy) is
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based on an hyaluronic acid-derived matrix seeded with autologous fibroblasts
(Shevchenko et al. 2010).

The most advanced and sophisticated products available for clinical applications
are epidermal/dermal substitutes which mimic both the epidermal as well as dermal
layers. These substitutes consist of autologous or allogeneic keratinocytes and
fibroblasts incorporated into a biomaterial scaffold. Epidermal/dermal skin substitutes
provide growth factors, cytokines, and ECM molecules for effective wound healing.
However, they only serve as temporary skin replacements due to tissue rejection
(Shevchenko et al. 2010). The other disadvantage is the high manufacturing cost
(Groeber et al. 2011). A more durable product has been developed by Fidia Advanced
Biopolymers (Italy), which combines two products, i.e. Hyalograft (a dermal substitute)
and Laserskin (an epidermal substitute) (Monami et al. 2011). This substitute is based
on a microperforated hyaluronic acid membrane seeded with autologous fibroblasts and
keratinocytes (Shevchenko et al. 2010). Other epidermal/dermal substitutes are for
example Apligraf (Organogenesis Inc., USA), which consists of allogeneic neonatal
fibroblasts cultivated on a bovine type I collagen matrix integrated with allogeneic
neonatal keratinocytes (Eaglstein and Falanga 1997) or OrCell (Ortec International,
USA), which is composed of allogeneic fibroblasts seeded into a bovine type I non-
porous collagen sponge. Keratinocytes obtained from the same source are cultivated on
the top of the construct (Shevchenko et al. 2010).

Recently, many efforts have been expended to develop full-thickness skin
replacements including not only fibroblasts and keratinocytes, but also endothelial cells
which form capillary-like structures and melanocytes to induce skin pigmentation
(Auxenfans et al. 2009). The angiogenesis in transplanted grafts has been stimulated by
applying growth factors such as VEGF using drug delivery systems (Groeber et al.
2011) or integrating endothelial cells directly into the graft (Auxenfans et al. 2009). The
most advanced skin substitute development focuses on all three layers of skin, including
the hypodermis (Auxenfans et al. 2009) and skin appendages like hair follicles, sweat
glands, and sebaceous glands (Groeber et al. 2011). Another promising approach could

be the use of stem and progenitor cells.
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2. Objectives of the work

The main objective of the work was to study cell behavior on surface-modified
biomaterials. The proposed modifications of biomaterials were expected to enhance the
cell colonization of materials and would enable successful integration of the implant

into the patient’s body.
The objectives of this work can be summarized as follows:

2.1 The first objective of the study was to observe the adhesion, proliferation, and
phenotypic maturation of VSMC on polymers treated with plasma and subsequently
grafted with bioactive molecules. The hypothesis was that a plasma-activated surface
enables the grafting of various bioactive molecules. These biomolecules significantly
influence cell behavior on the material. Thus, by grafting specific bioactive molecules
on the material surface, it can be possible to modulate the adhesion, proliferation, and

phenotypic maturation of VSMC (Novotna et al. 2013; Parizek et al. 2013).

2.2 The next objective of the study was to observe the adhesion and growth of skin cells
on PLA nanofibrous membranes modified by plasma treatment. The hypothesis was that
plasma discharge alters the physical and chemical properties of the material surface,
mainly the surface wettability, morphology, roughness, electrical discharge,
conductivity, and presence of chemical groups on the material surface. These alterations
of material properties influence cell behavior. The main goal was to modify the
nanofibrous membrane by plasma discharge in order to enhance its colonization by
keratinocytes (Bacakova et al. 2015).

2.3 The last aim of the study was to modify the nanofibrous membrane from degradable
polymers (PLA and PLGA) using the ECM molecules normally present in natural skin
(collagen, fibronectin) or occurring during wound healing (fibrin). The study was based
on the hypothesis that the nanostructure positively influences cell behavior, because it
simulates the structure of the natural extracellular matrix and enables the adsorption of
cell adhesion-mediating molecules in an appropriate spatial conformation accessible for
cell adhesion receptors. Moreover, coating materials with appropriate ECM molecules
is expected to enhance the cell colonization of materials and to promote desired cell

behavior. The main goal was to construct nanofibrous carriers with ECM coatings for
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skin cells with potential application in skin tissue engineering (Bacakova et al. 2016;

Bacakova et al. submitted).
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3. Materials and methods

This interdisciplinary work is based on the collaboration of material engineers,
physicists, chemists, and biologists. The experiments include the chemical preparation
of samples, evaluating the physical and chemical properties of samples, and in vitro
tests evaluating the cell-material interactions. In this section, a brief description of the
materials and methods used is provided. The detailed parameters and conditions of

performing the experiments are described in the Appendix (section 10).
3.1 Preparation of polymer foils and degradable nanofibrous membranes

The high-density (HDPE) and low-density polyethylene (LDPE) foils were
purchased from Granitol A. S., Moravsky Beroun, Czech Republic.

Nanofibrous membranes made of poly(L-lactide) (PLA; Ingeo™ Biopolymer
4032D, NatureWorks, USA) and poly(L-lactide-co-glycolide) copolymer (PLGA; ratio
85:15, Purasorb PLG 8531, Purac Biomaterials, Germany) were prepared using the
novel Nanospider needleless electrospinning technology in external collaboration with
Elmarco Ltd. (Liberec, Czech Republic) and with InStar Technologies, Joint-Stock Co.
(Liberec, Czech Republic). A detailed description of the polymer solvent preparation
and electrospinning process conditions is published in Bacakova et al. 2016 and

Bacakova et al., submitted.
3.2 Plasma modification

The plasma modification of the HDPE and LDPE polymer foils’ surface was
carried out in external collaboration with Prof. Vaclav Svoréik, PhD and his colleagues
at the Department of Solid State Engineering (Faculty of Chemical Technology,
University of Chemistry and Technology in Prague, Czech Republic). The plasma
modification of the PLA nanofibrous membranes were carried out in external
collaboration with the Institute of Physics (Czech Academy of Sciences, Czech
Republic).

The HDPE and LDPE foils were modified with Ar’ plasma discharge. The
samples were treated for different times (50, 100 or 300 s). The detailed parameters and
conditions of the plasma treatment are described in Parizek et al. 2013 and Novotna et

al. 2013.
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PLA nanofibrous membranes were treated with oxygen plasma discharge. The
membranes were treated with different discharge powers (from 25 W to 100 W) and
exposure times (from 10 s to 120 s). The detailed parameters and conditions of the

plasma treatment are described in Bacakova et al. 2015.
3.3 Grafting of biomolecules to the plasma-activated polymer surface

The HDPE and LDPE polymer foils were grafted with various biomolecules after
Ar' plasma treatment. The experiments were carried out in external collaboration with
the Department of Solid State Engineering (Faculty of Chemical Technology,
University of Chemistry and Technology in Prague, Czech Republic). Immediately after
the plasma treatment, the samples were immersed in a solution of bovine serum albumin
(BSA), fibronectin (Fn), glycine (Gly), polyethylene glycol (PEG), or into a suspension
of colloidal carbon particles (C). The samples were incubated for 12 - 24 h at room
temperature in order to allow grafting of the biomolecules to the plasma-activated
polymer surface. The samples were then rinsed in distilled water, air-dried at room
temperature, and stored in an air atmosphere for three weeks in order to reorganize and
stabilize their surface structure, particularly the orientation of the oxidized structures on
the material surface (the so-called aging period) (Parizek et al. 2013; Novotna et al.

2013).
3.4 Preparation of ECM protein nanocoatings on nanofibrous membranes

The fibrin nanocoating on the PLA or PLGA nanofibrous membranes was
prepared by enzymatic activation of human fibrinogen with human thrombin (Riedel et
al. 2009). For the creation of the 2D nanostructured fibrin layer, antitrombin III was
added. The antitrombin III blocked the unreacted thrombin in the solution.

Collagen nanocoating was prepared from a collagen solution by a change of pH
(from acid to basic pH) in the ammonia vapor.

Fibronectin, the cell-adhesion mediating protein, was attached to the fibrin or
collagen nanocoating in order to further enhance cell adhesion and spreading.

Detailed conditions of the protein nanocoating preparation are described in

Bacakova et al. 2016 and Bacakova et al., submitted.
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3.5 Characterization of the physical and chemical properties of the materials

The structure, morphology, and physical and chemical compositions of the
materials, along with changes in their properties after the modifications, were observed
by using a variety of physical and analytic methods. These measurements were carried
out in external collaboration with the Faculty of Chemical Technology (University of
Chemistry and Technology in Prague, Czech Republic), the Institute of Physics (Czech
Academy of Sciences, Czech Republic), the Institute of Rock Structure and Mechanics
(Czech Academy of Sciences, Czech Republic) and with the Department of Anatomy
and Biomechanics (Faculty of Physical Education and Sport, Charles University, Czech
Republic).

The surface wettability was determined by measuring the contact angle using the
static water drop method (Parizek et al. 2013; Novotna et al. 2013). The chemical
composition (e.g. the concentration of oxygen and oxygen-containing groups) of the
polymer surface was determined by X-ray photoelectron spectroscopy (XPS) (Novotna
et al. 2013) or by Rutherford Backscattering Spectroscopy (RBS) (Parizek et al. 2013).
The changes in surface morphology and roughness were observed by atomic force
microscopy (AFM) (Parizek et al. 2013; Novotna et al. 2013).

The morphology of the nanofibrous membrane was observed by scanning electron
microscopy (SEM) (Bacakova et al. 2015; Bacakova et al. 2016; Bacakova et al.
submitted). The alteration of the nanofibrous membranes’ mechanical properties after
plasma treatment was evaluated using a uniaxial tensile test which determined the
Young modulus, ultimate tensile strength, and maximal membrane deformation

(Bacakova et al. 2015).
3.6 Cells and cell culture conditions

The HDPE and LDPE foils were seeded with vascular smooth muscle cells
(VSMC) isolated from a rat aorta using the explantation method (Bacakova et al. 1997)
and cultivated in serum-supplemented modified Eagle’s Medium (DMEM) with 10 %
of fetal bovine serum and 40 pg/mL of gentamicin, or in serum-free medium SmMGM®-
2 Smooth Muscle Growth Medium-2 supplemented with epithelial growth factor (EGF),
basic fibroblast growth factor-B (bFGF), and insulin according to the manufacturer’s
protocol. The serum-free medium was used in order to enhance the effects of the

chemical functional groups and biomolecules grafted onto the material surface on cell
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adhesion and growth. This influence can be masked, at least partly, by secondary
adsorption of various biomolecules from the serum supplement of the culture medium
on the polymer surface. The culture conditions of the VSMC on polymeric foils are
described in detail in Parizek et al. 2013 and Novotna et al. 2013.

The plasma-treated or protein-coated PLA or PLGA nanofibrous membranes were
seeded with human HaCaT keratinocytes, spontaneously transformed keratinocyte cell
line from adult skin, purchased from CLS Cell Lines Service (Germany) (Boukamp et
al. 1988), or with neonatal human dermal fibroblasts purchased from Lonza (Basel,
Switzerland). Both cell types were cultivated in DMEM with 10% of fetal bovine serum
and 40 pg/ml of gentamicin. For experiments focused on collagen synthesis and its
deposition on a substrate as ECM, 50 pg/ml 2-phospho-L-ascorbic acid trisodium salt
(AA) was added into the cell culture medium to stimulate the dermal fibroblasts to
produce collagen. The culture conditions of HaCaT keratinocytes and dermal fibroblasts
on polymeric foils are described in detail in Bacakova et al. 2015, Bacakova et al. 2016
and Bacakova et al., submitted.

All types of cells were cultivated in a cell incubator at 37°C and in a humidified

atmosphere with 5% of CO, in the air.
3.7 Cell number, mitochondrial activity, morphology, and cell spreading area

The spreading and morphology of the cells on the samples were visualized by
staining of the cells with a combination of fluorescent dyes diluted in PBS. The cell
cytoplasm was stained with Texas Red C,-maleimide. F-actin, an important molecule of
the cell cytoskeleton, was stained with phalloidin conjugated with TRITC, and the cell
nucleus was stained with Hoechst #33258. Before the staining, the cells were fixed with
-20 °C cold 70 % ethanol. Images of the cell morphology were taken using an
epifluorescence microscope or scanned in confocal microscope. At early cell culture
intervals (i.e., days 1 or 2 after seeding) the size of the spreading area of individual cells
or cell clusters (in HaCaT keratinocytes) was measured on the images of the cells taken
under a fluorescence microscope using Atlas software (Tescan Ltd., Brno, Czech
Republic).

At earlier cell culture intervals (less than 7 days after seeding), the cell number
was estimated by counting the cells on microphotographs taken in 10 randomly chosen

fields homogenously distributed on the material surface. The cells were stained by a
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combination of fluorescent dyes as described above. The counting of the cells on the
microphotographs was not applicable at later culture intervals (7 days and more)
because the cells on some samples reached confluence and started to overlap each
another. In this case, the cells were detached from the material surface by a
trypsin/EDTA solution, and the cells were counted using an automatic counter Vi-
CELL XR Analyser (Beckman Coulter, Brea, CA, USA). The cell numbers obtained at
various time intervals were expressed as cells per cm” and were used for constructing
growth curves (Parizek et al. 2013; Novotna et al. 2013).

The cell population density in some studies (Bacakova et al. 2015; Bacakova et al.
2016) was also estimated by the amount of cellular DNA using the Picogreen dsDNA
assay kit (Invitrogen®). The assay is based on measurements of Picogreen fluorescence,
a nucleic acid stain for quantifying the double-stranded DNA in a solution.

The cell mitochondrial activity was used as an indirect marker of cell proliferation
activity, because it usually increases with increasing cell numbers. This parameter was
measured by the XTT Cell Proliferation Kit or by the MTS assay. The principle of these
assays is the cleavage of yellow tetrazolium salt XTT or MTS and the formation of
water-soluble brown formazan salt by the activity of the mitochondrial enzymes in cells.
Formazan dye 1is then quantified by measuring the absorbance using a
spectrophotometer (ELISA reader) (Bacakova et al. 2015; Bacakova et al. 2016).

Cell viability was determined using the LIVE/DEAD Viability/Cytotoxicity Kit
(Molecular Probes, Life Technologies). This assay is based on the different penetration
abilities of two fluorescent dyes through the cell membrane of live and dead cells.
Calcein AM penetrates into the live cells and is converted by esterases to a calcein
emitting green fluorescence. Ethidium homodimer-1(EthD-1) penetrates through the
membrane of the dead cells and stains them with red fluorescence (Bacakova et al.

submitted).

3.8 Characterization of markers of cell adhesion, phenotypic maturation, and

ECM synthesis

The relative mRNA expression of cellular markers of adhesion and ECM
synthesis (collagen I) was measured by a real-time Polymerase Chain Reaction (real-
time PCR) (Bacakova et al. 2016). The concentration of adhesion and differentiation

molecules in the cells was determined by the Enzyme-Linked Immunosorbent Assay
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(ELISA) (Parizek et al. 2013). The total amount of collagen produced by the cells
(dermal fibroblasts), i.e. intracellular collagen and collagen deposited on the material as
ECM, was measured by the Sircol soluble collagen assay. The Sircol dye binds the acid-
and pepsin-soluble collagen synthesized by cells and deposited onto the surface as
ECM. The Sircol reagent binds to the [Gly-X-Y] helical structure, as found in all types
of collagen (Bacakova et al. 2016).

Immunofluorescence staining was used for the qualitative evaluation of important
cell markers and the morphology of protein nanocoating on nanofibrous membranes.
The samples were incubated with primary antibodies against specific molecular
markers. Subsequently, a secondary antibody conjugated with Alexa Fluor® 488
(Molecular Probes, Invitrogen, USA) was applied to the samples. Before the application
of antibodies, the cells were fixed with -20 °C cold 70% ethanol and treated with 1%
bovine serum albumin (Sigma-Aldrich, USA) and 1% Tween 20 (Sigma-Aldrich, USA)
to block nonspecific binding sites. Images of the cells were taken using an

epifluorescence microscope or scanned on a confocal microscope.
3.9 Statistical analysis

The quantitative data are presented as a mean + standard deviation (SD) or mean
+ standard error of mean (S.E.M.) usually from three or four independent samples for
each experimental group and time interval. Statistical significance was evaluated using
the analysis of variance and Student-Newman—Keuls method. Values of P<0.05 were

considered significant.

45



4. Results

The results describe the impact of the biomaterial properties and their modifications on
cell behavior. The results are summarized in four impacted publications (sections 4.1 —
4.3) and one manuscript submitted for publication (section 4.5). Detailed results

including figures are given in the Appendix (section 10).

4.1 Vascular smooth muscle cells on plasma-treated and biofunctionalized

polymer foils surface

Parizek M., Slepickova Kasalkova N., Bacakova L., Svindrych Z., Slepicka P.,
Bacakova M., Lisa V., Svorcik V. Adhesion, growth, and maturation of vascular
smooth muscle cells on low-density polyethylene grafted with bioactive substances.

BioMed Research International, 2013, 371430.

Novotna K.*, Bacakova M.*, Kasalkova N., Slepicka P., Lisa V., Svorcik V., Bacakova
L. Adhesion and Growth of Vascular Smooth Muscle Cells on Nanostructured and

Biofunctionalized Polyethylene. Materials, 2013, 6 (5): 1632-1655.

(*These authors contributed equally to this work.)

Both studies focus on the evaluation of the adhesion, growth, and phenotypic
maturation of VSMC with plasma-treated and biomolecule-grafted polyethylene (PE)
foils. The aim of the studies was to alter the physical and chemical surface properties in
order to enhance the cell colonization of PE. These modifications of the polymer
surface could be potentially applied in the construction of artificial vascular prostheses.

In the first study, the LDPE foils were treated by Ar" plasma discharge and then

grafted with biologically active substances, such as glycine (Gly), polyethylene glycol
(PEG), bovine serum albumin (BSA), colloidal carbon nanoparticles (C) and BSA with
C nanoparticles (BSA+C). The plasma treatment and grafting with bioactive substances
significantly improved the colonization of material with VSMC. Grafting with Gly and
PEG had a positive effect on cell spreading and the development of focal adhesion
plaques containing the proteins talin and vinculin. Grafting of the LDPE with BSA and
BSA+C predominantly promoted cell growth, the formation of a confluent layer of
cells, and the phenotypic maturation of the VSMC as demonstrated by higher
concentrations of a-actin and SM1 and SM2 myosin. The modification of the LDPE
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also led to changes in its physical and chemical properties. All modifications increased
the oxygen content and surface wettability compared to non-modified LDPE. These
changes were the most pronounced on LDPE grafted with Gly and PEG. The grafting of
LDPE with C and BSA+C created nanoscale and submicron-scale irregularities of
various shapes on the material surface.

In the second study, the HDPE and LDPE foils were treated by Ar’ plasma

discharge for different exposure times (50 — 300 s) and subsequently grafted with
fibronectin (Fn) or bovine serum albumin (BSA), i.e. with two important components of
the serum supplement of cell culture medium. The samples were then seeded with
VSMC and incubated in two types of cell culture media. The first type was a standard
cell culture medium supplemented with fetal bovine serum (serum-supplemented
medium). The second type was medium without serum (serum-free medium). It is
known that the serum supplement of cell culture medium contains ECM molecules,
such as fibronectin, vitronectin etc., which are spontaneously adsorbed on the material
surface and support cell adhesion and spreading. For this reason, serum-free medium
was used in order to enhance the effects of the grafted biomolecules (BSA and Fn) on
cell adhesion and growth. In the serum-supplemented medium, all modifications
improved the adhesion, spreading, and growth of the VSMC compared to non-modified
samples. The cells reached on average higher final population densities on LDPE than
on HDPE. On the contrary, in the serum-free medium, the cell non-adhesive properties
of BSA were manifested, and BSA did not support cell colonization. Cell population
density was even lower and the cell spreading area was smaller than on non-modified
samples. The effects of the grafted fibronectin were controversial. We expected the high
adhesion and growth of cells on these samples, due to specific adhesion-mediating
receptors for Fn on the cell membrane. However, the cell densities in general on all Fn-
grafted samples were similar to the values on the plasma-irradiated surfaces (Fig. 6).
Similarly, as in the first study, the plasma treatment and grafting with biomolecules
increased surface wettability, nanoscale surface roughness (mainly manifested on

HDPE), and the formation of oxidized groups on the polymer surface.
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Fig. 6: Growth curves of rat aortic smooth muscle cells cultured in a serum-supplemented
medium (A, B) and in a serum-free medium (C, D) on HDPE (H) (4, C) or on LDPE (L) (B, D)
in a non-treated form (N) or treated with plasma for 100 s and subsequently grafted with
fibronectin (Fn) and bovine serum albumin (BSA). A standard cell culture polystyrene dish
(PS) was used as a reference material. Mean = S.E.M. ANOVA, Student—Newman—Keuls
Method. Statistical significance: * p < 0.05 compared to the non-modified HDPE or LDPE.

4.2 Interaction of HaCaT Kkeratinocytes with plasma-treated biodegradable

nanofibrous membranes

Bacakova M., Lopot F., Hadraba D., Varga M., Zaloudkova M., Stranska D., Suchy T.,
Bacakova L. Effects of fiber density and plasma modification of nanofibrous
membranes on the adhesion and growth of HaCaT Kkeratinocytes. Journal of

Biomaterials Applications, 2015, 29 (6): 837-853.

The study is focused on evaluating the behavior of human HaCaT kratinocytes on
a polylactide (PLA) nanofibrous membrane treated by oxygen plasma. The

biodegradable nanofibrous membrane is a promising carrier of skin cells for the
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construction of skin replacements. However, the synthetic polymers often do not favor
cellular adhesion, growth, and ECM deposition in their pristine state. In this case, the
polymers can be physically or chemically modified in order to improve their cell
colonization. In this study, we modified the nanofibrous membranes of various fiber
densities (5, 9, 16 and 30 g/m?) with a range of plasma power and exposure times.

We revealed that the cell colonization of biodegradable nanofibrous membranes
could be regulated by the treatment and density of the fibers. The plasma treatment
strongly altered the morphology and mechanical properties of the nanofibers. The
intensity of the fiber alteration and degradation increased with the plasma power and
exposure time (Fig. 7). The exposure time seemed to have a more significant effect than
the plasma power on fiber alteration. In addition, the fibers in the membranes of higher
fiber densities seemed to be more degraded than the fibers in the membranes of lower
fiber densities. Plasma treatment increased the membrane stiffness. However, the

membranes became more brittle. The modification by plasma slightly increased the

concentration of oxygen containing groups on the membrane surface.

Fig. 7: SEM images of PLA membranes of a fiber density of 16 g/m’ before (4) and after plasma
treatment with various power and exposure times: (B) 50W 30 s, (C) 50W 60 s, (D) 50W 120 s,
(E) 75W 30 s, (F) 100W 30 s, (G) 100W 60 s, (H) 100W 120 s. FE-SEM

Tescan MIRA3, objective magnification 10 000x.

The treatment of nanofibrous membranes by oxygen plasma has positive effects
on their colonization by HaCaT keratinocytes. However, we did not reveal a clear

dependence of the cell behavior on specific plasma conditions (i.e., plasma power and
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exposure time). Higher plasma power and, in particular, longer exposure times resulted
in a more pronounced improvement of the cell adhesion and growth. The fiber density
(mainly of the plasma-treated membranes) had a significant effect on cell adhesion and
growth (Fig. 8). The cells preferentially adhered with larger cell cluster areas and in
higher cell densities to plasma-treated membranes of lower fiber densities (5 or 9 g/m?)

than to plasma-treated membranes of higher fiber densities (16 or 30 g/m?).

y 200 pm

Fig. 8: The morphology of human HaCaT keratinocytes after a three-day cultivation on
non-treated (A, C, E, G) and plasma-treated (power 75W, exposure time 30 s, B, D, F,
H) PLA membranes of various fiber densities (4, B: 5 g/m’; C, D: 9 g/m’; E, F: 16
g/mz, G, H: 30g/m2). Cells stained with Texas Red C,-Maleimide (red) and Hoechst
#33342 (blue). Olympus IX 51 microscope, DP 70 digital camera, obj. 10x.

4.3 Dermal fibroblasts and HaCaT Kkeratinocytes on protein-coated

biodegradable nanofibrous membranes

Bacakova M., Musilkova J., Riedel T., Stranska D., Brynda E., Zaloudkova M.,
Bacakova L. The potential applications of fibrin-coated electrospun polylactide

nanofibers in skin tissue engineering. International Journal of Nanomedicine, 2016,

11: 771-789.

Bacakova M., Pajorova J., Stranska D., Riedel T., Brynda E., Zaloudkova M., Bacakova
L. Protein nanocoatings on synthetic polymeric nanofibrous membranes as

carriers for skin cells. Submitted to PLoS ONE.

In both studies we observed the behavior of skin cells, human dermal fibroblasts,
and HaCaT keratinocytes on biodegradable nanofibrous membranes modified with cell-
degradable protein nanocoating (fibrin, fibronectin or fibrin nanocoating). These

molecules are naturally presented in skin (collagen and fibronectin) or occur during
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wound healing (fibrin). The combination of a degradable nanofibrous scaffold with

these proteins could be promising in constructing skin replacements.

In the first study, we prepared electrospun nanofibrous membranes made of PLA

modified with fibrin nanocoating. We seeded them with human dermal fibroblasts and
evaluated the cell adhesion and growth. We further investigated the synthesis of
collagen by fibroblasts, which is the main component of ECM in skin dermis. For this
purpose we added ascorbic acid (AA) into the cell culture medium. It is known that AA
plays an important role in the synthesis of hydroxyproline and hydroxylysine, i.e.
important molecules forming stable mature collagen with a triple-helical structure. The
absence of hydroxyproline and hydroxylysine results in non-stable collagen, which
cannot be secreted from the cells at a normal rate (Tajima and Pinnell 1996; Chan-Park
et al. 2009).

Fibrin promoted the adhesion and spreading of fibroblasts, manifested by well-
developed focal adhesion containing B;-integrins, and by a higher expression of mRNA
for these adhesion receptors. Cell proliferation was also higher on fibrin-coated
membranes than on non-coated membranes. This cell performance was further
improved by the addition of AA into the cell culture medium. Fibrin nanocoating
increased the expression and synthesis of collagen I in dermal fibroblasts. This effect
was further enhanced by AA, which promoted the deposition of collagen I in the form
of a fibrous ECM on the PLA membrane surface (Fig. 9).

We also evaluated fibrin morphology, stability, and durability. We further
investigated fibrin nanocoating degradation and reorganization by cells. Fibrin
surrounded the individual fibers in the membrane, and also formed a thin fibrous mesh
on several places on the membrane surface. The cell-free fibrin nanocoating remained
stable in the cell culture medium for 14 days, and did not change its morphology. On
membranes populated with human dermal fibroblasts, the rate of fibrin degradation
correlated with the degree of cell proliferation. Fibroblasts penetrated into the fibrin
mesh and gradually degraded the fibrin nanocoating. Nevertheless, on day 14, some

fibrin-coated fibers and the rest of the thin fibrin nanofibrous mesh were still apparent.
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Fig. 9: Immunofluorescence staining of extracellular collagen I fibers (green) produced by
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human dermal fibroblasts on day 7, 10, and 14 after seeding on non-modified PLA membranes,
or on PLA membranes with a fibrin nanocoating (F). The cells were cultivated in a standard

cell culture medium or in a medium supplemented with AA. Microscopic glass coverslips

52



(GLASS) served as a control. Cell nuclei were stained with Hoechst #33258 (blue). Leica TCS
SPE DM2500 confocal microscope, obj. 40x/1.15 NA oil.

In the second study, we modified PLGA and PLA electrospun nanofibrous

membranes with fibrin and collagen. Moreover, we attached fibronectin (an important
cell-adhesion mediating protein) on the fibrin and collagen nanocoating in order to
further enhance cell adhesion. We evaluated the adhesion, spreading, and growth of
human dermal fibroblasts and HaCaT keratinocytes on these protein-coated membranes.

In the first part of the study we evaluated the morphology, stability, and durability
of the protein nanocoatings (Fig. 10). We further investigated the protein degradation
and reorganization by these two types of cells. Fibrin morphology, stability, and
degradation by dermal fibroblasts have already been described above (in the first study).
Collagen coated most of the fibers in the membranes but not regularly. Moreover,
collagen randomly created soft gel on the membrane surface. Fibronectin predominantly
adsorbed on the thin fibrin mesh or collagen gel and created a thin nanofibrous
structure. The durability of the protein nanocoating on nanofibrous membranes was
tested over 7 days under the same conditions used for cell cultivation. The results show
that fibrin, collagen, or fibronectin nanocoatings on polymer membranes were stable

and their morphology was almost unchanged after one week (Fig. 10).

Fibrin Fibronectin on fibrin Fibronectin on collagen

Collagen

Day 0

50 am
e

Day 7

Fig. 10: The morphology of fibrin, collagen, and fibronectin nanocoating on PLGA membranes
in a fresh state (Day 0) and after 7 days of incubation in DMEM at 37 °C and in air with 5%

CO; (Day 7). Protein nanocoatings were stained by immunofluorescence using relevant primary
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and secondary antibodies (green). Leica TCS SPE DM2500 confocal microscope, obj. 40x/1.15
NA oil.

The method and time of the degradation and reorganization of protein
nanocoating by the cells differed between the fibroblasts and keratinocytes (Fig. 11).
The fibroblasts penetrated inside the nanofibrous membranes, mainly in the fibrin-
coated membranes, and gradually degraded the protein nanocoating. HaCaT
keratinocytes adhered to the membrane surface and did not ingrow into the membranes.
These cells bound to the protein nanocoatings and tended to pull down the thin fibrous
mesh of fibrin. The fibronectin attached to the fibrin was also completely degraded by
keratinocytes together with the fibrin mesh. The collagen gel was capable of resisting

the traction forces of the keratinocytes, and was only slightly altered.
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Fig. 11: The morphology of fibrin, collagen, and fibronectin nanocoating on PLGA membranes
3 and 7 days after seeding with human dermal fibroblasts and HaCaT keratinocytes. Pristine:
the cells on non-coated PLGA membranes. Protein nanocoatings were stained by
immunofluorescence using relevant primary antibodies and secondary antibodies conjugated
with Alexa 488 (green). Cells were stained with Phalloidin-TRITC (red) and Hoechst #33258
(blue). Leica TCS SPE DM2500 confocal microscope, obj. 40x/1.15 NA oil.
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In the second part of the study we evaluated the adhesion, spreading, morphology,
and growth of dermal fibroblasts and HaCaT keratinocytes. The proteins on the
membranes significantly improved cell adhesion and growth. The fibroblasts
preferentially adhered to the fibrin-coated membranes. The fibrin nanocoating notably
improved the fibroblast attachment and spreading, and increased cell mitochondrial
activity, i.e. an indirect marker of cell proliferation. Moreover, the fibrin stimulated the
fibroblasts to produce fibronectin and deposit it in the cell surroundings as the ECM. In
comparison with the dermal fibroblasts, the keratinocytes preferentially adhered on the
membranes coated with collagen. The cells were well-spread and formed larger cell
islands than on membranes coated with fibrin or on non-coated membranes. The
collagen nanocoating also improved keratinocyte proliferation. On the membranes
coated with collagen, cell mitochondrial activity was significantly higher than on non-
coated membranes and membranes coated with fibrin. Fibronectin attached to fibrin or
collagen coating further enhanced the adhesion, spreading, and proliferation of both cell
types. No significant differences in the adhesion and growth of cells on protein-coated

PLGA and PLA membranes were noticed.
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5. Discussion

Advanced tissue substitutes should mimic the physiology, morphology,
composition, and functions of the original tissue. They should enable nutrition supply,
accelerate tissue regeneration, and should not evoke inflammatory reactions. Sufficient
cell colonization and appropriate cell behavior is crucial for successful integration of the
implants into the patient’s body. The cell behavior and colonization of the biomaterial is
critically regulated by its properties.

In this thesis, we evaluated the cell response to various modifications of materials.
The main goal was to improve the physical and chemical properties of the materials,
and thus to increase their attractiveness for cell colonization. The first two studies are
focused on the interaction of materials with vascular cells. They discuss the impact of
plasma modification and subsequent functionalization of the plasma-activated surface
by bioactive molecules on the behavior of VSMC. The following three studies are
concentrated on skin tissue engineering. In the third study, the effect of plasma
treatment and the fiber density of nanofibrous membranes on keratinocyte adhesion,
spreading, migration, and proliferation is investigated. In the last two studies, desirable
cell behavior is afforded to be achieved by modifying the nanofibrous scaffold by the
ECM molecules naturally present in the skin or occurring during tissue regeneration.
These studies discuss the different behavior of skin cells on these protein-modified
materials.

The clinically used vascular prostheses do not favor sufficient cellular
colonization. Their relatively high hydrophobic properties do not allow the
reconstruction of a continuous layer of endothelial cells and phenotypically matured
smooth muscle cells (Chlupac et al. 2009; Ravi and Chaikof 2010). For this reason,
vascular prostheses of better chemical and physical properties are needed for more
successful implantation. In our studies, we focused on the surface modification of PE by
plasma treatment followed by its functionalization with bioactive substances. PE in its
pristine (i.e., non-treated) form has high hydrophobicity (its water drop contact angle is
about 100°) and does not support the adsorption of the cell adhesion-mediating ECM
molecules in a flexible form or in the appropriate geometrical conformation needed for
binding cells. The result is that the cells adhere poorly to the polymer surface (Bacakova

and Svorcik 2008). Plasma treatment leads to splitting the bonds in the polymer chain,
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and creates free radicals, double bonds, and new functional chemical groups (mainly
oxygen-containing groups) on the polymer surface. The oxygen-containing groups
increase surface wettability, and this supports the adsorption of cell-adhesion-mediating
molecules on the polymer surface in a near-physiological and bioactive conformation
(for a review, see Bacakova et al. 2011). In our studies, the adhesion, spreading,
proliferation, and phenotypic maturation of the VSMC was significantly improved by
plasma treatment due to the presence of a higher concentration of oxygen-containing
groups, and thus the higher wettability of the PE.

The free radicals and unsaturated bonds created during plasma discharge easily
bind various chemical molecules. Thus, these features can be used for functionalizing
the material surface with various biomolecules, e.g., grafting amino acids,
oligopeptides, or protein molecules, which can also influence cell adhesion and growth
(for a review, see (Bacakova and Svorcik 2008; Bacakova et al. 2011). We
functionalized the plasma-treated HDPE or LDPE surface with Gly, PEG, BSA,
colloidal C nanoparticles or BSA+C (Parizek et al. 2013) or by Fn and BSA (Novotna et
al. 2013).

In our studies, the bioactive substance had an important impact on cell behavior.
Glycine is a component of a well-known ligand for integrin cell adhesion receptors —
RGD (Arg-Gly-Asp). Glycine alone cannot be bound by cell adhesion receptors, but
Gly enriches the irradiated polymer surface with oxidized and amino groups. These
groups are well-known to improve the adsorption of cell-adhesion mediating proteins
and cell colonization (Heitz et al. 2003; Bacakova et al. 2011). Although on the samples
grafted with Gly, the lowest contact angle (i.e. the highest wettability) and oxygen
content was measured, the cell proliferation was comparable with only plasma-treated
samples. However, Gly slightly increased the cell spreading area of the cells which
suggests the improved adsorption of cell adhesion molecules. PEG grafted on the
plasma-activated LDPE surface did not show a positive effect on cell proliferation but
improved cell adhesion and spreading. On these samples, the number of cells was even
slightly lower than on non-treated samples. This result contrasts with our previous
finding on HDPE foils (Parizek et al. 2009). These differences in cell behavior on the
HDPE and LDPE can be explained by the different arrangement of the PEG chains on
the polymer surfaces. The PEG chains can be attached to the surface only by one end
and dangle on the surface in a water environment (in our case, in the cell culture

medium). This PEG behavior has a repulsive effect on cell adhesion, because the
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adsorption of cell adhesion molecules is hampered on this mobile surface (Bacakova et
al. 2007). On the other hand, PEG can also be attached to the material surface through
several sites on a single chain. In this case, the PEG chains are not mobile and can
support the adsorption of adhesive molecules and cell adhesion and growth (Kasalkova
et al. 2010). In our study, the cell-repulsive effect of the PEG probably prevails on
LDPE, whereas on HDPE, PEG promoted the cell adhesion by secondary adsorption of
cell adhesion-mediating molecules (Parizek et al. 2009). In spite of the weaker cell
proliferation on Gly-grafted LDPE, the spreading area of cells was larger than on other
modified samples. This finding implies that the PEG-grafted LDPE surface allowed the
adsorption of cell adhesion molecules. However, this adsorption was probably non-
homogenous because on some sample regions, the cells were well-spread, while on the
other sites, the cells remained round. In addition, grafting the plasma-treated LDPE
surface with Gly and PEG significantly increased the concentration of the focal
adhesion proteins talin and vinculin, which also indicate the stimulating effect of Gly
and PEG on cell adhesion.

The BSA and BSA+C-grafted LDPE surface significantly increased the
concentration of a-actin or SM1 and SM2 in the cells, i.e. important markers of the
phenotypic maturation of VSMC. The cells on these samples reached a relatively high
cell population density. Moreover, they displayed well-developed talin- and vinculin-
containing focal adhesion plaques. These factors, i.e. good cell adhesion and growth, are
associated with cell differentiation (Bacakova et al. 2004). Nevertheless, albumin is a
protein that is non-adhesive for cells and has been used for constructing cell-repulsive
surfaces. From this point of view, our finding of the supportive effect of BSA on cell
adhesion and growth might be surprising. However, albumin has previously been
reported to enable the adsorption of cell adhesion molecules from the serum supplement
of the cell culture medium in the appropriate spatial conformation for cell adhesion
receptors (Koenig et al. 2003; Koblinski et al. 2005). This indicates the masking effect
of the serum in the culture medium. Thus, in order to enhance the effect of grafted BSA
on a plasma-activated PE surface, the serum-free medium was used for cultivating the
cells. The serum-free medium did not contain cell adhesion-mediating molecules
(fibronectin and vitronectin). In the serum-free medium, the cell non-adhesive
properties of BSA were revealed. Cell proliferation was significantly weaker than on
non-treated samples and the cells were poorly adhered and mainly assumed a spherical

shape.
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The effect of grafted fibronectin, the protein playing an important role in cell
adhesion, was controversial. We expected high adhesion and subsequent growth of the
cells on these samples, due to the binding of specific oligopeptide sequences (i.e., RGD-
containing sequences) present in these molecules, by cell adhesion receptors. However,
the cell proliferation was similar to the only plasma-activated surfaces. The relatively
low cell proliferation activity on Fn-grafted samples could be explained by the
relatively low quantity and non-homogenous distribution of the Fn molecules attached
to the polymer surface. In addition, the geometrical conformation of the Fn immobilized
on the polymer surface might be inappropriate for binding by the cells (Burmeister et al.

1996).

In the field of skin tissue engineering, we focused on the modification of the
polymer biodegradable nanofibrous membrane in order to enhance its colonization by
skin cells. We modified the membrane by plasma treatment or coated it with proteins
normally present in the natural skin (collagen, fibronectin) or occurring during wound
healing (fibrin).

Biodegradable materials are advantageously used in skin tissue engineering,
because they can be slowly resorbed in the organism and finally replaced by newly
formed tissue. In the case of the PLA or PLGA, which were used in our studies, the
polylactide or polyglycolide is slowly transformed to lactide or glycolide by hydrolysis
of the aliphatic ester linkages in the molecules. The lactic and glycolic acid are further
metabolized and removed from the body as carbon monoxide and water (Pandey 2013).
In our studies, we prepared nanofibrous membranes from these biodegradable polymers.
Recently, nanostructured materials have become promising for the construction of tissue
substitutes. The nanostructure of the materials better mimics the nanofibrous
components of the natural ECM than flat or microstructured surfaces (Sun et al. 2012).
Nanostructured materials are capable of adsorbing the cell adhesion-mediating
molecules in an appropriate geometrical conformation. Thus, the nanofibrous materials
can promote skin regeneration by improving the adhesion and proliferation of the skin
cells and the neovascularization of a tissue-engineered skin implant. They enable cells
to be supplied with oxygen and nutrition and prevent fluid accumulation at the wound
site (Sridhar et al. 2015). In addition, the nanofibrous membranes can be used for
developing a bilayer of skin cells, i.e. fibroblasts and keratinocytes situated on opposite

sides of the nanofibrous membrane. The pores in the carriers can enable physical and
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biochemical communication between the fibroblasts and keratinocytes together with the
diffusion of nutrients, growth factors, and other biologically active molecules from the
culture medium or the surrounding tissue (McMillan et al. 2007).

In order to further improve the adhesion and growth of skin cells, we treated PLA
nanofibrous membranes with oxygen plasma. The plasma-treated membranes better
supported the adhesion, spreading (as indicated by a larger cell cluster spreading area),
and proliferation of keratinocytes. We revealed a higher amount of oxygen-containing
groups (mainly C=0O groups) on the membranes after the plasma treatment, which
resulted in an increase of surface wettability. These changes of physicochemical
properties of the membranes probably led to the enhancement of the cell adhesion and
growth observed on these membranes. Previous studies also showed the positive effect
of oxygen plasma treatment on cell behavior. For example, Wan et al. treated poly
(lactide-co-glycolide) films (PLGA) with oxygen plasma. They observed the
incorporation of polar groups into the material surface, an increase in its hydrophilicity,
and an improvement in the adhesion and growth of mouse fibroblasts (Wan et al. 2004).
Gugala and Gogolewski reported that the oxygen plasma-treated PLA porous membrane
better supported the attachment and growth of osteoblasts than the non-treated
membrane (Gugala and Gogolewski 2006). Other factors that might improve the
colonization of plasma-treated membranes with keratinocytes are an increase of material
stiffness and the formation of additional nanostructures on the membrane. SEM images
revealed changes in surface morphology, due to the degradation of the fiber surface.

Although the rate of fiber degradation increased with increasing plasma power
and exposure time, cell behavior was not significantly affected by these conditions of
plasma treatment. Only the differences between the mild and strong plasma conditions
were noticed. The samples treated under mild plasma conditions (plasma power less
than 50W and exposure time shorter than 30 s) did not show significantly better cell
adhesion and proliferation than non-treated membranes. An analysis of the material
properties showed that no significant chemical or morphological changes in these
samples occurred. It seems that the mild plasma condition did not have an important
effect on the physical and chemical properties of the material or on cell behavior.
Stronger plasma treatment (plasma power ranging from 50W to 100W and exposure
time ranging from 30 s to 120 s) enhanced cell attachment, spreading, and proliferation
in comparison to the non-treated membranes. However, we observed no clear

dependence of cell behavior on the modulation of plasma power and exposure time.
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This observation indicates that an increase in plasma power and exposure time above a
specific effective plasma treatment condition limit does not have a significant influence
on cell behavior.

However, we found that the fiber density had a significant influence on
keratinocyte adhesion and growth. This effect was mainly manifested on plasma-treated
membranes. The cells adhered in higher densities and the cell cluster area was larger on
plasma-treated membranes with lower fiber densities (5 or 9 g/m?) than on plasma-
treated membranes with higher fiber densities (16 or 30 g/mz). This result can be
explained by the presence of larger pores between the fibers in the membranes with a
lower fiber density, which may have provided more space for the cells to migrate into
deeper layers of the membranes and to proliferate. They may also enable a better
oxygen and nutrient supply for the cells. Soliman et al. described a similar effect of the
fiber packing density of nanofibrous membranes on cell behavior. Higher fiber packing
density resulted in smaller pores and weaker cell proliferation (Soliman et al. 2011).
Moreover, plasma treatment led to a decrease in the size of the pores between fibers and
an increase in the rigidity and fragility of the membranes. This effect could further
enhance the dependence of cell behavior on fiber density.

Another way to improve the attractiveness of nanofibrous membranes for cell
colonization is to modify them with specific biomolecules. In our study, we coated the
PLA and PLGA nanofibrous membranes with molecules physiologically present in skin
(collagen and fibronectin) or by fibrin, a molecule playing an important role during
wound healing. The protein nanocoating strongly influenced the behavior of human
dermal fibroblasts and HaCaT keratinocytes.

Fibrin deposition on nanofibrous membranes markedly improved the adhesion
and proliferation of dermal fibroblasts. Fibrin mediates adhesion through integrin cell
adhesion receptors, namely asf;, ayf3 and oyf3; integrins, which recognize the RGD
motifs present in the fibrin molecule (Gailit et al. 1997; Laurens et al. 2006). We
revealed that fibrin increased the mRNA level for fB;-integrins and enhanced the
development of typical focal adhesion plaques in cells. In addition, through its aC
domain, fibrin attracts the ECM molecules from the serum supplement of the cell
culture medium, such as fibronectin or vitronectin, thus further supporting cell adhesion
(Laurens et al. 2006). Fibrin can stimulate cell proliferation by the alpha and beta chains
present in fibrinogen and fibrin molecules (Gray et al. 1993). Other mechanisms of

growth stimulation could be the mitogenic activity of the thrombin molecules present in
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fibrin (Dawes et al. 1993) or stimulating the autocrine production of growth factors in
cells by fibrin (Yamamoto et al. 2005). In contrast to fibroblasts, the adhesion and
growth of keratinocytes was not significantly improved by fibrin nanocoating. The
explanation could be that keratinocytes naturally do not come in direct contact with
fibrin as fibroblasts. After skin damage, fibroblasts migrate into a fibrin clot, start to
produce ECM, and as the first cell type, they contribute to the wound healing.
Keratinocytes migrate to the wound secondarily, attach to the ECM matrix, and create
new cell layers of epidermis. Many previous studies tried to reveal the role of fibrin in
the adhesion and proliferation of keratinocytes, but did not come to a consistent
consensus. For example, Kubo et al. showed that fibrin and fibrinogen were non-
adhesive for keratinocytes due to the lack of o,f; integrin receptors important for
binding cells to fibrin molecule on keratinocytes (Kubo et al. 2001). In our study, the
HaCaT keratinocytes were able to adhere to the fibrin-coated membranes, although they
were not so well flattened as on collagen-coated membranes. This may be explained by
the relatively long exposure of fibrin coating to the adhering keratinocytes, i.e. more
than 24 hours, which is sufficient time for these cells to alter or remove the protein coat
in order to enhance their adhesion (Kubo et al. 2001). On the other hand, Sese et al.
observed that keratinocyte adhesion and proliferation was influenced by the
concentration of thrombin (i.e., an enzyme converting fibrinogen into fibrin). They
found that the optimal thrombin concentration for the stimulation of keratinocyte
proliferation was about 1 U/ml (Sese et al. 2011). The proliferation of fibroblasts was
not strongly dependent on the thrombin concentration. In our study, for the fabrication
of the fibrin nanocoating, we used thrombin at a concentration of 2.5 U/ml. This
concentration was optimal for creating the fibrin nanocoating on the membrane and for
supporting the proliferation of fibroblasts but probably not convenient for keratinocyte
growth.

Our experiments also revealed that fibrin stimulated the fibroblasts to produce
important ECM molecules. Dermal fibroblasts are responsible for synthesizing the
ECM, such as collagen or fibronectin, in the skin dermis. On our fibrin-coated
membranes, the fibroblasts formed a well-developed network of collagen or fibronectin
fibers compared to the non-coated membranes. Other authors described the stimulatory
effect of fibrin on the synthesis of collagen (Mazlyzam et al. 2007; Sclafani and
McCormick 2012) and fibronectin (Trombetta-eSilva et al. 2013) by fibroblasts. Our

experiments proved that ascorbic acid (AA) was important for the formation of collagen
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fibers. For this purpose we added AA into the cell culture medium. The cells cultivated
on the membrane in a standard cell culture medium (i.e., without AA) did not form
well-developed collagen fibers deposited on the membrane. These results are in
accordance with a study by Murad et al. They revealed that cells cultivated without
ascorbic acid are incapable of forming stable collagen fibers deposited on the material
surface, but form only unstable collagen that remain inside the cells (Murad et al. 1981).
It is known that AA helps to catalyze the hydroxylation of lysine and proline amino
acids, important components that form stable mature collagen with a triple-helical
structure outside the cells (de Clerck and Jones 1980; Tajima and Pinnell 1996). In
addition, AA added into the cell culture medium increased fibroblast proliferation on
our membranes.

Collagen nanocoating on nanofibrous membranes also enhances the attachment,
spreading, and proliferation of cells, particularly keratinocytes. Collagen is the main
component of the ECM with the oligopeptide sequence DGEA (Asp-Gly-Glu-Ala)
which is bound by most of the cells, mainly the o,B; or as;B; integrin receptors
(Marchisio et al. 1990; Staatz et al. 1991). The mentioned receptors are also expressed
in HaCaT keratinocytes (Scharffetter-Kochanek et al. 1992). HaCaT keratinocytes in
our study adhered, spread, and proliferated faster on collagen-coated membranes
compared to fibrin-coated or non-coated membranes. After a skin injury, the
keratinocytes physiologically migrate into the wound and interact through their integrin
receptors with molecules of the ECM, mainly with collagen I nanofibers (O'Toole
2001). It seems to be beneficial to modify nanofibrous scaffolds using collagen or
directly fabricate collagen nanofibrous scaffolds (Rho et al. 2006; Mahjour et al. 2015).
Compared to keratinocytes, dermal fibroblasts adhere to and proliferate on collagen-
coated membranes, in a similar manner as on non-coated membranes. During wound
healing, the fibroblasts produce strong ECM fibers made of collagen and elastin which
resist the traction forces of the cells (Eastwood et al. 1996). However, on our
membranes, the collagen mostly created a gel that was probably too soft and was
deformed by the traction forces generated by fibroblasts. Thus, the collagen gel was
probably not capable of providing an appropriate substrate for the attachment and
migration of dermal fibroblasts. Agis et al. compared the fibroblast behavior on
collagen gel and on a collagen porous sponge. They found that the collagen sponge
better supported cell migration, proliferation, and ECM production compared to

collagen gel (Agis et al. 2014).
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In order to further enhance cell attachment, spreading, and proliferation,
fibronectin was deposited onto the fibrin or collagen nanocoatings. Fibronectin is not
only one of the most important ECM proteins participating in cell adhesion, but it is
also involved in the mechanism of cell proliferation and migration (Ruoslahti and
Pierschbacher 1987). The fibronectin further enhanced the adhesion and proliferation of
dermal fibroblasts. This positive effect was more pronounced on collagen-coated
membranes, i.e. on the material where the adhesion and growth of fibroblasts were less
stimulated than on fibrin. In addition, on the collagen-coated membrane, fibronectin

further improved the spreading of keratinocytes.

65



6. Conclusion and future perspectives

Modifications of the biomaterials developed in our projects with potential
applications in vascular or skin tissue engineering significantly affected the cell
colonization of materials. Changes in the biomaterial properties after their specific
modifications, and their effect on cell behavior, are summarized in four impacted
publications and in one submitted manuscript.

In the field of vascular tissue engineering, we treated the polymer foils by plasma
discharge, and subsequently grafted these materials with bioactive substances. The
plasma treatment positively influenced the adhesion and growth of vascular smooth
muscle cells (VSMC). The beneficial effect of the plasma treatment on cell behavior
could be attributed to the formation of new oxygen-containing chemical functional
groups on the material surface and its increased wettability. Grafting with Gly or PEG
enhanced cell spreading and the formation of focal adhesion plaques. The
functionalization of the polymer foils with BSA or BSA+C tended to promote the
growth and phenotypic maturation of the VSMC. However, in the serum-free medium
(medium without a serum supplement), grafting with BSA poorly supported the cell
colonization of materials due to the non-adhesive cell properties of BSA, which were
not masked by the adsorption of the cell adhesion-mediating molecules normally
present in the serum.

In the field of skin tissue engineering, degradable nanofibrous membranes were
modified by plasma discharge or by biomolecules naturally present in the skin and
occurring during skin regeneration. The plasma treatment again positively influenced
cell behavior which was manifested by the better adhesion, spreading, and higher
proliferation of HaCaT keratinocytes. The modification of degradable materials with
biomolecules played an important role in cell behavior. The fibrin-coated membranes
preferentially stimulated dermal fibroblasts to adhere, proliferate, and produce
important molecules of ECM. The collagen-coated membranes enhanced the
attachment, spreading, and proliferation of HaCaT keratinocytes. This finding indicates
that a degradable nanofibrous membrane with protein nanocoating could be promising
for the construction of a bilayered skin substitute. On one side of the membrane, the
fibrin-coated nanofibers could support the adhesion, proliferation, and ECM synthesis
of fibroblasts. The opposite side of the membrane - with collagen nanocoating - could

serve as an appropriate carrier for keratinocytes.
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The attractiveness of synthetic polymers for cell colonization can be affected by physical, chemical, and biological modification
of the polymer surface. In this study, low-density polyethylene (LDPE) was treated by an Ar" plasma discharge and then grafted
with biologically active substances, namely, glycine (Gly), polyethylene glycol (PEG), bovine serum albumin (BSA), colloidal carbon
particles (C), or BSA+C. All modifications increased the oxygen content, the wettability, and the surface free energy of the materials
compared to the pristine LDPE, but these changes were most pronounced in LDPE with Gly or PEG, where all the three values
were higher than in the only plasma-treated samples. When seeded with vascular smooth muscle cells (VSMCs), the Gly- or PEG-
grafted samples increased mainly the spreading and concentration of focal adhesion proteins talin and vinculin in these cells. LDPE
grafted with BSA or BSA+C showed a similar oxygen content and similar wettability, as the samples only treated with plasma,
but the nano- and submicron-scale irregularities on their surface were more pronounced and of a different shape. These samples
promoted predominantly the growth, the formation of a confluent layer, and phenotypic maturation of VSMC, demonstrated by
higher concentrations of contractile proteins alpha-actin and SM1 and SM2 myosins. Thus, the behavior of VSMC on LDPE can be
regulated by the type of bioactive substances that are grafted.

1. Introduction

Construction of tissue replacements and tissue engineering
are very important areas of contemporary medicine and
biotechnology. They have great potential for the future, due
to increased life expectancy, civilization disorders, and thus
increased requirements for medical care. Advanced tissue
replacements consist of two basic components: cells and
cell carriers. Artificial materials are usually applied as cell
carriers, and for this purpose they should be adapted to act
as analogues of the extracellular matrix, that is, to control
the adhesion, growth, phenotypic maturation, and proper
functioning of the cells. Synthetic polymers are an important
type of materials that can be used for constructing substitutes
for various tissues of the human body. These materials have a
wide range of advantages, such as relatively easy availability

and low cost, defined and versatile chemical composition,
tunable mechanical properties, and tailored biodegradability
at physiological conditions. These properties have made
these polymers an obvious choice of material for many
biotechnological and medical applications, for example, as
growth supports for cell cultures in vitro or for constructing
nonresorbable, fully resorbable, or semiresorbable vascular
prostheses [1-4], artificial heart valves [5], bone and joint
replacements [6, 7], implants for plastic surgery [8], bioarti-
ficial skin [9], and carriers for cell, drug or gene delivery [10];
for a review, see [11-14].

For biomedical applications, it is generally accepted that
synthetic polymeric materials have to be biocompatible; that
is, they must match the mechanical properties of the replaced
tissue and not act as cytotoxic, mutagenic, or immunogenic.
In addition, the physicochemical characteristics of the surface



of these biomaterials are of great importance, because they
can directly influence and control the cell adhesion, spread-
ing, and signaling events that further regulate a wide range of
biological functions, for example, cell growth, differentiation,
and extracellular matrix synthesis [15].

However, in their pristine state, many polymeric materials
have unfavorable physical and chemical surface properties,
which are limiting for their colonization with cells and for
their integration with the surrounding tissues in the patient’s
organism. A typical example is the high hydrophobicity of
synthetic polymers; that is, the water drop contact angle on
the material surface is often higher than 90°. Fortunately, a
wide range of physical and chemical modifications is available
that can be used to create more hydrophilic bioactive surfaces
attractive for cell colonization. For example, the polymers
can be irradiated with ions [2, 3], with ultraviolet light [14,
16, 17], or exposed to plasma [18]. These treatments induce
degradation of the polymer chains, release of noncarbon
atoms, and creation of radicals. These radicals react with
oxygen in the ambient atmosphere, leading to the formation
of oxygen-containing functional chemical groups on the
polymer surface (i.e., carbonyl, carboxyl, hydroxyl, ether, or
ester groups). These groups enhance the polymer polarity
and wettability and promote the adsorption of cell adhesion-
mediating molecules in appropriate geometrical conforma-
tions, which enable specific amino acid sequences (e.g., RGD)
in these molecules to be reached by cell adhesion receptors.
In addition, conjugated double bonds between carbon atoms
are created, and this renders the polymer surface electrically
conductive. It is known that the electrical conductivity of a
material surface enhances its attractiveness for cell coloniza-
tion, even without active electrical stimulation (for a review,
see [11-13, 19]).

In addition, the radicals, oxygen-containing groups, and
double bonds that provide chemically reactive sites on the
material surface can subsequently be grafted with various
bioactive molecules, such as amino acids, proteins, other syn-
thetic polymers, or nanoparticles. The grafted substances can
further enhance the attractiveness of the modified polymer
surface for cell adhesion and growth [18, 20-22].

In this study, we have therefore evaluated the adhesion,
growth, and phenotypic maturation of vascular smooth
muscle cells (VSMC) derived from rat aorta and cultured on
low-density polyethylene (LDPE) modified by an Ar" plasma
discharge and subsequent grafting with glycine (Gly), bovine
serum albumin (BSA), polyethylene glycol (PEG), colloidal
carbon nanoparticles (C), or BSA+C. The aim of these modi-
fications was to create surfaces attractive for cell colonization,
and furthermore to be able to control the extent of cell
adhesion, cell growth activity, and cell differentiation. Growth
supports of this kind are particularly important for VSMC,
in order to prevent their so-called phenotypic modulation,
that is, transition from their quiescent differentiated state
to a synthetic and proliferative phenotype (for a review, see
[23]). This modulation is associated with the risk of restenosis
of an artificial vascular graft. For this reason, VSMCs have
been avoided in the construction of vascular replacements.
However, VSMCs are the most numerous cell component
of the natural blood vessel wall. Thus, these cells have to

BioMed Research International

be included in advanced bioartificial vascular replacements,
provided their phenotype, and proliferation activity is con-
trolled by appropriate cell culture conditions, including the
physical and chemical properties of their material carrier.

LDPE was chosen as a carrier for VSMC in this
study. Unlike other polymers, namely, polytetrafluoroethy-
lene (PTFE) and polyethylene terephthalate (PET), LDPE
is not used for constructing clinically applied vascular
prostheses. However, due to its relatively simple and well-
defined chemical composition, polyethylene provides a good
model for studying the correlations between physicochemical
changes of the material surface and the cell behavior. This
model has been used with success in numerous earlier studies
that we have carried out (e.g., [18, 20-22]).

Another aim of this study was to compare the sensitivity
of LDPE and high-density polyethylene (HDPE), used in
most of our earlier studies, to plasma treatment and subse-
quent grafting, and the influence of these modifications on
cell behavior.

2. Experimental

2.1. Preparation of the Polymer Samples. The experiments
were carried out on low-density polyethylene foils (LDPE)
of Granoten S*H type (thickness 0.04mm, density
0.922g-cm™, and melt flow index 0.8g/10 minutes),
made by the Granitol Joint-Stock Company, Moravsky
Beroun, Czech Republic. The polyethylene samples were
cut into circles (diameter 2 cm) using a metallic perforator.
The foils were modified by an Ar" plasma discharge (gas
purity: 99.997%) using a Balzers SCD 050 device. The time
of modification was 50 seconds, and the discharge power
was 1.7 W. The chamber parameters were: Ar flow 0.31s7",
Ar pressure 10Pa, electrode area 48 cmz, interelectrode
electrode distance 50 mm, chamber volume 1000 cm’, and
plasma volume 240 cm’. After this process, the samples
were immersed in water solutions of glycine (Gly; Merck,
Darmstadt, Germany, product number 104201), bovine
serum albumin (BSA; Sigma-Aldrich, Germany, product
number A9418) or polyethylene glycol (PEG; Merck,
Darmstadt, Germany, product number 817018, m.w. 20000).
Some plasma-treated samples and samples grafted with BSA
were exposed to a suspension of colloidal carbon particles
(G; Spezial Schwartz 4, Degussa AG, Germany) [18, 24]. All
substances mentioned here were used in a concentration of
2wt.%, and the time of the grafting process was 12 hours at
room temperature [18]. Unmodified LDPE and standard cell
culture polystyrene dishes were used as reference samples.

2.2. Characterization of the Polymer Samples. It is known
that after plasma treatment changes occur in a wide range
of parameters in the modified layer during the aging process
[25]. For this reason, all analyses (and also cell culture
experiments) were performed 20 days after modification (i.e.,
on aged samples).

The surface wettability was determined by measuring
the contact angle using the static water drop method. The
measurement was performed by distilled water in 10 different
positions at room temperature with error 5% on the Surface
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Energy Evaluation System (SEE System, Advex Instruments,
Czech Republic).

The surface free energy (SFE) was evaluated on the basis
of the contact angle of two liquids (water and glycerol). From
these values, the SEE System calculates the surface energy
according to the Owens-Wendt model [26].

The concentration profile of oxygen in the modified
surface was determined by Rutherford Backscattering Spec-
troscopy (RBS). The RBS analysis was performed in a vacuum
target chamber with 2.72 MeV He" ions. The elemental depth
profiles were inspected at an accessible depth of a few
hundred nm. The RBS spectra were evaluated by the GISA
3.99 code. The typical RBS detection limit is 0.1at.% for
oxygen.

The changes in surface morphology and roughness were
determined by Atomic Force Microscopy (AFM), using a
VEECO CP 1II in tapping mode. We used an RTESPA-
CP Si probe, with spring constant 20-80 N/m. By repeated
measurements of the same region (1 x 1um?), it was proven
that the surface morphology did not change after three
consecutive scans. The mean roughness value (R,) is the
arithmetic average of the deviations from the centre plane of
the sample.

2.3. Cells and Culture Conditions. Each LDPE sample 2 cm
in diameter was cut into four smaller parts of equal size,
and these parts were used for evaluating the cell num-
ber and the cell morphology and for immunofluorescence
staining. Whole samples were used for an evaluation of
the molecular markers of cell adhesion and differentiation
by enzyme-linked immunofluorescence assay (ELISA). All
LDPE samples were sterilized with 70% ethanol for one
hour. The smaller samples were inserted into 24-well plates
(TPP, Switzerland; well diameter 1.5 cm), while for the bigger
(i.e., whole) samples, 12-well plates from the same company
(diameter 2.1cm) were used. After sterilization, the samples
were air-dried for 12 hours in a sterile environment in order
to prevent possible negative effects of ethanol on the cells.
After the drying process, the samples were fixed to the bottom
of the culture wells by plastic rings (inner area 0.38 cm? for
the smaller samples and 1.77 cm® for the bigger samples)
in order to prevent the samples floating in the cell culture
media. The samples were seeded with VSMC isolated by an
explantation method from rat aorta. The cells were used in
the third passage, and their seeding density was 17000 cells
per cm? [18]. The cells were cultivated in Dulbecco’s Mod-
ified Eagle Minimum Essential Medium (DMEM, Sigma,
USA), supplemented with 10% foetal bovine serum (Sebak
GmbH, Aidenbach, Germany) and gentamicin (40 yg/mL,
LEK, Slovenia), for 1, 2, 4, 5, or 7 days (temperature 37°C,
humidified atmosphere of 5% of CO, in the air). For the
smaller samples, 1.5 mL of the medium was used, and for
the bigger samples, 3 mL of the medium. For the evaluation
of the cell numbers and the cell spreading area, 4 smaller
samples for each experimental group and time interval were
used. For ELISA, 8 large samples for each experimental
group were used, and the cultivation time was 7 days. For
immunofluorescence staining, the time of cultivation was 4
days, and the cells were grown on the smaller samples.

2.4. Evaluation of the Cell Number and Cell Morphology.
The cells on the smaller polymer samples were rinsed in
phosphate-buffered saline (PBS). On one sample per each
experimental group, the cells were fixed by 70% cold ethanol
(-20°C) and stained with a combination of Texas Red C,-
maleimide fluorescent membrane dye (Molecular Probes,
Invitrogen, Cat. number T6008; concentration 20 ng/mL in
PBS) and Hoechst nuclear dye number 33342 (Sigma, USA;
5 pug/mL in PBS). The cell number and cell morphology were
then evaluated using an Olympus IX 51 microscope equipped
with an Olympus DP 70 digital camera.

The size of the cell spreading area was measured using
Atlas software (Tescan Ltd, Czech Republic) on pictures taken
on days 1 and 2 after seeding.

On the three remaining smaller samples, the cells were
counted in a Cell Viability Analyzer (Vi-cell XR, Beckman
Coulter). After rinsing with PBS, the cells were harvested
by 5 min treatment in a trypsin-EDTA solution (Sigma, Cat.
number T4174). The device performed an automatic analysis
of the number of viable and dead cells, based on the trypan
blue exclusion test.

2.5. Construction of Growth Curves and Calculation of Cell
Population Doubling Time. The cell numbers obtained on
days 1, 2, 5, and 7 after seeding were expressed as cells per
cm? (i.e., the cell population densities) and were used for
constructing growth curves. The cell population doubling
time (DT) was determined by the equation
t—1t
DT =log(2) —————,
0g(2) log N, —log N, M
where N, and N, are the cell population densities at the
beginning and at the end of the studied culture interval [2, 3].

2.6. Immunofluorescence Staining. On day 4 after seeding,
the cells were rinsed twice in PSB, fixed with precooled
70% ethanol (—20°C, 15 min), and pretreated with 1% bovine
serum albumin in PBS containing 0.05% Triton X-100
(Sigma) for 20 minutes at room temperature, in order to
block nonspecific binding sites and permeabilize the cell
membrane. The cells were then incubated with primary
antibodies against several molecular markers of adhesion and
phenotypic maturation of VSMC, namely, integrin-associated
focal adhesion proteins talin vinculin and paxillin, a-actinin,
a protein present in focal adhesions and also binding the actin
cytoskeleton, cytoskeletal protein fS-actin, and contractile
proteins a-actin and SM1 and SM2 myosins, markers of
VSMC phenotypic maturation (Table 1).

The primary antibodies were diluted in PBS to concen-
trations of 1: 200 and applied overnight at 4°C. After rinsing
with PBS, the secondary antibodies (dilution 1:400) were
added for 1 hour at room temperature. These antibodies
were goat anti-mouse or goat anti-rabbit F(ab')2 fragments
of IgG (H + L), both conjugated with Alexa Fluor 488 and
purchased from Molecular Probes, Invitrogen (Cat. number
A11017 and A11070, resp.). The cells were then rinsed twice
in PBS, mounted under microscopic glass coverslips in
a Gel/Mount permanent fluorescence-preserving aqueous
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TABLE 1: Primary antibodies used for immunofluorescence staining (Immf.) and enzyme-linked immunosorbent assay (ELISA) of markers

of adhesion and phenotypic maturation of VSMCs.

Company, Cat.

Antibody against Developed in, type number Dilution Incubation
Chicken talin Mouse, Sigma® Immf.: 1:200 Immf.: overnight, 4°C
monoclonal T 3287 ELISA:1:500 ELISA: 60 min, RT¢
Human vinculin Mouse, Sigma® Immf.: 1:200 Immf.: overnight, 4°C
monoclonal V9131 ELISA:1:400 ELISA: 60 min, RT¢
Recombinant human Rabbit, Chemicon® Immf.: 1:200 Immf.: overnight, 4°C
paxillin polyclonal P1093 ELISA:1:400 ELISA: 60 min, RT*
Chicken «-actinin Rabbit, Sigma® Immf.: 1:200 Immf.: overnight, 4°C
polyclonal A2543 ELISA:1:500 ELISA: 60 min, RT®
Synthetic peptide of Mouse, Sigma® Immf.: 1:200 Immf.: overnight, 4°C
a-smooth muscle actin monoclonal A2547 ELISA: 1:400 ELISA: 60 min, RT¢
e pputcarpacin MO0 st o A
Human smooth muscle Mouse, Sigma® Immf.: 1:200 Immf.: overnight, 4°C
SM1 and SM2 myosin monoclonal M7786 ELISA:1:500 ELISA: 60 min, RT®

Sigma, St. Louis, MO, USA; Czech Dealer: Sigma-Aldrich S.R.O., Prague, Czech Republic.
®Chemicon International Inc., Temecula, CA, USA; Czech dealer: Scintilla S.R.O,, Jihlava, Czech Republic.

“Room temperature (RT).

mounting medium (Biomeda Corporation, Foster City, CA,
U.S.A.), and evaluated under an Olympus IX 51 microscope
(obj. 100x), using an Olympus DP 70 digital camera [18].

2.7. Enzyme-Linked Immunosorbent Assay (ELISA). The dif-
ferences in the concentration of the adhesion and differenti-
ation molecules on the tested materials were evaluated semi-
quantitatively, using enzyme-linked immunosorbent assay
(ELISA) in homogenized cells per mg of protein.

For this purpose, the cells were cultured for 7 days and
then rinsed with PBS, released with trypsin-EDTA solution
(Sigma, Cat. number T4174, incubation 5min at 37°C),
and counted in the Cell Viability Analyzer (Vi-CELL XR,
Beckman Coulter). Trypsinized cells were resuspended in
PBS, centrifuged, resuspended in distilled and deionized
water (10° cells/in 200 uL), and kept in a freezer at —70°C
overnight. The cells were then homogenized by ultrasonica-
tion for 40 seconds (cycle 1, amplitude 70%) in a sonicator
(UP 100 H, Dr. Hielscher GmbH), and the total protein
content was measured using a modified method originally
developed by Lowry [18, 27]. Aliquots of the cell homogenates
corresponding to 1-50 ug of protein in 50 uL of water were
adsorbed on 96-well microtiter plates (Maxisorp, Nunc) at
4°C overnight. After washing twice with PBS (100 uL/well),
the nonspecific binding sites were blocked by 0.02% gelatin
in PBS (100 uL/well, 60 min) and then treated by 1% Tween
(Sigma, Cat. number P1379, 100 uL/well, 20 min). The pri-
mary antibodies (Table 1) were diluted in PBS (1:200 to
1:500) and applied for 60 minutes at room temperature
(50 uL/well). The secondary antibodies, that is, goat anti-
mouse IgG Fab specific (dilution 1:1000) or goat anti-
rabbit IgG whole molecule (dilution 1:1000), both conjugated
with peroxidase and purchased from Sigma (Cat. number
A3682 and A0545, resp.), were applied for 45 min at room
temperature (50 uL/well). This step was followed by double

washing in PBS and an orthophenylenediamine reaction
(Sigma, Cat. number P1526, concentration 2.76 mM) using
0.05% H,0, in 0.1 M phosphate buffer (pH 6.0, dark place,
100 pL/well). The reaction was stopped after 10-30 minutes by
2M H,SO, (50 uL/well), and the absorbance was measured
at 490 and 690nm by a Versa Max Microplate Reader
(Molecular Devices Corporation, Sunnyvale, CA, USA). The
absorbance of the cell samples taken from modified LDPE
foils was given as a percentage of the value obtained in the
cells on pure LDPE [18].

2.8. Statistics. The biological results were presented as
mean + SEM (Standard Error of Mean). The statistical
significance was evaluated by the One-Way Analysis of
Variance (ANOVA), Student-Newman-Keuls method. For
the cell number and the size of the cell spreading area,
multiple comparisons of values obtained on all tested samples
were performed. For the data obtained from ELISA, values on
tested samples were compared only with values on the control
unmodified LDPE. For ELISA, Dunnett’s posttest was also
used. Values P < 0.05 were considered significant.

3. Results and Discussion

3.1 Physicochemical Properties of Polymer Samples. It is
known that Ar plasma discharge can cause changes in the
chemical structure and surface morphology of a modified
layer. These changes significantly affect the surface wettability
[28]. The degree of wettability, characterized by the contact
angle, is shown in Figure 1 for pristine LDPE, plasma-
treated LDPE, and plasma treated and subsequently grafted
with biomolecules. The contact angle decreases dramatically
after plasma treatment. This is due to the creation of free
radicals and subsequent oxidation of the layer exposed to
the air [29]. This leads to the formation of new oxygen
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FIGURE 1: The water drop contact angle of pristine LDPE (pristine),
plasma-treated LDPE (plasma), LDPE treated with plasma and then
grafted with glycine (Gly), polyethylene glycol (PEG), bovine serum
albumin (BSA), colloidal carbon particles (C), or a combination of
BSA and C (BSA+C).

TABLE 2: Surface free energy (SFE, in mJ-m2) of pristine LDPE,
plasma-treated LDPE (plasma), LDPE treated with plasma and then
grafted with glycine (Gly), polyethylene glycol (PEG), bovine serum
albumin (BSA), colloidal carbon particles (C), or with a combination
of BSA and C (BSA+C). y,4a is the total SFE of the polymer and
consists of nonpolar (y;,,) and polar components (y,p)-

Ytotal Yiw Yas
Pristine 24.54 23.16 1.37
Plasma 28.56 25.01 3.55
Gly 36.20 31.89 4.31
PEG 34.91 5.01 29.90
BSA 26.56 20.28 6.28
C 26.59 19.22 7.37
BSA+C 25.58 12.86 12.72

The values are the mean of 10 to 15 measurements for each experimental
group and were calculated automatically by the Surface Energy Evaluating
System (SEE System, Masaryk University, Brno, Czech Rep.).

structures, for example, carbonyl, carboxyl, and ester groups
[30]. Subsequent grafting of glycine and PEG to the plasma-
activated surface resulted in a further decrease in the contact
angles on these samples. The molecules of Gly and PEG
contain polar groups, which increase the hydrophilicity of the
material surface. However, the presence of BSA and BSA+C
had no significant effect on the wettability of LDPE, because
the contact angles on these samples were comparable with
the values on samples treated only with plasma. Different
behavior was observed in samples after modification with
colloidal C particles. These samples had much lower wet-
tability than the plasma-treated samples. This result is in
accordance with the previous finding by ourselves and by
other authors that carbon-based coatings, for example, with
amorphous diamond-like carbon, graphite or nonfunction-
alized fullerenes, are often hydrophobic (for a review, see
[19]). Nevertheless, the wettability of C-modified LDPE in
this study still remained higher than on pristine LDPE.

The total surface free energy (SFE) of the LDPE sam-
ples was inversely correlated with the water contact angle;
that is, samples with a relatively low contact angle had a
higher total SFE (LDPE grafted with Gly or PEG), while
samples with a high contact angle had lower total SFE
(pristine LDPE, Table 2). In other words, the total SPE was
positively correlated with the hydrophilicity of the material
surface. On all modified samples, the total SFE and its polar
component increased in comparison with pristine LDPE.
Similar differences between pristine and UV light-treated
LDPE were described by O’Connell et al. [31]. The highest
polar component of SFE was found on samples modified with
plasma and subsequently grafted with PEG. This result is
consistent with relatively high hydrophilicity of this sample
(Figure 1), and also with the results obtained by RBS, which
revealed a high concentration of oxygen in PEG-grafted
LDPE (Figure 2). Surprisingly, the increase in the polar
component was relatively small in LDPE grafted with Gly
(Table 2), which exhibited the lowest water drop contact angle
and the highest oxygen concentration at the material surface
(Figures 1 and 2). In addition, the changes in the nonpolar
component were variable. This component increased on
samples modified in plasma or on samples subsequently
grafted with glycin, while on samples grafted with BSA,
C, or BSA+C, this value decreased. Similar variability has
been described on LDPE, UHMWPE, and Sarlink polymers
after treatment with UV light and has been explained by
configuration changes of chemical functional groups at the
material surface during its modification [31].

The concentration depth profile of oxygen modified
LDPE was determined from RBS measurements. The con-
centration of oxygen in a modified layer and the oxygen
depth profile is shown in Figure 2. The highest concentration
of oxygen was found in the surface layers of all modified
substrates. With increasing depth from the surface, the
oxygen concentration decreased, and at a depth of 80 nm
the amount of oxygen was minimal. Most oxygen in the
modified layer was determined on a sample treated by plasma
and grafted with glycine. More oxygen was also detected
on a sample modified with plasma discharge and PEG. A
comparable amount of oxygen was measured on substrates
exposed to plasma or exposed to plasma and subsequently
grafted with BSA or BSA+C. These results, obtained by the
RBS method, are consistent with the results determined by
goniometry, except that the samples grafted with C showed a
similar oxygen content as the samples grafted with BSA and
BSA+C, although their water drop contact angle was higher.

Changes in surface morphology and surface roughness
that occurred due to plasma exposure and the subsequent
grafting process were studied by the AFM method. AFM
scans of pristine and modified samples are shown in Figure 3.
Plasma modification leads to ablation of the surface layer.
Its amorphous phase is ablated preferably [32]. This leads
to enhanced branching of LDPE structures. Subsequent
grafting with glycine and PEG on the plasma modified surface
does not significantly change the surface morphology, but it
slightly increases the surface roughness. Figure 3 shows that
the bonding of carbon particles highlights the fine details
of the structure and also leads to the formation of small
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FIGURE 2: Oxygen concentration in the modified layer and depth
concentration profile of oxygen, determined from RBS measure-
ments, on plasma-treated LDPE (plasma), LDPE treated with
plasma and then grafted with glycine (Gly), polyethylene glycol
(PEG), bovine serum albumin (BSA), colloidal carbon particles (C),
or a combination of BSA and C (BSA+C).

spherical units corresponding to carbon nanoparticles. In the
case of BSA and BSA+C grafting, large cluster formations
that strongly affect the surface roughness were detected, in
agreement with previous observations for BSA published by
Wang et al. [33].

3.2. Initial Adhesion and Subsequent Growth of Cells on Poly-
mer Samples. On the first day of the experiment, the highest
number of initially adhered cells was found on the control
PS dishes (17,100 + 3,300 cells/cm?). The cell numbers on all
LDPE samples showed no statistically significant differences,
when compared with each other (Figure 4(a)). Nevertheless,
the highest average cell number was observed on LDPE
grafted with BSA (10,950 + 1,030 cells/ cm?), while the lowest
number was found on LDPE grafted with PEG (4,770 +
1,400 cells/cm?). This number was even slightly lower than
the value found on pristine LDPE (5,720 + 1,780 cells/cm?).
This result contrasts with our earlier findings on HDPE foils
[18], where the lowest initial cell number was found on the
control PS, and the highest values were found on HDPE
grafted with PEG. This disproportion in the cell behavior
on LDPE and on HDPE could be explained by the different
arrangements of the PEG chains on the surfaces of LDPE and
HDPE samples. It is known that if PEG chains are attached
to a surface only by one end, and dangle on the surface in a
water environment (including cell culture media), this has a
repulsive effect on cell adhesion. Cell adhesion on artificial
materials in vitro is mediated by specific proteins adsorbed
on the material surface from the serum supplement of the
culture medium, mainly fibronectin and vitronectin. This
adsorption is hampered or even disabled on mobile surfaces,
especially if the surface mobility is combined with relatively
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high hydrophilicity, which occurs in PEG due to the presence
of -OH groups in its molecules and which was also proven in
this study (Figure 1). PEG—also known as polyethylene oxide
(PEO), ifits molecular mass is above 20,000—has been widely
used for constructing surfaces that are nonadhesive for cells,
especially those which were designed for the attachment of
oligopeptidic ligands for cell adhesion receptors in defined
types, concentrations, and distributions and which should
prevent uncontrolled protein adsorption and aberrant cell
adhesion [4, 34]; for a review, see [11-13]. PEG can also be
attached to the material surface through several sites on one
chain. In this case, PEG chains are not mobile and can support
the adsorption of cell adhesion-mediating proteins and sub-
sequent cell adhesion and growth [21]; for a review, see [18].
In our experiments, the cell-repulsive effects of PEG probably
prevailed on LDPE, while PEG promoted cell adhesion on
HDPE. This topic needs further investigation, but it can be
supposed that the different behavior of PEG was due to the
different structure of LDPE and HDPE. For example, LDPE
molecules have more branching than HDPE molecules, so
their intermolecular forces are weaker. The tensile strength
of LDPE is lower, but its resilience is higher. Because of
the side branches, LDPE molecules are less tightly packed
and less crystalline than HDPE molecules. All these factors
may lead to different attachment, distribution, and mobility
of PEG chains on LDPE and HDPE surfaces, particularly if
the branched LDPE structure is further enhanced by plasma
treatment, as mentioned previously.

In spite of the relatively low number of initially adhered
cells on PEG-grafted LDPE, the spreading area of cells on
day 1 after seeding on this material (1,527 + 98 um”) was
on an average larger than the areas on the other modified
LDPE samples (which ranged from 1,282 + 49 ym” to 1,361 +
60 um?), significantly larger than the areas on unmodified
LDPE (687 + 57 ymz) and similar to those found on PS
(1,664 + 104 /,tmz; Figure 4(b)). One explanation is that
the cells had more space for spreading due to the lower
number of adhering cells. In any case, the cell spreading
implies that PEG-grafted LDPE surfaces allowed adsorption
of cell adhesion molecules. However, this adsorption may
be nonhomogeneous. On some regions, the cells were well
spread and polygonal, while on other sites, the cells remained
round (Figure 5).

From day 1 to 2 after seeding, the cells on all LDPE-based
samples started to enter the exponential phase of growth and
proliferated with doubling times ranging on an average from
14.1 to 46.1 hours (Table 3), while the cells on polystyrene
dishes remained rather in the lag phase and proliferated
more slowly (doubling time 59.0 hours). As a result, the
statistically significant differences between the LDPE samples
and PS, observed on day 1, disappeared on day 2 after seeding
(Figure 4(c)). Only on LDPE grafted with PEG did the cell
number still remain significantly lower than on PS (10,000 +
1,800 cells/cm? versus 22,700 + 2,300 cells/cm?® on PS).

The cell spreading area on day 2 after seeding was
(similarly as on day 1) significantly larger on all modified
LDPE samples (1,037 + 36 um*-1,714 + 71 ym®) than on
unmodified LDPE (441 + 18 um?®), but at the same time
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FIGURE 3: AFM scans of pristine LDPE (a), plasma-treated LDPE (b), LDPE treated with plasma and grafted with glycine (c), PEG (d), BSA
(e), C (), or BSA+C (g). R, is the surface roughness in nm.
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FIGURE 4: The number (a, ¢, e, and f) and the size of the spreading area (b, d) of rat aortic smooth muscle cells in cultures on nonmodified
LDPE (pristine), on LDPE irradiated with plasma (plasma), on LDPE irradiated with plasma and grafted with glycine (Gly), on polyethylene
glycol (PEG), on bovine serum albumin (BSA), on colloidal carbon particles (C), or on bovine serum albumin and C (BSA+C). A tissue
culture polystyrene dish (PS dish) was used as a reference material. Days 1, 2, 5, and 7 after seeding. Mean + SEM from 3 samples, each
measured 50 times (cell number, Vi-CELL Analyser) or from 119 to 229 cells for each experimental group (spreading area). ANOVA, Student-
Newman-Keuls method. Statistical significance: ** P < 0.05 compared to the value on pristine PE and a polystyrene dish, respectively.
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FIGURE 5: Morphology of rat aortic smooth muscle cells on day 1 after seeding on pristine LDPE (pristine), on a tissue culture polystyrene dish
(PS), on LDPE irradiated with Ar™ plasma (plasma), on LDPE irradiated with plasma and grafted with glycine (Gly), on polyethyleneglycol
(PEG), on bovine serum albumin (BSA), on colloidal carbon particles (C), or on bovine serum albumin and carbon particles (BSA+C).
Cell membrane and cytoplasm stained with Texas Red C,-maleimide (red fluorescence), cell nuclei with Hoechst 33342 (blue fluorescence).
Olympus IX 51 microscope, DP 70 digital camera, obj. 20x, bar = 200 ym.

it was significantly smaller than on PS (2,289 + 149 um?;
Figure 4(d)). Similar results were obtained in our earlier study
performed on cultures on HDPE. The cell spreading areas
of VSMC on HDPE treated with the same modifications as
LDPE in the present study were larger than the spreading
areas of the unmodified polymer. This can be explained by
the increase in oxygen concentration on the surface of the
modified polymer samples, their optimized wettability, and
also changes in their surface roughness and morphology
(Figures 1-3; [18]).

It is known that the size of the spreading area correlates
positively with cell proliferation activity, at least to a certain
extent [35, 36]; for a review, see [11-13]. In accordance with
this, from day 2 to 5 after seeding, the cells on all modified
samples proliferated more quickly (doubling time from 9.4 to
13.6 hours) than the cells on pristine LDPE (doubling time
25.5 hours); see Table 3, Figure 6. On day 5 after seeding,
the cells on the modified LDPE samples (except the samples
grafted with PEG and C) reached a significantly higher cell
population density (59,940 + 4,850-77,530 + 6,460 cells/cm”)
than the cells on pristine LDPE (35,680 + 7,760 cells/ sz)_ On
LDPE grafted with Gly, BSA, or BSA+C, the cell population
densities reached values not significantly different from those
obtained on the PS dishes (100,740 + 10,930 cells/cm?), which
are considered as the “gold standard” for cell cultivation
(Figure 4(e)). The samples grafted with BSA or BSA+C were
covered by almost confluent cell layers (Figure 7). Similar

results were also obtained in our earlier study performed on
HDPE, but the cell population densities on BSA and BSA+C
significantly exceeded the values on the PS dishes [18].

The improved spreading and growth of VSMC on LDPE
irradiated with plasma can be explained by physicochemical
changes in the polymer surface which lead to an increased
oxygen content and increased wettability of the surface. These
surfaces are then more susceptible to adsorption of adhesion-
mediating extracellular matrix proteins, for example, vit-
ronectin, fibronectin, collagen, or laminin, in a near physi-
ological and bioactive conformations, suitable for binding by
the cell adhesion receptors (for a review, see [11-13]).

The reactive sites formed in a polymer when it is exposed
to plasma can be used for grafting various molecules which
further modulate the effects of polymer treatment on cell
adhesion, growth, phenotypic maturation, and functioning.
Glycine, used for grafting the plasma-activated LDPE in this
study, is a component of a well-known ligand for integrin
cell adhesion receptors, that is, Arg-Gly-Asp (RGD), though
Gly alone cannot be bound by these receptors. Nevertheless,
Gly grafting enriches the irradiated polymer surface with
additional oxygen-containing and also amine groups, which
are known to improve the adsorption of cell adhesion-
mediating proteins and cell colonization [16]; for a review, see
[12]. In addition, Gly and PEG slightly increased the size of
the nanoscale irregularities on the polymer surface; that is,
they enhanced the material nanostructure, which has been
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TaBLE 3: Cell population doubling time (hours) of rat aortic smooth muscle cells from day 1 to 2, day 2 to 5, and day 5 to 7 after
seeding on nonmodified LDPE (pristine), LDPE irradiated with plasma (plasma), LDPE irradiated with plasma and grafted with glycine
(Gly), polyethyleneglycol (PEG), bovine serum albumin (BSA), colloidal carbon particles (C), bovine serum albumin and C (BSA+C), and

polystyrene dishes (PS dish).

Material/time interval Pristine Plasma Gly PEG BSA C BSA+C PS dish
Days1-2 14.1 32.0 25.0 225 33.8 17.7 46.1 59.0
Days 2-5 25.5 13.6 11.3 9.4 11.0 15.7 10.8 11.2
Days 5-7 -21.8" 60.3 -33.6" —-45.5" -321" —-66.9" -21.9" 33.0

*Nonproliferating cells.
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FIGURE 6: Growth dynamics of rat aortic smooth muscle cells in
cultures on nonmodified PE (pristine), on PE irradiated with plasma
(plasma), on PE irradiated with plasma and grafted with glycine
(Gly), on polyethyleneglycol (PEG), on bovine serum albumin
(BSA), on colloidal carbon particles (C), or on bovine serum
albumin and C (BSA+C). A tissue culture polystyrene dish (PS dish)
was used as the reference material. Means from three samples for
each experimental group and time interval (each sample measured
50 times).

shown, like surface wettability, to optimize the spectrum and
the geometrical conformations of adsorbed cell adhesion-
mediating molecules (for a review, see [12]).

Albumin, a protein that is nonadhesive for cells, has
been used for constructing cell-repulsive surfaces. From this
point of view, our result that albumin grafting improved the
colonization of LDPE with cells might be surprising. How-
ever, albumin preadsorbed on the material surfaces improved
the geometrical conformation of the cell adhesion-mediating
molecules, for example, fibronectin and vitronectin, and their
accessibility for cell adhesion receptors [37, 38]; for a review,
see [12, 18]. In addition, BSA grafted on the LDPE formed
nanosized (i.e., smaller than 100 nm) and submicron-sized

(i.e., smaller than 1um) cluster structures (Figure 3). Irreg-
ularities of this size are believed to promote the adsorption
of cell adhesion-mediating molecules in a more physiological
conformation than the conventional flat surfaces, and this
markedly improves the adhesion and further functioning of
the cells [39, 40].

From day 5 to 7 after seeding, the cells on most mod-
ified LDPE samples stopped proliferating (i.e., entered the
stationary phase of growth), and they even decreased in
number. Cell proliferation continued only on the polystyrene
dishes and on the plasma-irradiated LDPE (Figure 6, Table 3).
On all LDPE samples, the final cell population density was
significantly lower than on the PS dishes (Figure 4(f)).
However, the cell proliferation on all modified HDPE samples
in our earlier study continued from day 5 to 7, and the final cell
population density on these samples was similar to or even
higher than on the PS dishes [18].

Thus, the positive effects of plasma treatment and subse-
quent grafting on the adhesion and growth of VSMC were
more apparent in HDPE than in LDPE. Analogous results
were obtained when a terpolymer of polytetrafluoroethylene,
polyvinyldifluoride and polypropylene (PTFE/PVDE/PP),
and polysulfone (PSU) was mixed with carbon nanotubes.
The addition of nanotubes significantly improved the adhe-
sion and growth of human osteoblast-like MG 63 cells on the
terpolymer, while this effect was much less apparent on PSU.
This difference was explained by the high hydrophobicity of
pristine PTFE/PVDF/PP (water drop contact angle ~100°),
while the pristine PSU was more hydrophilic (contact angle
~85°%). In addition, PSU contains bioactive sulphone groups,
which can also mediate the positive effects of this polymer
on cell adhesion. Sulphonated polystyrene promoted the
adsorption of fibronectin in an advantageous geometrical
conformation for cell adhesion [41]. Thus, pristine PSU is
more suitable for cell colonization, and thus the cells were
less sensitive to the modifications, further improving the cell
adhesion and growth (for a review, see [42]). However, in our
studies, both LDPE and HDPE were relatively hydrophobic,
having a similar water drop contact angle of 98.6 + 1.90° and
102.5 + 2.31°, respectively. Thus, the different sensitivity of
cells to modifications of LDPE and HDPE may be due to
other differences in the physical and chemical properties of
these polymers (see above), for example, differences in chain
branching, tensile strength, resilience, crystallinity, packing
density, and so forth. A further investigation of this topic is
needed.
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FIGURE 7: Morphology of rat aortic smooth muscle cells on day 5 after seeding on pristine LDPE (pristine), on a tissue culture polystyrene dish
(PS), on LDPE irradiated with Ar" plasma (plasma), on LDPE irradiated with plasma and grafted with glycine (Gly), on polyethyleneglycol
(PEG), on bovine serum albumin (BSA), on colloidal carbon particles (C), or on bovine serum albumin and carbon particles (BSA+C). Cell
membrane and cytoplasm stained with Texas Red C,-maleimide (red fluorescence), cell nuclei with Hoechst mumber 33342 (blue to white
fluorescence). Olympus IX 51 microscope, DP 70 digital camera, obj. 20x, bar = 200 ym.

3.3. Distribution and Concentration of Molecular Markers
of Cell Adhesion and Phenotypic Maturation. Immunoflu-
orescence staining showed that the cells on all modified
LDPE samples had better developed focal adhesion plaques
containing talin and vinculin than the cells on pristine LDPE
samples (Figure 8). This result correlates well with the size
of the cell spreading area, which was generally larger on all
modified samples than on pristine LDPE.

ELISA revealed that the concentration of talin in cells
on LDPE modified with plasma, or plasma with subsequent
grafting of Gly or PEG, was significantly higher than in
cells on pristine LDPE. The concentration of vinculin, which
stabilizes focal adhesion plaques (for a review, see [12]), was
also higher in cells on LDPE grafted with Gly or PEG (Fig-
ure 9). In accordance with these findings, the cells on LDPE
modified with plasma, Gly, and particularly PEG achieved on
an average the largest cell spreading areas (Figures 4(b) and
4(d)).

However, the concentration of paxillin (i.e., another
protein of focal adhesion plaques) was lower in cells on LDPE
modified with plasma, Gly, PEG, and BSA+C than in cells on
pristine LDPE (Figure 9). Only in cells on LDPE modified
with BSA or C the concentration of paxillin was similar as
in the cells on pristine polymer. This result corresponded,
at least partly, with immunofluorescence staining of paxillin
(Figure 10). In cells on LDPE modified with plasma, Gly, or
PEG, the paxillin-containing focal adhesions were equally

developed or even worse developed than in cells on pris-
tine LDPE, while the paxillin focal adhesions on polymer
modified with BSA or C were similarly developed or better
developed than in cells on pristine LDPE. Only in cells on
BSA+C the paxillin-containing focal adhesions were well-
developed, though the concentration of paxillin in these cells
was relatively low (Figures 9 and 10). In this context, it
should be pointed out that the ELISA method used in our
study measured the total number of focal adhesion molecules
in the cells, and not only the molecules located in focal
adhesion plaques. A more exact method might be to extract
the cytosolic fraction of the focal adhesion proteins (i.e., not
bound in the focal adhesion plaques) by detergents [43] or
to use antibodies against phosphorylated antigens. It can be
supposed that phosphorylated paxillin (i.e., activated paxillin
exerting its function in cell adhesion) is located in the focal
adhesion plaques, while in the cytosolic fraction, nonactive
paxillin is not phosphorylated [44-46].

Alpha-actinin is associated with both focal adhesion
plaques and the actin cytoskeleton, in which it acts as a
crosslinker and stabilizer of the contractile apparatus [47, 48].
In cells on the modified LDPE samples and on PS, its concen-
tration was usually similar to that in cells on pristine LDPE
(Figure 9). Only in cells on plasma-irradiated LDPE the con-
centration of a-actinin was significantly lower. From the cells
on all modified samples, only the cells on plasma-modified
LDPE continued their proliferation from day 5 to 7 (Figure 6,
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FIGURE 8: Immunofluorescence of talin, an integrin-associated protein of focal adhesion plaques, in rat aortic smooth muscle cells on day
4 after seeding on a microscopic glass coverslip (glass), on pristine LDPE (pristine), on LDPE irradiated with plasma (plasma), on LDPE
irradiated with Ar" plasma and grafted with glycine (Gly), on polyethylene glycol (PEG), on bovine serum albumin (BSA), on colloidal
carbon particles (C), and on bovine serum albumin with C (BSA+C). Olympus IX 51 microscope, DP 70 digital camera, obj. 100x, bar =

20 pm.

Table 3). Thus, the decreased concentration of a-actinin may
be a sign of certain instability of the actin cytoskeleton,
which is reorganized during cell division. This presumption
is further supported by the immunofluorescence staining
pattern of a-actinin. In cells on plasma-modified LDPE, the
structures containing «-actinin are relatively short and are
located predominantly at the cell periphery, while in the cells
on the other samples, the «-actinin-containing structures
are long, filament like, often running in parallel through the
entire cell (Figure 11).

VSMCs exist in two basic phenotypes, referred to as
contractile and synthetic. The contractile phenotype occurs
in mature healthy blood vessels and is characterized by
the presence of desmin, that is, a protein of intermedi-
ate filaments, muscle type of tropomyosin, T-troponin, h-
caldesmon, hl-calponin, and metavinculin, and particularly
by contractile proteins a-actin and SM1 and SM2 isoforms of
myosin. On the other hand, the synthetic phenotype is char-
acterized by the accumulation of cell organelles involved in
proteosynthesis, such as endoplasmic reticulum, ribosomes
or Golgi complex, and predominance of 3- and y-isoforms
of actin and nonmuscle myosin. This phenotype occurs
physiologically in immature blood vessels under develop-
ment, pathologically in diseased blood vessels, for example,
during atherosclerosis and hypertension, and artificially after
disintegration of the vascular wall and seeding VSMC in vitro
(for a review, see [48]). However, the synthetic phenotype

of VSMC in vitro can be reversed, at least partly, to the
contractile phenotype by appropriate cell culture conditions,
such as the use of serum-free media, dynamic stimulation of
VSMC, and particularly the physical and chemical properties
of the adhesion substrate. In cells on our materials, the
distribution and concentration of a-actin or SM1 and SM2
myosins were therefore evaluated as markers of phenotypic
maturation of VSMGC, that is, their transition toward a more
differentiated contractile phenotype.

We found that a-actin formed thick and brightly stained
filament bundles in cells on all samples, including pristine
LDPE (Figure 12), while bundles containing SM1 and SM2
myosins were more apparent in cells on modified LDPE than
on pristine LDPE (Figure 13). However, as revealed by ELISA,
the concentration of a-actin and SMI and SM2 myosins was
significantly higher only in cells on LDPE grafted with BSA
and BSA+C, respectively, compared to cells on pristine LDPE
(Figure 9). The cells on the samples grafted with BSA or
BSA+C had a relatively high cell population density on day
5 after seeding, approaching the value found on cell culture
PS, and reached confluence. In addition, these cells had
relatively large spreading areas and well-developed talin- and
vinculin-containing focal adhesion plaques (Figures 4(b),
4(d), and 8). These factors, that is, good cell-cell adhesion in
confluent cultures together with good cell-matrix adhesion,
are associated with cell differentiation (for a review, see [11-
13]). At the same time, the concentration of 3-actin, that is,
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FIGURE 9: Concentration of focal adhesion, cytoskeletal, and contractile proteins in rat aortic smooth muscle cells in 7-day-old cultures on
pristine PE (pristine), on PE activated with plasma (plasma), on PE grafted with glycine (Gly), on polyethylene glycol (PEG), on bovine serum
albumin (BSA), on colloidal carbon particles (C), or on BSA with C (BSA+C), and on a tissue culture polystyrene dish (PS dish). Measured
by ELISA per mg of protein. Means + SEM from three to seven experiments, each performed in duplicate or in triplicate. Absorbance values
were normalized to the values obtained in cell samples from pristine PE, that is, given as a percentage of the values on pristine PE. ANOVA,
statistical significance: **P < 0.05 compared to the value on pristine PE (Student-Newman Keuls method and Dunnetts posttest, resp.).
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Pristine

Plasma

BSA+C

FIGURE 10: Immunofluorescence of paxillin, an integrin-associated protein of focal adhesion plaques, in rat aortic smooth muscle cells on
day 4 after seeding on a microscopic glass coverslip (glass), on pristine LDPE (pristine), on LDPE irradiated with plasma (plasma), on LDPE
irradiated with Ar" plasma and grafted with glycine (Gly), on polyethylene glycol (PEG), on bovine serum albumin (BSA), on colloidal carbon
particles (C), and on bovine serum albumin with C (BSA+C). Olympus IX 51 microscope, DP 70 digital camera, obj. 100x, bar = 20 ym.

Pristine

Plasma

FIGURE 11: Immunofluorescence of a-actinin, a protein associated with both focal adhesion plaques and the actin cytoskeleton, in rat aortic
smooth muscle cells on day 4 after seeding on a microscopic glass coverslip (glass), on pristine LDPE (pristine), on LDPE irradiated with
plasma (plasma), on LDPE irradiated with Ar* plasma and grafted with glycine (Gly), on polyethylene glycol (PEG), on bovine serum albumin
(BSA), on colloidal carbon particles (C), and on bovine serum albumin with C (BSA+C). Olympus IX 51 microscope, DP 70 digital camera,
obj. 100x, bar = 20 ym.
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Pristine

FIGURE 12: Immunofluorescence of contractile protein a-actin in rat aortic smooth muscle cells on day 4 after seeding on a microscopic glass
coverslip (glass), on pristine LDPE (pristine), on LDPE irradiated with plasma (plasma), on LDPE irradiated with Ar" plasma and grafted
with glycine (Gly), on polyethylene glycol (PEG), on bovine serum albumin (BSA), on colloidal carbon particles (C), and on bovine serum
albumin with C (BSA+C). Olympus IX 51 microscope, DP 70 digital camera, obj. 100x, bar = 20 ym.

Pristine

Plasma

FIGURE 13: Immunofluorescence of contractile proteins SM1 and SM2 myosins in rat aortic smooth muscle cells on day 4 after seeding on
a microscopic glass coverslip (glass), on pristine LDPE (Pristine), on LDPE irradiated with plasma (plasma), on LDPE irradiated with Ar"
plasma and grafted with glycine (Gly), on polyethylene glycol (PEG), on bovine serum albumin (BSA), on colloidal carbon particles (C), and
on bovine serum albumin with C (BSA+C). Olympus IX 51 microscope, DP 70 digital camera, obj. 100x, bar = 20 ym.
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an actin isoform nonspecific for VSMC and also present in
nonmuscle cell types, was similar in the cells on all tested
samples (Figure 9).

Taken together, like the changes in cell number and in
spreading area, the changes in the concentration of molecular
markers of the adhesion and maturation of VSMC were also
generally less apparent on LDPE than on HDPE, after the
same modifications of the two polymers (for comparison,
see [18]). LDPE grafted with Gly or PEG supported mainly
the cell spreading and formation of talin- and vinculin-
containing focal adhesion plaques, while the functionaliza-
tion of LDPE with BSA or BSA+C tended to promote the
growth of VSMC to high population densities and their
phenotypic maturation, manifested by a higher concentration
of a-actin and SM1 and SM2 myosins.

4. Conclusion and Further Perspectives

Modifications of LDPE samples with an Ar* plasma discharge
and subsequent grafting with glycine, PEG, BSA, C particles,
and BSA with C particles improved the colonization of LDPE
with VSMC. Grafting with glycine or PEG mainly increased
the cell spreading and the concentration of focal adhesion
proteins talin and vinculin, which could be attributed to
the relatively high oxygen content and wettability of these
samples. Grafting LDPE with BSA and BSA+C supported the
growth of VSMC to confluence and increased the concentra-
tion of a-actin and myosins (SM1and SM2) in these cells. This
could be explained by an enhanced nano- and submicron-
scale structure and also by the wettability of the samples.
Thus, the plasma treatment and grafting with bioactive
substances used in this study improved the adhesion, growth,
and phenotypic maturation of VSMC, though these changes
were less pronounced than those observed on HDPE in our
earlier study [18]. Nevertheless, the polymer modifications
developed in this study have a potential for creating a
bioartificial vascular wall with reconstructed tunica media.
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Abstract: Cell colonization of synthetic polymers can be regulated by physical and
chemical modifications of the polymer surface. High-density and low-density polyethylene
(HDPE and LDPE) were therefore activated with Ar” plasma and grafted with fibronectin
(Fn) or bovine serum albumin (BSA). The water drop contact angle usually decreased on
the plasma-treated samples, due to the formation of oxidized groups, and this decrease was
inversely related to the plasma exposure time (50-300 s). The presence of nitrogen and
sulfur on the polymer surface, revealed by X-ray photoelectron spectroscopy (XPS), and
also by immunofluorescence staining, showed that Fn and BSA were bound to this surface,
particularly to HDPE. Plasma modification and grafting with Fn and BSA increased the
nanoscale surface roughness of the polymer. This was mainly manifested on HDPE.
Plasma treatment and grafting with Fn or BSA improved the adhesion and growth of
vascular smooth muscle cells in a serum-supplemented medium. The final cell population
densities on day 6 after seeding were on an average higher on LDPE than on HDPE. In a
serum-free medium, BSA grafted to the polymer surface hampered cell adhesion. Thus, the
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cell behavior on polyethylene can be modulated by its type, intensity of plasma
modification, grafting with biomolecules, and composition of the culture medium.

Keywords: plasma treatment; biocompatibility; bioactivity; wettability; nanoscale surface
roughness; albumin; fibronectin; cell spreading area; tissue engineering

1. Introduction

The use of artificial materials in medicine and biology has become very important, especially their
application as substitutes for damaged tissues and organs, or as carriers for drug or gene delivery [1-4].
These materials have to be biocompatible, i.e., they have to match the mechanical properties of the
replaced tissue, and not act as cytotoxic, mutagenic or immunogenic. For specific applications,
biocompatible materials can behave as bioinert and not as promoting cell adhesion and growth. For
example, materials of these types have been applied in the construction of artificial eye lenses [5] or in
the articular surfaces of joint prostheses [6], which are implants requiring transparency or smoothness,
and are thus completely cell-free surfaces. Bioinert materials have also been used for fabricating
polymeric vascular prostheses in order to prevent the adhesion and activation of thrombocytes and
immunocompetent cells on the inner surface of these grafts [7].

However, adhesion, spreading, growth and phenotypic maturation of cells are required for
constructing advanced bioartificial tissue replacements, including replacements for blood vessels or for
bone. In these replacements, the artificial materials should act as analogs of the natural extracellular
matrix, and thus they should support regeneration of the damaged tissue. For example, in vascular
tissue engineering, this means that the material should enable reconstruction of the tunica intima,
formed by a confluent layer of endothelial cells, and also reconstruction of the tunica media, which
contain vascular smooth muscle cells. For these purposes, advanced artificial materials should not just
be passively tolerated by the cells, but should act as bioactive or biomimetic, which means that they
induce the required cell responses in a controllable manner (for a review, see [8,9]).

It is generally known that the cell-material interaction is strongly dependent on the physical and
chemical properties of the material surface, such as wettability, roughness and topography, or the
presence of various chemical functional groups and biomolecules. From this point of view, the
surfaces of most materials currently used for constructing tissue replacements are not optimal for
integrating with the surrounding tissues, and need further modification in order to improve their
physicochemical surface properties and thus enhance the cell colonization and new tissue formation
(for a review, see [3,4]). A typical example is provided by synthetic polymers (polyethylene,
polypropylene, polystyrene, polyethyleneterephthalate or polytetrafluoroethylene), which are
biomaterials widely used in various biotechnologies, including cell cultivation and construction of
tissue replacements. In their non-treated state, however, some materials usually form inadequate
scaffolds for cell colonization, often due to their relatively high hydrophobicity (water drop contact
angle in the range of about 90-120°). These materials can be rendered more hydrophilic by several
techniques, particularly by irradiation with ultraviolet (UV) light [10], an ion beam [11-13] or
exposure to plasma discharge [14—16]. In addition to the changes in surface wettability, these
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treatments also affect the roughness, morphology, electrical conductivity, stability, mechanical
properties and chemical composition of the material surface. A common feature of irradiation with UV
light, ion beam or plasma treatment is splitting of the bonds within the polymer molecules, which
results in the creation of free radicals, double bonds and new functional groups (especially
oxygen-containing groups) on the polymer surface. Oxidized groups increase the wettability of
polymers, and this supports the adsorption of cell adhesion-mediating extracellular matrix (ECM)
molecules in an appropriate spatial conformation, increasing the accessibility of specific sites in these
molecules for cell adhesion receptors. Free radicals and unsaturated bonds can then be used for
functionalizing the material surface with various biomolecules, e.g., grafting amino acids, oligopeptides
or protein molecules, which can also influence (mediate or attenuate) the cell adhesion and growth (for
a review, see [3,4]). This grafting occurs spontaneously after exposure of the irradiated material to
biological environments, including biological fluids such as blood, intercellular liquid or cell culture media.

Polyethylene has been used in several tissue engineering applications. For example, composites of
HDPE with hydroxyapatite [17] or tricalcium phosphate [18] have been developed for the construction
of bone replacements, composites of HDPE with graphite for the construction of joint
replacements [19], and copolymers of HDPE with hyaluronan for the reconstruction of osteochondral
defects [20]. HDPE was also clinically applied for calvarial reconstruction [21]. LDPE is used for
producing intravascular catheters for arteriography and angioplasty, due to its advantageous
mechanical properties, such as elasticity and flexibility [22].

In our study, two types of polyethylene, namely high density polyethylene (HDPE) and low density
polyethylene (LDPE), were modified by Ar’ plasma discharge of various exposure times (50, 100 and
300 s), and were subsequently exposed to solutions of two important components of fetal serum,
namely fibronectin (Fn) and bovine serum albumin (BSA). We expected the biomolecules from these
fluids to graft spontaneously to the plasma-activated polyethylene and to influence cell adhesion and
growth, which were studied using rat vascular smooth muscle cells in cultures on these materials.
Polyethylene was chosen as a model material for studies of cell-material interaction, due to its easy
availability and particularly its relatively simple molecule, consisting only of carbon and hydrogen,
which enables clear and reproducible results to be obtained. A comparison was also made for the cell
behavior on HDPE and LDPE.

2. Results and Discussion
2.1. Physical and Chemical Properties of the Polyethylene Samples

2.1.1. Surface Wettability

The water drop contact angle decreased after plasma modification of the polymers, which means
that the surface wettability increased (Figure 1). The highest decrease in the contact angle was
observed on samples irradiated for 50 s, and as the exposure time was prolonged the decrease was less
apparent. On HDPE irradiated for 300 s, the contact angle even increased (Figure 1A). A similar
observation on HDPE was published earlier, and can be explained by the different rearrangement of
HDPE after plasma irradiation in comparison with LDPE [23]. It is generally known that the increase
in wettability is due to the formation of new oxidized groups on the polymer surface after plasma
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modification [4,24]. However, surface wettability is also associated with rearrangement of the surface
structure, mainly of the oxidized groups, during the aging period of the polymer after plasma exposure.
During this period, the oxidized groups are reoriented from the surface to the inside of the polymer.
This causes an increase in the contact angle, though in most cases the contact angle of a modified
polymer after the aging period still remains lower than the contact angle of the non-treated polymer.
The rearrangement of the oxidized groups during aging is influenced by the degree of crosslinking of
the polymer structure and the time of plasma modification. A less crosslinked structure and longer
modification times lead to greater mobility of these groups. The structure of HDPE is less crosslinked
than the structure of LDPE, probably due to the fact that HDPE molecules are more linear and less
branched than LDPE molecules, and these differences are further enhanced by plasma irradiation.
Thus, the less crosslinked structure of HDPE and relatively long plasma irradiation (300 s) led to
higher rotation of the oxidized groups into the polymer, their burrowing into the polymer, their lower
exposure on the polymer surface, and thus to lower wettability of the polymer, manifested by a
relatively high contact angle (119°), which became even higher than on non-treated HDPE. Moreover,
the lesser branching of HDPE creates less opportunity for oxidized groups to occur on this polymer,
which might be another important factor influencing the contact angle.

Figure 1. Water drop contact angle on (A) HDPE; and (B) LDPE in non-treated form (N),
treated with plasma for 50, 100 or 300 s (Plasma), and subsequently grafted with
fibronectin (FNn) or bovine serum albumin (BSA). Mean + S.D. from 30 measurements
performed on 3 samples (10 measurements on each).
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Subsequent grafting of Fn or BSA onto the plasma-activated polymer surface usually resulted in a
further decrease in the contact angle. This phenomenon was well apparent, particularly on HDPE and
LDPE irradiated with plasma for 100 and 300 s. The increase in surface wettability could be explained
by the polar groups present in fibronectin and albumin molecules, oxygen-containing and amine
groups. However, on the polymers irradiated for 50 s, the presence of BSA and Fn on an HDPE
surface and BSA on an LDPE surface did not have significant effects on the surface wettability, as
indicated by the contact angles on these polymers, which were comparable with the values on the
samples treated only with plasma. Similar results for BSA on HDPE and LDPE have been published
earlier [25,26]. In these studies focused on grafting bioactive substances onto HDPE and LDPE
surfaces, only glycin and polyethylene glycol further decreased the contact angle on the
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plasma-irradiated polymers, while the contact angle remained similar after grafting of BSA, colloidal
carbon particles and a combination of BSA and these particles. Similarly, in the present study, grafting
the plasma-treated PE with Fn was more efficient in decreasing the contact angle than grafting with
BSA, except in the case of HDPE irradiated for 50 s.

2.1.2. XPS Analysis and Immunofluorescence Staining of Grafted Biomolecules

Fibronectin and albumin are proteins which contain nitrogen and disulfide bonds [27,28]. The
presence of these biomolecules on the PE surface was therefore tested using X-ray photoelectron
spectroscopy analysis (XPS) by determining the concentration of nitrogen and sulfur on the polymer
surface. XPS also determined the concentration of oxygen as evidence that oxidized polar groups were
formed after plasma irradiation.

XPS analysis showed that the concentration of nitrogen was significantly higher on HDPE and
LDPE activated with plasma and subsequently grafted with Fn and BSA than on samples only treated
with plasma (Table 1). The nitrogen found in a low amount on the plasma-treated samples was
probably bound from the ambient atmosphere after plasma exposure. In addition, sulfur was
determined on the samples grafted with Fn and BSA. Due to the higher presence of nitrogen and sulfur
on the grafted samples than on the only plasma-treated samples, we can conclude that fibronectin and
albumin were successfully bound on the plasma-treated polymer surface. XPS also indicates that the
concentration of oxygen increased after the polymer was exposed to plasma, and this led to a decline in
the contact angle (Figure 1). The higher concentration of oxygen on the irradiated samples than on the
non-treated samples indicated the formation of newly oxidized polar groups after plasma modification.

Table 1. Concentration (in at. %) of carbon (C), oxygen (O), nitrogen (N) and sulfur (S),
determined by XPS analysis, on HDPE and LDPE treated with plasma for 50 s (50), and
subsequently grafted with fibronectin (Fn) and bovine serum albumin (BSA). Mean from
three measurements for each experimental group; the measurement error did not exceed 5%.

Material/ HDPE LDPE
Modification C (at. %) O (at.%) N(at.%) S(at%) C(at.%) O(at.%) N(at%) S (at. %)
50 82.2 142 25 0 83.0 14.8 15 0
50 Fn 72.9 202 6.7 0.2 82.2 13.6 g Atlimitof
detection
50 BSA 74.4 153 9.9 0.4 72.7 153 10.9 0.4

The presence of fibronectin and albumin was also tested by immunofluorescence staining
(Figure 2). The resultant fluorescence intensity was presented as the difference between the
fluorescence intensity measured on samples treated with both primary and secondary antibodies and on
samples treated with the secondary antibody only (i.e., the staining control). On HDPE and on LDPE
grafted with Fn or BSA, the fluorescence intensity reached high positive values, indicating the
presence of Fn and BSA on the polymer surface. By contrast, the fluorescence intensity had negative
values on the non-treated polymers [Figure 2(A,B)]. This was probably due to non-specific binding of
the secondary antibody to the polymer surface, because the fluorescence intensity of the staining
control, i.e., the sample incubated only in the secondary antibody, was higher than the fluorescence
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intensity after staining the non-treated polymer with both primary and secondary antibodies (Figure 2C).
The non-specific binding of the secondary antibody on samples grafted with Fn and BSA was
significantly reduced due to the presence of these biomolecules. In this context it should be pointed out
that in studies using immunocytochemical methods, BSA [25,26,29], the whole blood serum [30] or
solutions of other biomolecules, e.g., gelatin [12] are commonly used for blocking non-specific
binding sites for antibodies. In addition, the fluorescence intensity on HDPE grafted with Fn or BSA
was higher than on LDPE, which showed that Fn and BSA were grafted in a higher concentration on
the HDPE surface than on LDPE [Figure 2(A,B)].

Figure 2. Immunofluorescence staining of (A) fibronectin; and (B) albumin and their
microphotographs (C) on HDPE (H) and LDPE (L), in non-treated form (N), treated with
plasma for 50 s and subsequently grafted with fibronectin (50 Fn) or bovine serum albumin
(50 BSA). Olympus IX 51 microscope, obj. 10x, DP 70 digital camera. The measurements
were performed at the same exposure time for all experimental groups (1.2 s).
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2.1.3. Surface Roughness and Morphology

Changes in surface roughness and morphology after plasma exposure and grafting with biomolecules
were studied by the Atomic Force Microscopy (AFM) method (Figure 3, Table 2). Plasma treatment
led to ablation of the surface layer [23], which increased the nanoscale surface roughness in proportion
to the exposure time. These events were more apparent on HDPE than on LDPE, and could be
explained by the different structure of the two polymers. For example, LDPE is more crosslinked than
HDPE, and thus it could be more resistant to ablation. In our earlier study, plasma treatment of PE for
400 s resulted in the removal of a surface layer of HDPE that was about 1 um in thickness, but of a
layer of LDPE that was only 0.6 pm in thickness [23].

Figure 3. AFM images of HDPE (H) and LDPE (L) in non-treated form (N), treated in plasma
for 50 s, and subsequently grafted with fibronectin (Fn) or bovine serum albumin (BSA).
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Table 2. The mean surface roughness values (R,) of LDPE and HDPE in non-treated form
(N), treated in plasma for 50, 100 or 300 s (50, 100, 300), and subsequently grafted with
fibronectin (Fn) or albumin (BSA).

Sample HDPE LDPE
N 6.1 5.0
50 7.4 4.7
50 Fn 10.4 5.5
50 BSA 6.9 5.4
100 8.4 6.7
100 Fn 11.7 4.6
100 BSA 9.4 4.7
300 11.5 6.6
300 Fn 12.0 5.6
300 BSA 7.8 4.6

In addition, the surface morphology of both types of PE was changed after plasma modification. A
lamellar structure appeared on the polymer surface, perhaps due to the different ablation rate of the
amorphous and crystalline phases. The amorphous phase is ablated preferentially [23,31]. The
newly created lamellar structure was more apparent on the HDPE surface, while the LDPE surface
appeared to be ablated more uniformly (homogeneously). The reason could be a higher proportion of
the crystalline phase in HDPE, while the amorphous phase prevails in LDPE [23].

Subsequent grafting with Fn or BSA further changed the surface roughness (see Table 2) and the
morphology of PE. Grafting with Fn strongly increased the surface roughness of HDPE, while BSA
did not significantly increase, or even reduced, the surface roughness of the plasma-treated surface,
although this roughness still remained higher than on the non-treated polymer. The lamellar structure
was less apparent on the grafted surface than on the only-treated HDPE surface. Grafting LDPE with
Fn or BSA produced rather small and non-significant changes in surface roughness and morphology.
On LDPE irradiated for 100 or 300 s, both Fn and BSA showed a tendency to smoothen the material
surface (Figure 3).

2.2. Cell Adhesion and Growth

2.2.1. Cell Adhesion and Growth on LDPE and HDPE Samples in a Standard
Serum-supplemented Medium

The proliferation of cells in DMEM with fetal bovine serum (FBS) had in general a growing
tendency. On day 2 after seeding, there were similar numbers of initially adhered cells on the control
polystyrene, on the samples exposed to a plasma discharge, and on all Fn-grafted and BSA-grafted
samples (Figure 4). This cell behavior was observed on both LDPE and HDPE, and could be explained
by a masking effect of the serum in the culture medium, i.e., secondary adsorption of serum
components influencing cell adhesion, particularly vitronectin, fibronectin and albumin on the
samples, which occurs within a few minutes after these substrates are exposed to the culture medium
(for a review, see [3.4,9]). Significant differences were found only between the non-treated
samples and some modified samples, usually with the exception of the BSA-grafted samples
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[Figure 4(A,B,D-F)], and in two cases also with the exception of the samples only irradiated with
plasma [Figure 4(B,D)].

Figure 4. Growth curves
serum-supplemented medium on HDPE (A-C) or LDPE (D-F) in non-treated form (N),
treated with plasma for 50, 100 or 300 s (50, 100, 300), and subsequently grafted with
fibronectin (Fn) or bovine serum albumin (BSA). A standard cell culture polystyrene dish
(PS) was used as a reference material. Mean = S.E.M. from 20 measurements on
microphotographs (day 2 and 4) or 200 measurements on a ViCell XR Analyser (Beckman
Coulter, Brea, CA, USA) (day 6). ANOVA, Student-Newman—Keuls Method. Statistical
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From day 2 to day 4 after seeding, the cells on all modified PE samples showed an intense
increase in their growth, while the cell growth on the non-treated PE samples was stagnant. As a result,
the cell numbers on all modified samples on day 4 were significantly higher than the values on the
non-treated samples. However, the differences among the groups of modified samples still remained
non-significant (Figure 4).

From day 4 to day 6 after seeding, the cells on most of the HDPE samples reached confluence,
slowed down their proliferation and entered the stationary growth phase, i.e., their number did not
increase as rapidly as between day 2 and day 4, and on some samples the number even decreased. By
contrast, the cells on the LDPE samples usually continued their growth, and thus reached on an
average higher final cell population densities. On day 6 after seeding, these densities ranged from
about 78,000 to 111,000 cells:cm 2 on LDPE, while there were only 43,000 to 79,000 cells-cm ™2 on
HDPE (Figure 4).

Particularly the cells on the BSA-grafted LDPE samples continued their exponential growth, and on
day 6 after seeding their population densities were among the highest values reached on these samples,
especially on LDPE activated with plasma for 300 s (Figure 4F). These results can be considered as
surprising, because albumin is known as a cell non-adhesive molecule [32], which has been used for
creating bioinert cell-free surfaces, applicable e.g., in blood-contacting devices [33,34]. In our study,
the non-adhesive properties of albumin are slightly reflected by the relatively low numbers of initially
adhered cells on the BSA-grafted samples, which often did not differ significantly from the values on
the non-treated polyethylene (Figure 4). Nevertheless, the cell spreading areas were mostly larger than
in the cells on non-treated samples, and usually not significantly smaller than on the control
polystyrene dishes, except BSA-grafted HDPE treated with plasma for 100 s (Figures 5-7). Albumin
has been reported to promote adsorption of ECM molecules, e.g., vitronectin and fibronectin, in
advantageous spatial conformations, supporting the accessibility of these molecules by cell adhesion
receptors (for a review, see [25]). These molecules cannot only be adsorbed over the albumin from the
serum of the culture medium, but are also synthesized and deposited by VSMC themselves [35],
especially at later culture intervals. This may account for the relatively high proliferation activity of the
cells on BSA-grafted PE (Figure 4).

As for the non-treated HDPE and LDPE samples, the cell number increased from day 4 to 6 on
these materials (Figure 4). However, the maximum population densities on these polymers still
remained significantly lower (from about 24,000 to 29,000 cells-cm ) than on the modified samples
(from 43,000 to 111,000 cells-cm ™).

In accordance with the weak cell proliferation on non-treated PE, the visualization of the cells on
day 2 also showed a lower size of the cell spreading area on non-treated PE than on the modified
samples (Figures 5-7). This insufficient cell spreading can be explained by the relatively high
hydrophobicity of non-treated HDPE and LDPE. It is known that, on highly hydrophobic surfaces, the
cell adhesion-mediating proteins, e.g., fibronectin and vitronectin, present in the serum of the culture
medium, are adsorbed in rigid, non-physiological and denatured form, less appropriate for binding the
specific sites in the protein molecules by the cell adhesion receptors (for a review, see [3,4,9]). By
contrast, the modified polymers were more hydrophilic, with an enhanced nanostructure or grafted
with biomolecules. As mentioned above, BSA supports the adsorption of cell adhesion-mediating
molecules in a near-physiological conformation, appropriate for binding to the cell adhesion receptors.
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In addition, the fibronectin grafted on some samples provided the possibility for direct binding of the
cells, e.g., through specific RGD-containing amino acid sequences in the Fn molecules [28].

Figure 5. Morphology of rat aortic smooth muscle cells in two-day-old cultures in a
serum-supplemented medium on HDPE in non-treated form (N), treated with plasma for
50, 100 or 300 s (50, 100, 300), and subsequently grafted with fibronectin (Fn) or bovine
serum albumin (BSA). A standard cell culture polystyrene dish (PS) was used as a
reference material. Cells stained with Texas Red C,-Maleimide and Hoechst #33342.
Olympus IX 51 microscope, obj. 20, DP 70 digital camera, bar 200 um or 100 pm

(Fn-grafted samples).
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Figure 6. Morphology of rat aortic smooth muscle cells in two-day-old cultures in a
serum-supplemented medium on LDPE in non-treated form (N), treated with plasma for
50, 100 or 300 s (50, 100, 300), and subsequently grafted with fibronectin (Fn) or bovine
serum albumin (BSA). A standard cell culture polystyrene dish (PS) was used as a
reference material. Cells stained with Texas Red C,-Maleimide and Hoechst #33342.
Olympus IX 51 microscope, obj. 20, DP 70 digital camera, bar 200 pm or 100 um

(Fn-grafted samples).
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Figure 7. The size of the cell spreading area of rat aortic smooth muscle cells in two-day-old
cultures in a serum-supplemented medium on (A) HDPE; or (B) LDPE in non-treated form
(N), treated with plasma for 50, 100 or 300 s, and subsequently grafted with fibronectin
(Fn) or bovine serum albumin (BSA). A standard cell culture polystyrene dish (PS) was
used as a reference material. Mean = S.E.M. from 32 to 95 measured cells for each
experimental group. ANOVA, Student—Newman—Keuls Method. Statistical significance:
* p < 0.05 compared to other experimental groups, indicated by the colors of these groups
above the columns.
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2.2.2. Cell Adhesion and Growth on LDPE and HDPE in a Serum-Free Medium

In the serum-free medium, the differences in the behavior of VSMC on the PE samples with various
modifications became more apparent than in the serum-supplemented medium, and the growth
dynamics of the cells revealed a different trend. From days 2 to 4 after seeding, the cell number was
mostly stagnant, and on some samples it even decreased. There was an increasing tendency only
between days 4 and 6 (Figure 8). This stagnancy in cell growth was most likely because there was a
limited quantity of the ECM proteins normally present in fetal serum, mainly vitronectin and
fibronectin, which ensure proper adhesion, spreading and subsequent growth of cells on the material
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surfaces. The serum-free medium used in this study did not contain these proteins. However, cell
adhesion-mediating proteins can be present on cells in small quantities even after trypsinization [36],
and could be used for cell adhesion after seeding cells on the tested materials, particularly on
polystyrene, non-treated PE and plasma-treated PE (on Fn-grafted PE, the Fn molecules could be used
directly for cell adhesion). In addition, VSMC are able to synthesize a wide spectrum of cell
adhesion-mediating ECM molecules (for a review, see [35]). This takes place especially at later culture
intervals. By way of these molecules, the cells adhere to the material surface through the bonds
between specific amino acid sequences in these molecules and cell adhesion receptors on the cell
membrane, e.g., integrins. Another way for cells to attach to the tested materials is by so-called weak
chemical bonding, i.e., hydrogen bonding, electrostatic, polar or ionic interactions between various
molecules on the cell membrane and functional chemical groups on the polymers, etc., but this type of
binding does not transfer specific signals into the cells and does not ensure their survival, growth and
other functions (for a review, see [3,4,9,37,38]).

Figure 8. Growth curves of rat aortic smooth muscle cells cultured in a serum-free medium
on (A-C) HDPE; or (D-F) LDPE in non-treated form (N), treated with plasma for 50, 100
or 300 s (50, 100, 300), and subsequently grafted with fibronectin (Fn) and bovine serum
albumin (BSA). A standard cell culture polystyrene dish (PS) was used as a reference
material. Mean + S.E.M. from 20 measurements (day 2 and 4) or 4 measurements (day 6).
ANOVA, Student—-Newman—Keuls Method. Statistical significance: * p < 0.05 compared
to the non-modified LDPE or HDPE.
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As early as on day 2 after seeding, the cell non-adhesive properties of BSA were completely
revealed in the serum-free medium. This effect of albumin was more apparent on HDPE, where the
cell densities ranged from 37 to 367 cells-cm 2, while on LDPE the values were slightly higher (551 to
1470 cells-cm ?; Figure 8). Accordingly, the cell spreading was also the lowest on the HDPE samples
(Figures 9). The cells mainly assumed a spherical shape on these surfaces, while on the other samples,
even on the BSA-grafted LDPE samples (Figure 10) or on non-treated LDPE and HDPE, the cell
morphology was spindle-shaped or polygonal.

From day 4 to 6, the cell numbers increased slightly, probably by preferential cell growth on sites
with discontinuity of the albumin layer, or secondary deposition of cell adhesion-mediating ECM
proteins synthesized by the cells themselves on the albumin layer. On day 6, this increase was slightly
more apparent on BSA-grafted LDPE (from 2800 to 4900 cells:‘cm ) than on BSA-grafted HDPE
(from 400 to 1500 cells-cm %). However, these samples still displayed the lowest cell population
densities, irrespective of plasma exposure time (Figure 8).

The effects of the grafted fibronectin were controversial. We expected high adhesion and
subsequent growth of cells on these samples, due to specific receptor-mediated adhesion of cells to Fn
grafted on the plasma-activated polymer surfaces. However, the cell densities in general on all
Fn-grafted samples were similar to the values on the plasma-irradiated surfaces, or on the control
polystyrene culture dishes. Among all Fn-grafted samples, the weakest proliferation was observed on
LDPE irradiated with plasma for 50 s (L 50Fn; Figure 8B), where the cell population density on day 4
was lower than on non-treated LDPE, and as low as on the BSA-grafted samples. On day 6, the
number of cells increased, but was still significantly lower than on PS or LDPE irradiated for 50 s
(Figure 8B). The relatively low cell proliferation activity on Fn-grafted polyethylene could be
explained by relatively low quantity of the Fn molecules attached to the polymer surface. As indicated
by XPS, the concentrations of nitrogen and sulfur, which are indicators of the presence of protein
molecules, were relatively low on the Fn-grafted surfaces in comparison with the BSA-grafted
surfaces, particularly on the LDPE samples. On LDPE, the concentration of S was even on the limit of
detection (Table 1). In accordance with this, the intensity of fluorescence of antibody-labeled Fn
grafted to plasma-activated surfaces is lower than in the case of albumin [Figure 2(A,B)] In addition,
the pictures indicate less homogeneous distribution of fibronectin on these surfaces compared to
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albumin (Figure 2C). Also the geometrical conformation of Fn, which is more important for cell
binding than the absolute amount of Fn immobilized on the material surface ([39], for a review,
see [3,4,9]) could be less appropriate for binding by the cell adhesion receptors. In spite of this, the
cells on the Fn-grafted HDPE and LDPE samples were of similar polygonal morphology as the cells
on the control polystyrene and plasma-irradiated samples (Figures 9 and 10), although their spreading

area was often smaller (Figure 11).

Figure 9. Morphology of rat aortic smooth muscle cells in two-day-old cultures in a
serum-free medium on HDPE in non-treated form (N), treated with plasma for 50, 100 or
300 s (50, 100, 300), and subsequently grafted with fibronectin (Fn) and bovine serum
albumin (BSA). A standard cell culture polystyrene dish (PS) served as a reference
material. Cells stained with Texas Red C,-Maleimide and Hoechst #33342. Olympus IX
51 microscope, obj. 20, DP 70 digital camera, bar 200 um or 100 um (Fn-grafted samples).
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Figure 10. Morphology of rat aortic smooth muscle cells in two-day-old cultures in a
serum-free medium on LDPE in non-treated form (N), treated with plasma for 50, 100 or
300 s (50, 100, 300), and subsequently grafted with fibronectin (Fn) and bovine serum
albumin (BSA). A standard cell culture polystyrene dish (PS) was used as a reference
material. Cells stained with Texas Red C,-Maleimide and Hoechst #33342. Olympus IX
51 microscope, obj. 20, DP 70 digital camera, bar 200 um or 100 um (Fn-grafted samples).
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Figure 11. The size of the cell spreading area of rat aortic smooth muscle cells in
two-day-old cultures in a serum-free medium on (A) HDPE; or (B) LDPE in non-treated
form (N), treated with plasma for 50, 100 or 300 s, and subsequently grafted with
fibronectin (Fn) or bovine serum albumin (BSA). A standard cell culture polystyrene dish
(PS) was used as a reference material. Mean + S.E.M. from 4 to 269 measured cells.
ANOVA, Student—Newman—Keuls Method. Statistical significance: = p < 0.05 compared to
other experimental groups, indicated by the colors of these groups above the columns.
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3. Experimental Section
3.1. Preparation and Modification of Polymer Samples

The experiments were carried out on high-density and low-density polyethylene foils (HDPE and
LDPE, both purchased from Granitol A. S., Moravsky Beroun, Czech Republic). The HDPE foils were
of the Microten M*S type (thickness 40 um, density 0.951 g-cm ™, melt flow index 0.14 g'10 min™"),
and the LDPE was of the Granoten S*H type (thickness 40 um, specific density 0.922 g-cm ™, melt
flow index 0.8 g-10 min ). Both types of polyethylene were cut into circular samples (diameter 2 cm)
using a metallic perforator (punch).

The samples were then treated by an Ar” plasma discharge (gas purity 99.997%) using a Balzers
SCD 050 device (BalTec Maschinenbau AG, Pfiffikon, Switzerland). The time of exposure was 50,
100 or 300 s, and the discharge power was 3 W. Immediately after the plasma treatment, the samples
were immersed in solutions of two components of fetal bovine serum (FBS), namely 2 wt.% of
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fibronectin (Fn, Sigma-Aldrich, St. Louis, MI, USA, Cat. No. F2006) or 2 wt.% of bovine serum
albumin (BSA, Sigma-Aldrich, Cat. No. A9418), both diluted in phosphate-buffered saline (PBS;
Sigma-Aldrich, Cat. N° P4417). The samples were incubated for 24 h at room temperature (RT) in
order to allow grafting of biomolecules to the plasma activated polymer surface. The samples were
then rinsed in distilled water, air-dried at RT and stored in an air atmosphere for three weeks in order
to reorganize and stabilize their surface structure, particularly the orientation of the oxidized structures
on the material surface (the so-called aging period) [23].

3.2. Characterization of the Physical and Chemical Properties of the Polymer Surface
3.2.1. Surface Wettability

The sessile water drop contact angle was measured by See System reflection goniometry (Masaryk
University, Brno, Czech Republic). The volume of the water drop on the polymer surface was 8 pL.
The contact angle was measured after an aging period of three weeks. For each experimental group,
three samples were used, and on each sample, 10 measurements were performed in different regions
homogeneously distributed on the sample surface. The contact angle was presented as mean + Standard
Deviation (S.D.) from 30 measurements. Statistical analyses were performed using SigmaStat (Jandel
Corp., Las Vegas, NV, USA). Multiple comparison procedures were performed by the One Way
Analysis of Variance (ANOVA), Student—-Newman—Keuls method. p values equal to or less than 0.05
were considered significant.

3.2.2. Chemical Composition of the Polymer Surface

The presence of grafted biomolecules, i.e., fibronectin (Fn) and bovine serum albumin (BSA), on
the HDPE and LDPE surface was determined by X-ray photoelectron spectroscopy (XPS, Omicron
Nanotechnology ESCAProbeP spectrometer) and by immunofluorescence staining. XPS determined
the concentration (at.%) of the main elements present in the grafted polymer surface (oxygen, nitrogen,
sulfur and carbon).

For immunofluorescence staining, specific primary antibodies against Fn (monoclonal anti-human
fibronectin, Sigma-Aldrich, Cat. No. F0791) and BSA (monoclonal anti-bovine serum albumin,
Sigma—Aldrich, Cat. No. B2901, St. Louis, MI, USA) were used. The primary antibodies were diluted
in PBS to a concentration of 1:200 and were applied to HDPE and LDPE samples modified in plasma
and subsequently grafted with Fn or BSA, and were also applied to the non-modified control samples.
The samples were incubated with primary antibodies overnight at 4 °C. After rinsing with PBS, the
secondary antibody, i.e., goat anti-mouse F(ab’)2 fragments of IgG (H + L), conjugated with Alexa
Fluor® 488 (Molecular Probes, Invitrogen, Cat. No. A11017, Eugene, OR, USA), was diluted in PBS
to a ratio of 1:400, and was added to the samples for 1 hour at RT. As a staining control, the secondary
antibody was applied to samples which had not been treated with the primary antibodies before. The
samples were then rinsed twice in PBS. The fluorescence intensity was evaluated from 10 randomly
chosen fields homogeneously distributed on the material surface using an epifluorescence microscope
(IX 51, Olympus, Tokyo, Japan, obj. 10x) equipped with a digital camera (DP 70, Olympus, Tokyo,
Japan) at the same exposure time for all experimental groups (1.2 s). The data was presented as mean
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+ Standard Error of Mean (S.E.M.). Statistical analyses were performed using SigmaStat (Jandel
Corp., Las Vegas, NV, USA). Multiple comparison procedures were made by the One Way Analysis
of Variance (ANOVA), Student—-Newman—Keuls method. p values equal to or less than 0.05 were
considered significant.

3.2.3. Surface Morphology and Roughness

The changes in surface morphology and roughness were determined by Atomic Force Microscopy
(AFM), using a CP II device (VEECO, Santa Barbara, CA, USA) working in tapping mode. We used
an RTESPA-CP Si probe, with spring constant 20-80 N/m. By repeated measurements of the same
region (1 x 1 pum), it was proven that the surface morphology did not change after three consecutive
scans. The mean roughness value (R,) represents the arithmetic average of the deviations from the
center plane of the sample.

3.3. Cells and Culture Conditions

The samples were sterilized with 70% ethanol for 1 hour, placed into 12-well polystyrene
multidishes (TPP, Switzerland, well diameter 2.2 ¢cm) and then air-dried for 12 hours in a sterile
environment. The materials were fixed to the bottom of the culture wells by plastic rings in order to
prevent them floating in the cell culture media, and were seeded with vascular smooth muscle cells
(VSMC), derived from the rat aorta by an explantation method [40]. The cells were used in passage 3.
Each well contained 50,000 cells (i.e., about 14,000 cells-cm %) and 3 mL of serum-supplemented or
serum-free medium. The serum-supplemented medium was Dulbecco’s modified Eagle’s Medium
(DMEM; Sigma, Ronkonkoma, NY, USA, Cat. N° D5648) with 10% of fetal bovine serum (FBS;
Sebak GmbH, Aidenbach, Germany) and 40 pg/mL of gentamicin (LEK, Ljubljana, Slovenia), and the
serum-free medium was SmMGM®-2 Smooth Muscle Growth Medium-2 (SmBM; Lonza, Walkersville,
MD, USA, Cat. N° CC-3182), supplemented with epithelial growth factor (EGF), fibroblast growth
factor-B (FGF-B) and insulin according to the manufacturer’s protocol. The serum-free medium was
used in order to enhance the effects on cell adhesion and growth of the chemical functional groups and
the biomolecules grafted onto the material surface. This influence can be masked, at least partly, by
secondary adsorption of various biomolecules on the polymer surface from the serum supplement of
the culture medium. The cells were then cultured for 2, 4 and 6 days in a cell incubator at 37 °C and in
a humidified atmosphere with 5% of CO; in the air.

3.4. Evaluation of the Cell Number and Cell Spreading Area

On days 2 and 4 after seeding, the cells were rinsed with PBS, fixed with cold 70% ethanol (—20 °C,
5 min), and then stained for 2 hours at RT with a combination of the following fluorescent dyes diluted
in PBS: Hoechst #33342 nuclear dye (Sigma-Aldrich, 5 pgrmL™") and Texas Red C,-maleimide
membrane dye (Molecular Probes, Invitrogen, Carlsbad, CA, USA, Cat. No. T6008, 20 ng-mLﬁl). The
cells were counted on microphotographs taken in 10 randomly chosen fields homogeneously
distributed on the material surface, using an epifluorescence microscope (Olympus IX 51, Japan,
obj. 20x) equipped with a digital camera (DP 70, Japan). This approach was not applicable on day 6,
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when the cells on some samples reached confluence and started to overlap each another. The cells were
therefore detached from the materials by a trypsin-EDTA solution (Sigma-Aldrich, Cat. N° T4174)
and were counted using a Vi-CELL XR Analyser (Beckman Coulter, Brea, CA, USA). The pictures
taken on day 2 after seeding were also used for measuring the size of the cell spreading area using
Atlas software (Tescan Ltd., Brno, Czech Republic).

Two independent samples were used for each time interval and experimental group. Non-modified
polyethylene (HDPE or LDPE) and standard cell culture polystyrene wells were used as
reference materials.

The quantitative data was presented as mean + S.E.M. Statistical analyses were performed using
SigmaStat (Jandel Corp., USA). Multiple comparison procedures were made by the One Way Analysis
of Variance (ANOVA), Student-Newman—Keuls method. p values equal to or less than 0.05 were
considered significant. The cell numbers obtained on day 2, 4 and 6 after seeding were expressed as the
number of cells per cm” (i.e., the cell population density), and were used for constructing growth curves.

4. Conclusions

Modification of polyethylene (HDPE and LDPE) with Ar’ plasma and grafting with fibronectin and
albumin influenced the cell colonization of both polymers. In the serum-supplemented medium, all
modifications improved the adhesion and growth of vascular smooth muscle cells in comparison with
the unmodified polymer. The cells reached higher final population densities, on an average, on LDPE
than on HDPE. In the serum-free medium, grafting with albumin did not support cell colonization due
to its non-adhesive properties, which were not masked by the adsorption of cell adhesion-mediating
molecules, normally present in the serum. The beneficial effect of the plasma treatment on cell
adhesion and growth could be attributed to the formation of new-oxidized structures on the polymer
surface, an increase in surface wettability, changes in surface morphology, and enhanced nanoscale
roughness. Changes in the physical and chemical properties of the material surface were more apparent
on HDPE than on LDPE. The intensity of the fluorescence indicated that HDPE also contained higher
quantities of grafted fibronectin and albumin.
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Abstract

It may be possible to regulate the cell colonization of biodegradable polymer nanofibrous membranes by plasma treat-
ment and by the density of the fibers. To test this hypothesis, nanofibrous membranes of different fiber densities were
treated by oxygen plasma with a range of plasma power and exposure times. Scanning electron microscopy and mech-
anical tests showed significant modification of nanofibers after plasma treatment. The intensity of the fiber modification
increased with plasma power and exposure time. The exposure time seemed to have a stronger effect on modifying the
fiber. The mechanical behavior of the membranes was influenced by the plasma treatment, the fiber density, and their dry
or wet state. Plasma treatment increased the membrane stiffness; however, the membranes became more brittle. Wet
membranes displayed significantly lower stiffness than dry membranes. X-ray photoelectron spectroscopy (XPS) analysis
showed a slight increase in oxygen-containing groups on the membrane surface after plasma treatment. Plasma treatment
enhanced the adhesion and growth of HaCaT keratinocytes on nanofibrous membranes. The cells adhered and grew
preferentially on membranes of lower fiber densities, probably due to the larger area of void spaces between the fibers.
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Introduction . . :
porous structure of the material, they will ensure their

Nanofibrous materials are being applied increasingly in
tissue engineering, because they can better mimic the
structure and the mechanical properties of the fibrous
components of natural extracellular matrix (ECM). For
this reason, they are considered to be attractive for
adhesion and growth of cells. In comparison with con-
ventionally used flat or microstructured surfaces,
nanostructured materials enhance the cell-material
interaction. This enhancement is due to the adsorption
of cell adhesion-mediating ECM molecules from bio-
logical fluids in an appropriate spatial conformation.
This enables good accessibility of specific sites on
these molecules for cell adhesion receptors.' In add-
ition, nanofibrous membranes are advantageous for
constructing the bilayer of skin cells — fibroblasts and
keratinocytes — in skin tissue engineering. These mem-
branes will separate the two cell types, but due to the

physical and humoral communication. The layer of
fibroblasts can therefore serve as a nutrient feeder for
keratinocytes, similarly as in the native skin.?
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Various artificial and natural materials have been
adopted for constructing a scaffold that is suitable for
treating skin injuries. Artificial skin substitutes can be
made from poly(HEMA),** polybuthylene terephthal-
ate,® nylon,”® hydroxybuthyrate,” polycaprolactone,'®
polylactic acid,'! and polyglycolic acid, or their copoly-
mers.'""'? The most widely tested and applied natural
biomaterials are chitosan,'*'* collagen,'” hyaluronic
acid,'®!” and chondroitin sulfate.'® For our study, we
used biodegradable nanofibrous membranes made from
polylactic acid (polylactide, PLA). The main advantage
of biodegradable materials is their slow resorption in
the organism, associated with a decrease in molecular
weight. In the case of PLA, this decrease in molecular
weight is due to the transformation of polylactide to
lactide by hydrolysis of aliphatic ester linkages in
PLA molecules." The lactic acid is further metabolized
and removed from the body as carbon monoxide and
water. Due to their ability to be resorbed, biodegrad-
able materials are finally replaced by regenerated tissue.

Generally, materials used in tissue engineering have
to be biocompatible. They cannot be cytotoxic, muta-
genic or immunogenic, and their physical and chemical
properties should correspond to the properties of the
replaced tissue. In advanced tissue engineering, bioma-
terials used for bioartificial tissue substitutes should be
bioactive. They should act as analogs of the natural
ECM, i.e. they should promote and control the adhe-
sion, proliferation, differentiation, and maturation of
cells, and thus the regeneration of damaged tissue.
The bioactivity of materials depends strongly on the
physical and chemical properties of the material sur-
face, such as its wettability, electrical charge and con-
ductivity, mechanical properties, surface roughness,
and topography. For this reason, some materials do
not have optimal physical and chemical properties for
fully replacing damaged tissue, and need further modi-
fication. These further modifications should enhance
cell-material interaction and the formation of new
tissue (for a review, see Bacakova et al.' and
Bacakova and Svorcik®).

The physical and chemical properties of the polymer
surface can be altered by several physical techniques,
particularly by irradiation with an ion beam,?'** ultra-
violet light,>* or exposure to plasma discharge.>* 2® The
common feature of these techniques is the induction of
polymer chain degradation, the creation of free radicals
and double bonds, and crosslinking of the polymer
chains. These radicals react with oxygen in the ambient
atmosphere, leading to the formation of oxygen-con-
taining chemical groups on the material surface
(i.e. carbonyl, carboxyl, hydroxyl, ether, or ester
groups). The oxygen groups enhance the polarity and
wettability of the material and promote the adsorption
of cell adhesion-mediating molecules in an appropriate

spatial conformation. This enhancement guarantees
that the specific amino acid sequences of these mol-
ecules are well accessible for cell adhesion receptors —
integrins. In addition, conjugated double bonds
between carbon atoms are created during plasma treat-
ment, and this influences the electrical conductivity of
the polymer surface. It is known that electrical conduct-
ivity of the material surface enhances cell colonization.'

In this study, we have evaluated the adhesion and
growth of immortal human HaCaT keratinocytes on
polylactide nanofibrous membranes modified in
oxygen plasma under various process conditions. The
aim of this modification was to create a nanofibrous
membrane surface that would be attractive for kera-
tinocyte colonization. These plasma-treated mem-
branes could be used as temporary carriers for skin
cells during wound healing after skin injury.

Materials and methods

Preparation and modification of nanofibrous
membranes

Poly(L-lactide) (PLA, Ingeo™ Biopolymer 4032D) was
purchased from NatureWorks, Minnetonka, MN,
USA. The molecular parameters of the polymer mater-
ial, determined by size exclusion chromatography, were
M, =124,000g/mol and M, =48,000g/mol.>’ A
7wt.% solution of PLA in a mixture of chloroform,
dichloroethane, and ethyl acetate was used for the elec-
trospinning process. First, the polymer was diluted
only in chloroform, and the two other solvents were
added after the dilution. The polymer solution was
made electrically conductive with the use of tetraethy-
lammonium bromide, which was first dissolved in
dimethylformamide at a concentration of 3wt.%, and
then 3 g of this solution was added to 100 g of the PLA
solution.

Nanofibrous membranes were prepared using the
novel Nanospider needleless electrospinning technology
(NS Lab 500, Elmarco Ltd., Liberec, Czech Republic).
The process conditions were: electrode distance:
180 mm; voltage: 60-10kV; the spinning electrode
rotated at 4rpm; relative humidity: 25-30%, and
room temperature. The membranes were prepared at
various fiber densities, i.e. the area weight of the pre-
pared nanofibers was 5, 9, 16, 30 g/m>.

The membranes were then treated by oxygen plasma
discharge using the Phantom LT CCP-RIE System,
Trion Technology, in two steps. The first step was per-
formed in etching regime with discharge power from
25W to 100 W, exposure time from 10s to 120, pres-
sure 150 mTorr, and oxygen flow 20cm?®/s. The first
step was followed by blowing the device (second step)
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for 30s with pressure 150mTorr and argon flow
20 cm?/s. The nanofibrous membranes were treated on
both sides.

Characterization of the physical and chemical
properties of nanofibrous membranes

The morphology of the nanofibrous membranes before
and after plasma treatment was evaluated by scanning
electron microscopy (SEM) using an SEM field-emis-
sion gun operating in secondary electron mode
(FE-SEM Tescan MIRA3). The diameter of the fibers
and the area of the void spaces among the fibers were
measured on the SEM images using Atlas software
(Tescan Ltd., Brno, Czech Republic). The diameter of
the fibers was expressed in nm, and the area of the void
spaces among the fibers was expressed in pm?.

The mechanical properties of the plasma-treated
membranes (plasma power 75 W, exposure time 30 s)
and the non-treated nanofibrous membranes of two dif-
ferent fiber densities (5 and 16 g/m?) were tested in the
dry state (at normal air atmosphere and room tempera-
ture) and in the wet state, i.e. in phosphate-buffered
saline (PBS) at room temperature. The uniaxial tensile
test was selected because the SEM images had proven
isotropy of the materials. The rectangular strips of con-
stant geometry were fastened into the tensile instrument
and were stretched at a constant speed of 6 mm/s. The
elongation and force were recorded by sampling fre-
quency 20Hz and calculated into the stress—strain
curve. Finally, the Young’s modulus was established
for each material and condition. The difference between
the groups was statistically evaluated by the two-
sample -test.

The chemical composition (concentration of oxygen,
carbon, and C-C, C-0O, C=0) of the membrane sur-
face before and after plasma treatment was determined
by X-ray photoelectron spectroscopy (XPS), using
an ADES-400 photoelectron spectrometer (V. G.
Scientific, UK). The concentration was determined in
at.% with sensitivity 0.1 at.%.

Cell culture on nanofibrous membranes

The nanofibrous membranes were cut into square sam-
ples (I x Icm) and were fixed in CellCrown inserts
(Scaffdex Ltd., Finland). The samples were sterilized
in 70% ethanol for 30 min. After sterilization, the sam-
ples were rinsed in distilled water for one week
to remove residues of the solvents used during the
preparation of the nanofibers. The water was changed
every day.

The samples fixed in CellCrown inserts were inserted
into polystyrene 24-well cell culture plates (TPP,
Switzerland, well diameter 1.5cm). The samples were

seeded with human HaCaT keratinocytes®™ (CLS Cell
Lines Service) at a density of 30,000 cells per well (i.e.
15,000 cells/cm?) into 1.5ml Dulbecco’s modified
Eagle’s Medium (DMEM; Sigma-Aldrich, USA)
with 10% of fetal bovine serum (FBS; Sebak GmbH,
Germany) and 40 pg/ml of gentamicin (LEK, Slovenia).
The cells were cultivated for 1, 3, and 7 days in a cell
incubator at 37°C and in a humidified atmosphere with
5% of CO; in the air.

Evaluation of cell growth and mitochondrial activity
on nanofibrous membranes

On days 1, 3, and 7 after seeding, the number of initially
adhered cells and their subsequent growth on the sam-
ples were estimated by the amount of cellular DNA,
using the Picogreen dsDNA assay kit (Invitrogen®).
The assay is based on measurements of the fluorescence
of Picogreen, a nucleic acid stain for quantitating
double-stranded DNA in solution. The assay was car-
ried out according to the manufacturer’s protocol.
Fluorescence was measured with the Synergy HT
Multi-Mode Reader (BioTek, USA) in black 96-well
cell culture plates (96 F Nunclon delta, Black
microwell Si) with excitation wavelength of 480 nm
and emission wavelength of 520nm. The amount of
cell DNA on each sample in all time intervals was
expressed in ng/cm>.

Cell mitochondrial activity was measured on days 3
and 7 after seeding by the XTT Cell Proliferation Kit
(Roche). The principle of this assay is the cleavage of
yellow tetrazolium salt XTT to form a water-soluble
orange formazan salt by metabolic cell activity. The
formazan dye was then quantified by monitoring the
absorbance wusing a spectrophotometer (ELISA
reader). The assay was performed according to the
manufacturer’s protocol. The absorbance was mea-
sured using the VersaMax ELISA Microplate Reader
(Molecular Devices Corporation, Sunnyvale, CA,
USA) in 96-well cell culture plates (F 96 Maxisorp
(NUNC —Imunoplate)) with wavelength 470 nm.

For both analyses (the Picogreen assay and the XTT
assay), the samples of nanofibrous membranes were
moved into unused fresh 24-well plates to avoid the
influence of the cells adhered to the bottom of the wells.

Evaluation of cell adhesion, spreading and
morphology on nanofibrous membranes

The spreading and the morphology of the cells on the
PLA nanofibers were visualized on days 1, 3, and 7
after seeding by staining the cells with a combination
of fluorescent dyes (Hoechst #33342 cell nucleus dye,
Texas Red C,-maleimide cell membrane dye) and with
scanning electron microscopy (SEM).
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For staining the cells with a combination of fluores-
cent dyes, the cells were rinsed with PBS, fixed with
cold (—20°C) 70% ethanol for 10 min, and then stained
for 1h at room temperature with a combination of
fluorescent dyes diluted in PBS: Hoechst #33342 cell
nucleus dye (Sigma-Aldrich, 5ug/ml) and Texas Red
C,-maleimide cell membrane dye (Molecular Probes,
Invitrogen, 20ng/ml). Images documenting the cell
morphology were taken using an epifluorescence micro-
scope (Olympus IX 51, Japan, obj. 10x) equipped with
a digital camera (DP 70, Japan). The cell cluster spread-
ing area (in um?) was measured in the images, which
were acquired under a fluorescence microscope using
Atlas software (Tescan Ltd., Brno, Czech Republic)
on day 3 after seeding.

For SEM, the samples were fixed in 3% glutaralde-
hyde in PBS, washed with PBS buffer, dehydrated in an
ethanol series (25, 50, 75, 90, 96 and 100% v/v), trans-
ferred to 100% (v/v) acetone, and dried in a BALZERS
CPD 010 critical-point dryer. The samples were then
sputter-coated with gold and examined with a Quanta
450 scanning electron microscope (FEI, USA). The
high vacuum mode was used, and images were taken
on an ETD — Everhart-Thornley detector in secondary
electrons mode at high voltage 20kV, magnification
2000x.

Immunofluorescence staining of molecules
participating in cell differentiation, adhesion,
and spreading

On day 3 after seeding, the presence of the following
markers in HaCaT cells was evaluated:

e keratin 5 and filaggrin as early and middle differen-
tiation markers of keratinocytes

e [; integrin, an important molecule for mediating
cell-material interaction

e vinculin, an integrin-associated protein present in
focal adhesion plaques

e F-actin, an important component of the cell cyto-
plasmic cytoskeleton associated with focal adhesion
plaques.

For immunofluorescence staining of keratin 5, filag-
grin, B; integrin, and vinculin, the cells were rinsed in
PBS and fixed with cold (—20°C) 70% ethanol for
10min at room temperature. After fixation, the cells
were treated with 1% bovine serum albumin in PBS
containing 0.05% Triton X-100 (Sigma-Aldrich) for
20min, and then with 1% Tween (Sigma-Aldrich)
in PBS for 20 min at room temperature to block non-
specific binding sites and to permeabilize the cell mem-
brane. The cells were then incubated with the following
primary monoclonal antibodies overnight at 4°C: basal

cell cytokeratin (RCK 103, mouse, MUbioBV), anti-
filaggrin (rabbit, Sigma-Aldrich), anti-B; integrin
(mouse, Millipore), and anti-vinculin (mouse,
Sigma-Aldrich). All antibodies were diluted in PBS to
a concentration of 1:200. After rinsing with PBS, the
secondary antibody, i.e. goat anti-mouse F(ab’)2 frag-
ments of IgG (H+ L) or goat anti-rabbit F(ab’)2 frag-
ments of IgG (H+L), conjugated with Alexa Fluor®
488 (Molecular Probes, Invitrogen), was diluted in PBS
to a ratio of 1:400 and applied to the samples for 1 h at
room temperature in the dark. The cells were rinsed
with PBS and scanned using a Leica TCS SPE
DM2500 upright confocal microscope, obj. 63 x/
1.3 NA oil.

F-actin, an important component of the cell cyto-
plasmic cytoskeleton, was stained with phalloidin con-
jugated with TRITC (Sigma-Aldrich) diluted in PBS to
a final concentration of 5pug/ml for 1h at room tem-
perature, after rinsing the cells in PBS and fixation with
70% ethanol (—20°C, 10min). The actin cytoskeleton
was imaged using a Leica TCS SPE DM2500 upright
confocal microscope, obj. 63 x/1.3NA oil.

Statistics

If not stated otherwise in the text above, the quantita-
tive data are presented as mean =+ standard error of
mean (S.E.M.) or as mean = standard deviation (SD)
from three independent samples for each experimental
group and time interval. Statistical significance was
evaluated using the analysis of variance, Student—
Newman—Keuls method. Values of p <0.05 were con-
sidered as significant.

Results

Physical and chemical properties of polylactide
nanofibrous membranes

The morphology of nanofibrous membranes of four
different fiber densities (5g/m% 9g/m?, 16g/m?, and
30 g/m?), and the potential fiber modification and deg-
radation after plasma treatment were investigated by
scanning electron microscopy (SEM). The nanofibrous
membranes consisted of mostly straight and randomly
oriented fibers. The thickest fibers were measured on
membranes with density of fibers 30 g/m? in the non-
treated state and also in the plasma-treated state. The
area of the void spaces between fibers decreased with
the density of the fibers. After plasma treatment, the
fiber diameter did not change, or increased slightly and
insignificantly; however, the area of the void spaces
between the fibers decreased significantly (Table 1).
The SEM images show significant modification of
the nanofibers after plasma treatment. The membranes
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Table I. Morphological parameters of PLA membranes of various fiber densities (5g/m?, 9 g/m% 16 g/m* and 30 g/m?) before and

after plasma treatment.

Treatment Density of fibers (g/m?) 5 9 16 30
Fibers

Non-treated Diameter, range (nm) 63 to 927 40 to 763 40 to 799 80 to 1073
Diameter, mean £ S.E.M (nm) 287.0+13.4 218.6+10.2 271.1+£10.9 3339+ 104

Plasma-treated Diameter, range (nm) 80 to 1107 63 to 701 63 to 847 80 to 1087
Diameter, mean £ S.E.M (nm) 2875+ 13.2 241.5+9.9 276.3+12.9 3394+ 194
Void spaces

Non-treated Area, range (um2) 0.09 to 7.29 0.09 to 5.31 0.08 to 4.52 0.1 to 3.16
Area, mean £S.EM (um2) 1.64£0.11 1.04£0.08 0.9040.06 0.76 +0.05

Plasma-treated Area, range (um2) 0.05 to 4.68 0.1 to 3.37 0.07 to 3.57 0.04 to 2.6
Area, mean +S.E.M (um2) 1.28 +0.10% 0.77 +0.05* 0.63 +0.05* 0.43 +0.03*

Note: Mean &+ S.E.M. from 127 to 215 measurements (fibers) and 131 to 196 measurements (void spaces). ANOVA, Student-Newman—Keuls method.

Statistical significance: *p < 0.05 in comparison with non-treated samples.

Figure 1. SEM images of PLA membranes of various fiber densities (a, b: 5g/m2; c, d: 9g/m2; e f I6g/m2; g, h: 30 g/m2) before (a, c, e,
g) and after the plasma treatment with power 75 W and exposure time 30s (b, d, f, h). FE-SEM Tescan MIRA3, magnification 10,000,

bar 5 pm.

of higher fiber densities (16 g/m?* and 30 g/m?) showed
more pronounced modification of the fibers than the
membranes of lower fiber densities (5g/m> and 9g/
m?) after plasma treatment with power 75 W and expos-
ure time 30s. The fibers in membranes of higher fiber
densities seemed to be more degraded than the fibers in
membranes of lower fiber densities (Figure 1). We also
investigated the influence of various powers and expos-
ure times on the modification of the nanofibers. When
low power (25-50W) and a short exposure time
(10-305s) were used, there was no modification of the
fibers (Figure 2). However, if higher power (50-100 W)
with a longer exposure time (30-120s) was applied,
modification of the fibers was clearly apparent in the
membranes (Figure 3). The SEM data show that the
fiber modification increased with power and exposure

time. The plasma exposure time seemed to have a more
significant effect than the plasma power on fiber modi-
fication. For example, nanofibrous membranes treated
in plasma with lower power 50 W for a longer exposure
time 60 s (Figure 3c) or 120 s (Figure 3d) showed stron-
ger fiber modification and also significant degradation
of fibers in a deeper layer of the membrane than mem-
branes treated with higher power 75W (Figure 3e) or
100 W (Figure 3f) for a shorter exposure time of 30s
(Figure 3(e) and (f)).

We characterized the mechanical properties of the
membranes in order to investigate the response of
nanofibrous membranes to mechanical stress generated
mainly by cell activity (i.e. adhesion, spreading, migra-
tion, etc.). The mechanical behavior of the membranes
was influenced by fiber density (5 and 16g/m?),
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Figure 2. SEM images of PLA membranes of fiber density 9 g/m? before (a) and after plasma treatment with various power and
exposure times: (b) 25W 10s, (c) 25W 205, (d) 25W 30s, (e) 50W 105, (f) 50W 205, (g) 50 W 30s. FE-SEM Tescan MIRA3,

magnification 10,000, bar 5 um.

Figure 3. SEM images of PLA membranes of fiber density |16 g/m* before (a) and after plasma treatment with various power and
exposure times: (b) 50W 305, (c) 50W 60s, (d) 50W 1205, (e) 75W 30s, (f) 100W 305, (g) 100W 60s, (h) 100W 120s. FE-SEM

Tescan MIRA3, objective magnification 10,000, bar 5um.

by plasma treatment (plasma power 75W, exposure
time 30s), and by the conditions under which the mech-
anical properties were measured (dry or wet conditions)
(Table 2). The membranes are mainly used under wet
conditions (e.g. immersed in a cell culture medium).
These conditions are therefore more relevant for inves-
tigating the mechanical properties of the membranes.
The dry non-treated membranes displayed elasto-plas-
tic behavior with two different response areas. Young’s
modulus (E1) in the initial elastic area (e, < 10 %) and
Young’s modulus (E2) in the area of high deformations
showed that the 16 g/m” and 5 g/m? fiber density mem-
branes exhibit no difference in stiffness (Table 2)
in both areas. The dry membranes became very brittle
after plasma treatment, i.e. there was a significant
increase in stiffness and no deformation response

above g, and therefore zero value for Young’s modu-
lus E2. The wet non-treated membranes displayed
elasto-plastic behavior too, but with a significant
decrease at ultimate tensile strength (TS). However,
the maximum deformation (e,.,) did not change sig-
nificantly compared to the dry membranes. The trend
of the response to stress for the wet 5 g/m” plasma-trea-
ted membranes was similar to the trend for dry plasma-
treated membranes; an even more brittle response with
low ultimate strength and almost no deformation. The
results for 16 g/m” indicate no significant difference
between dry plasma-treated and wet plasma-treated
membranes.

The changes in the surface elemental composition of
the membrane after plasma treatment at various
plasma power and exposure times were observed by
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Table 2. Young’s modulus El and E2, ultimate tensile strength TS and maximal deformation &, of PLA nanofiber membranes of
different densities show the dependence of the mechanical response on the different treatment conditions.

El (N/mm?) E2 (N/mm?) TS (N/mm?) Emax (%)

Mean SD p Mean SD p Mean SD p Mean SD p
5vs 5.09 0.251 No 0.35 0.016 No 38.97 2.455 No 68.17 3.680 otk
16 g/m2 491 0.240 0.35 0.019 36.89 1.948 62.26 2.201
5TR vs 12.38 0.090 * 0.00 0.00 — 60.23 4591 ok 7.54 0.563 No
16 g/m2 TR 7.65 0.824 0.00 0.00 37.79 3.467 8.74 0.409
S5W s 3.78 0.865 No 0.26 0.012 No 33.27 2.968 Holek 67.16 12.254 No
16 g/m2 \A% 2.62 0.518 0.24 0.005 24.32 6.270 55.20 5.610
5 TRW vs 5.68 0.725 No 0.00 0.00 - 19.65 4.270 Holk 4.43 1.655 -
16 g/mz TRW 8.88 0.842 0.00 0.00 4481 4.283 12.03 2.045
TR: plasma-treated membranes; W: wet membranes; p — p-value less than the significant level.

*p < 0.001.
*p < 0.01.
*kh < 0.05
No > 0.05.

Table 3. Concentration (in at.%) of carbon (C), oxygen (O) and
groups C-C, C-O, C =0, determined by XPS on PLA nanofibers
of fiber density 16 g/m? before (Pristine) and after plasma treat-
ment with power 50—-100 W and exposure time 30—120s.

Cls
Sample C@t%) Of@% CC C-O C=0
Pristine 63.8 36.2 39.1 13.9 10.8
50W 30s 61.5 385 31.7 14.0 15.9
50W 60s 60.0 40.0 30.8 15.4 13.7
50W 120s 60.0 40.0 27.7 15.3 17.0
75W 30s 63.1 36.9 36.8 13.4 12.9
100W 30s 62.5 375 339 14.3 14.3
100W 60s 58.7 41.3 30.2 13.3 15.2
I00W 120s 625 375 34.5 13.9 14.1

X-ray photoelectron spectroscopy (XPS) (Table 3).
The concentration of oxygen and oxygen-containing
groups C-O and C=0O was mainly determined,
because the gas used for plasma discharge was
oxygen, which incorporated into and reacted with the
membrane surface. The concentration of oxygen was
only slightly increased. The concentration of oxygen
in non-treated (Pristine) PLA was relatively high, and
thus the oxygen incorporated into the membrane sur-
face after plasma treatment probably did not signifi-
cantly influence the total oxygen concentration. The
concentration of oxygen containing groups, mainly
C=0, was increased after plasma treatment, but
there was no significant dependence on plasma power
or exposure time.

Adhesion and growth of HaCaT keratinocytes on
polylactide nanofibrous membranes

Cell adhesion, growth, metabolic activity, morphology, and phe-
notypic maturation on PLA membranes of various fiber densities
treated under the same plasma conditions. Nanofibrous
membranes of different fiber densities (5, 9, 16 and
30 g/m?) exposed to a plasma discharge with defined
power 75W and exposure time 30s strongly influenced
the cell behavior. The results indicate that in all three
time intervals of cell cultivation, the amount of cell
DNA, which correlates with the cell number, was sig-
nificantly higher on plasma-treated membranes of
almost all densities (Figure 4(a) to (c)). In addition,
the XTT assay, which determined higher cell mitochon-
drial enzyme activity on plasma-treated membranes on
day 3 after cell seeding, confirmed the positive effect of
plasma treatment on cell behavior (Figure 4d). We also
observed differences in the cell morphology and the cell
cluster spreading area on plasma-treated and non-trea-
ted PLA membranes. At first, keratinocytes naturally
adhered in clusters and then spread on the whole sur-
face of the material. After a three-day cultivation, the
cell cluster area was significantly larger on plasma-trea-
ted membranes than on non-treated membranes, with
the exception of the membranes with the highest fiber
density 30 g/m> — there was no significant difference
between non-treated and plasma-treated samples
(Figures 5 and 6).

The results also showed the influence of the mem-
brane fiber densities on the amount of cell DNA, the
cell population density, and the cell morphology. The
amount of cell DNA was significantly higher on mem-
branes of lower fiber densities (5 and 9 g/m?) than on
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membranes of higher fiber densities (16 and 30 g/m?). various fiber densities. However, on plasma-treated
These differences were clearer on plasma-treated mem- membranes of various fiber densities, the cells adhered
branes than on non-treated membranes (Figure 4(a) to  in larger clusters on PLA membranes with fiber densi-
(¢)). The cell cluster area measured on day 3 was not ties of 5 and 9 g/m* than on membranes with fiber den-
significantly different on non-treated membranes of sities of 16 and 30 g/m? (Figures 5 and 6).
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Figure 4. Amount of cell DNA measured by the Picogreen assay kit (a—c) and mitochondrial activity determined by the XTT assay kit
(d, e) in human HaCaT keratinocytes on days |, 3, and 7 on non-treated and plasma-treated (power 75 W, exposure time 30s) PLA
membranes of various fiber density (5, 9, 16, 30 g/m?). Arithmetic means & S.E.M. from nine measurements made on three inde-
pendent samples for each experimental group and time interval. ANOVA, Student—-Newman—Keuls method, statistical significance
(p <0.05): 5,9, 16, 30 in comparison with the experimental group of the same label and * in comparison with the non-treated sample
of the same fiber density.
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Scanning electron microscopy, performed on days 3
and 7 after seeding (Figure 7), revealed that the HaCaT
cells formed islands located predominantly on top of
the nanofibrous membranes. However, in some places,
fibers running through or above the cell islands were
also observed. On day 7, the cell islands were consider-
ably larger, so that large areas on the nanofibrous mem-
branes were covered with cells, particularly in the case
of the plasma-treated membranes (Figure 7(d) and (h)).

On day 3 after cell seeding, we investigated markers
for the early and middle stage of keratinocyte differen-
tiation (keratin 5, filaggrin, respectively) and molecules
that play an important role in cell adhesion (B; integrin
receptors, vinculin and actin in the filamentous form,
i.e. F-actin) (Figure 8). Immunofluorescence staining
showed that the cells had well-developed keratin

16, 30
10000 . M Non-treated

T 16, 30 M Plasma-treated
R *
£ 8000
2
3
£ 6000 | .
g
2 4000 |
o
>
© 2000 {

0 T T !

5 9 16 30

Density of fibers (g/m?2)

Figure 5. Cell cluster spreading area of HaCaT keratinocytes
on day 3 on non-treated and plasma-treated (power 75W,
exposure time 30s) PLA membranes of various fiber densities
(5,9, 16, 30 g/m?), measured using Atlas software (Tescan Ltd.,
Brno, Czech Republic). Arithmetic means & S.E.M. from 44 to
179 measurements. ANOVA, Student—Newman—Keuls method,
statistical significance (p <0.05): 5, 9, 16, 30 in comparison with
the experimental group of the same label and * in comparison
with the non-treated sample of the same fiber density.

filaments on non-treated and plasma-treated mem-
branes, and particularly on the control microscopic
glass coverslips. On both types of nanofibrous mem-
branes, keratin was located mainly at the cell periphery,
while on the glass coverslips the keratin filaments were
distributed throughout the entire cells. Filaggrin
seemed to be present in a higher quantity on the PLA
membranes than on the control glass. The cells adhered
well through the adhesion receptors of the B, integrin
family on both types of PLA membranes and also on
the control glass, where they showed a brighter fluor-
escence signal. Vinculin was distributed diffusely
throughout all the cells or was organized into focal
adhesion plaques, which were more apparent in the
cells on the glass control. F-actin in cells on non-treated
membranes, on plasma-treated membranes, and on the
control glass was organized into fine fibers running in
parallel between the opposite cell edges. These fibers
were more apparent in the cells on the control glass,
while on the nanofibrous membranes F-actin formed
only tiny filaments or was distributed diffusely without
forming specific fiber structures.

Cell adhesion, growth, and morphology on PLA membranes
treated under various plasma conditions. In this part of
the study, we investigated the influence of various
plasma conditions, i.e. various power and exposure
times, on cell behavior. First, we treated membranes
of fiber density 9 g/m? in plasma with power 25W or
50 W and exposure times from 10s to 30s. Then we
used higher power from 50W to 100 W and longer
exposure times from 30s to 120s. For plasma treatment
with higher power and longer exposure times, we used
membranes of higher fiber density (16 g/m?), because
more intense plasma treatment parameters (e.g.
100 W, 100 s) could cause serious degradation of mem-
branes of lower fiber density.

Using lower power 25 W or 50 W and exposure times
from 10s to 30s, we found a significantly higher

Figure 6. Morphology of human HaCaT keratinocytes after three-day cultivation on non-treated (a, c, e, g) and plasma-treated
(power 75 W, exposure time 30s; b, d, f, h) PLA membranes of various fiber densities (a, b: 5g/m? ¢, d: 9g/m% e, f: 16 g/m?, g, h: 30g/
m?). Cells stained with Texas Red C,-Maleimide and Hoechst #33342. Olympus IX 5| microscope, obj. 10x, DP 70 digital camera,

bar 200 pm.

Downloaded from jba.sagepub.com by guest on February 13, 2015


http://jba.sagepub.com/

846

Journal of Biomaterials Applications 29(6)

Figure 7. SEM images of the morphology of human HaCaT keratinocytes after three-day cultivation (a, c, e, g) and seven-day
cultivation (b, d, f, h) on non-treated (a, b, e, f) and plasma-treated (power 75 W, exposure time 30s; ¢, d, g, h) PLA membranes of fiber
densities 5g/m? (a—d) and 16 g/m? (e-h). Quanta 450 scanning electron microscope (FEI, USA), magnification 2000, bar 40 um.

amount of cell DNA, related to the cell number, on all
plasma-treated samples than on the non-treated sam-
ples only on day 1 (Figure 9a), and on some samples on
day 3 after cell seeding (Figure 9b). On day 7 after cell
seeding, there were no significant differences in the
amount of cell DNA between plasma-treated and
non-treated membranes (Figure 9c¢). However, when
we increased the plasma power (50-100 W) and the
exposure time (30-120s), we observed differences of
higher significance between plasma-treated and non-
treated membranes. On all plasma-treated samples,
the cells adhered in higher population densities (as indi-
cated by a higher amount of cell DNA) than on the
non-treated samples on days 1 and 3 after seeding
(Figure 9 (d) and (e)). On day 7 after seeding, signifi-
cant differences in cell density between plasma-treated
and non-treated membranes were found only on sam-
ples treated with power 50 W for 30s and with power
75 W for 30s (Figure 9f). Concerning the influence of
various plasma conditions — power and exposure time —
on the amount of cell DNA, we observed significant
differences only among some plasma-treated samples
(Figure 9(b), (d) and (f)).

The cell morphology and the size of the cell cluster
spreading area on the non-treated and plasma-treated
membranes showed a similar trend as the cell number
(estimated by the amount of cell DNA). Using lower
power (25W, 50 W) and a shorter exposure time (10—
30s), we observed no differences between plasma-trea-
ted and non-treated samples in the cell morphology and
the size of the cell cluster spreading area (Figures 10(a)
and 11). However, an increase in power and exposure
time led to a larger cell cluster area on plasma-treated
membranes than on non-treated membranes (Figures
10(b) and 12). The difference in the cell cluster area
was not significant between plasma-treated samples
with various powers and exposure times.

Discussion

In the first part of the study, we investigated the influ-
ence of oxygen plasma and fiber density on the physical
and chemical properties of nanofibrous membranes and
on the behavior of human HaCaT keratinocytes in cul-
tures on these materials. We observed a higher amount
of cell DNA (which correlates with cell population
density), higher cell metabolic activity, and larger size
of the cell clusters (i.e. islands of cells) on plasma-trea-
ted membranes than on non-treated membranes. It was
previously reported that plasma treatment changed the
chemical and physical properties of the material sur-
face. These alterations are induced by polymer chain
degradation,” followed by the creation of free radicals
and crosslinking between polymer chains. These pri-
mary changes lead to the formation of oxygen-contain-
ing groups. The oxidized groups enhance material
surface wettability and promote adsorption of cell
adhesion-mediating molecules in an appropriate spatial
conformation. The specific amino acid sequences in
these molecules (e.g. RGD) are therefore well accessible
for cell adhesion receptors, and the cells can adhere and
spread on the material by a considerably large area.' In
our study, XPS analysis showed that the concentration
of oxygen-containing groups, mainly C=0 groups,
had increased after the oxygen plasma treatment,
which could lead to an increase in surface wettability.
These changes in the physical properties of the surface
could enhance cell adhesion and proliferation. Many
previous studies have described a positive effect of
plasma treatment on the adhesion and growth of a var-
iety of cells. For example, Gugala and Gogolewski
reported that oxygen plasma treatment increased the
wettability and the concentration of oxygen on the sur-
face of PLA porous membranes. These changes
enhance the attachment and growth of osteoblasts.”
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Figure 8. Immunofluorescence staining of cytokeratin 5 and filaggrin (differentiation markers of keratinocytes), B, integrin adhesion
receptors and vinculin (an integrin-associated protein of focal adhesion plaques), phalloidin staining of F-actin (filamentous cytoskeletal
protein) and cell nucleus staining (Hoechst 33342, blue) in human HaCaT keratinocytes after three days of cultivation on non-treated
and plasma-treated (power 75 W, exposure time 30s) PLA membranes of fiber density 9 g/m* and on control microscopic glass
coverslips (glass). Leica TCS SPE DM2500 confocal microscope, obj. 63 x /1.3 NA oil, bar 25 pm.

Wan et al. treated poly (lactide-co-glycolide) films
(PLGA) with oxygen plasma, and they observed the
incorporation of polar groups into the material surface,
an increase in its hydrophilicity, and the promotion of
adhesion and growth of mouse fibroblasts.’! Jeong
et al. enhanced the cellular activity of human epidermal

keratinocytes and fibroblasts by exposing silk fibroin
nanofibers to oxygen plasma. The adhesion of the
cells was promoted by an increase in the hydrophilicity
of the material surface after plasma treatment.*> Other
factors that might improve cell adhesion and growth on
plasma-modified nanofibers are an increase in overall
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Figure 9. Amount of cell DNA measured by the Picogreen assay kit in human HaCaT keratinocytes on days |, 3, and 7 on non-
treated (Pristine) and plasma-treated (various power 25-50 W and 50—100 W, exposure time 10-30's and 30—120s) PLA membranes
with fiber density 9 g/m? (a—c) and 16 g/m? (d—f). Arithmetic means = S.E.M. from nine measurements made on three independent

samples for each experimental group and time interval. ANOVA, Student—Newman—Keuls method, statistical significance (p <0.05) in
comparison with a certain experimental group are indicated by the number of the group above the column and * in comparison with

the non-treated sample (Pristine).

material stiffness and the formation of an additional
nanostructure on the material surface. Our earlier stu-
dies performed on plasma-treated polymeric foils
revealed newly formed nanoscale irregularities on foils
that were originally flat, due to partial degradation of

the foil surface.”**> Also in this study, SEM imaging
revealed degradation of the fiber surface, at least at
higher plasma powers and longer exposure times. It
has been repeatedly shown that the surface nanostruc-
ture of various materials has beneficial effects on cell

Downloaded from jba.sagepub.com by guest on February 13, 2015


http://jba.sagepub.com/

Bacakova et al.

849

(2)18000 (b) 3oooI * * .
€ 15000 l € 2500 . I * .
E e
g 12000 I g 2000 ‘ I
S 9000 l S 1500
g g |
% 6000 - 2 1000
e s |
T 3000 3 500
o O ‘

0 - — 0- .

(<] <] <] 9

s\Q@ & (],Q %QQ: \Qfo q/o% erQ: (}\QQ, %Q% Q;Qro »S/Q (bgfo $(b°@ @@Q \Q,Q .é}QQJ

® P q‘,”s <o°$ <o°\$ <o§ < <o°\$ 99\% 3 /\\$ S & &<

. . N N Q

N v o W @ o T o Yoo o N

Figure 10. Cell cluster spreading area of HaCaT keratinocytes on day 3 on non-treated and plasma-treated samples (various power
25-50 W and 50—100 W, exposure time 10-30s and 30-120s) PLA membranes of fiber density 9g/m? (a) and 16 g/m” (b) measured
using Atlas software (Tescan Ltd., Brno, Czech Republic). Arithmetic means = S.E.M. from 44 to 274 measurements. ANOVA, Student-
Newman—Keuls method, statistical significance (p <0.05): * in comparison with the non-treated sample.

Figure 11. Morphology of human HaCaT keratinocytes after three-day cultivation on non-treated (a) and plasma-treated PLA
nanofibers of fiber density 9 g/m* (b) 25W 10s, (c) 25 W 205, (d) 25 W 305, (e) 50 W 10s, (f) 50 W 20, (g) 50 W 30s. Cells stained
with Texas Red C,-Maleimide and Hoechst #33342. Olympus IX 51 microscope, obj. 10x, DP 70 digital camera, bar 200 um.

Figure 12. Morphology of human HaCaT keratinocytes after three-day cultivation on non-treated (a) and plasma-treated PLA
nanofibrous membranes of fiber density 16 g/m* (b) 50 W 30, (c) 50 W 60s, (d) 50 W 1205, (e) 75W 30s, (f) 100W 305, (g) 100 W
60s, (h) 100W 120s. Cells stained with Texas Red C,-Maleimide and Hoechst #33342. Olympus IX 51 microscope, obj. 10x, DP 70

digital camera, bar 200 pm.

adhesion and growth, which can act synergistically with
the material wettability.'-*

However, as revealed by immunofluorescence, the
plasma treatment appeared to have no significant influ-
ence on the presence and distribution of molecular

markers of cell adhesion and spreading, namely
Bi-integrins, vinculin, and F-actin. The staining pattern
of these molecules was similar in cells on non-treated
nanofibrous membranes and on plasma-treated nanofi-
brous membranes. However, this pattern differed
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between the cells on nanofibrous membranes and on
the control glass coverslips. On the glass coverslips,
the intensity of the fluorescence of the P;-integrins
and vinculin was higher, and the F-actin filaments
were better developed. Similarly, filamentous organiza-
tion of keratin 5 was also more apparent on the glass
coverslips. This could be explained by the fact that the
glass coverslips provided firmer and more continuous
support for cell attachment than the relatively loose
and porous nanofibrous network, which may not pro-
vide sufficient surface area for cell adhesion and spread-
ing.®>* On the other hand, the immunofluorescence of
filaggrin in cells on nanofibrous membranes, particu-
larly on less stiff non-treated membranes, appeared
brighter than on the glass coverslips. Filaggrin is a
structural protein involved in the mechanical resistance
and integrity of an epithelial barrier,>* and this barrier
function is probably more difficult to maintain on rela-
tively weak nanofibrous membranes.

Although HaCaT keratinocytes are an immortalized
cell line, they conserved markers of keratinocyte differ-
entiation, including markers of terminal keratinocyte
differentiation (keratins 1 and 10),35 late markers invo-
lucrin®® and loricrin,”” an intermediate marker filag-
grin,*® and an early marker keratin 5% In the
physiological skin, the terminal, late, and intermediate
markers are expressed in suprabasal layers of keratino-
cytes (i.e. spinous and granular layers), while cytoker-
atin 5 is expressed in the basal layer.’”***' The
expression of differentiation markers in HaCaT cells
is influenced by various factors, such as cell population
density,*' the composition of the cell culture media,
particularly the concentration of calcium,*® and also
by the time of cultivation.** In our system with 7-day
cultivation of HaCaT cells on nanofibrous meshes or
on glass coverslips, immunofluorescence revealed
almost no cytokeratins 1 and 10 (data not shown) but
relatively bright signals for keratin 5 and filaggrin,
which suggested an early or middle stage of HaCaT
cell differentiation. However, immunofluorescence
staining did not show striking differences in the pres-
ence and distribution of keratin 5 and fillagrin in cells
on non-treated and plasma-treated nanofibrous mem-
branes. Therefore, there is a need for a further, deeper
investigation, e.g. by biochemical methods capable
of quantifying these molecules at protein and
mRNA level.

Fiber density had a significant effect on the adhesion
and growth of cells. We measured a higher amount of
cell DNA, cell metabolic activity and a larger cell clus-
ter spreading area on membranes with lower fiber den-
sities (5 or 9g/ m?) than on membranes with higher
fiber densities (16 or 30g/m?). This effect was more
apparent on plasma-treated membranes. Soliman
et al. reported on the effect of the fiber packing density

of nanofibrous membranes on cell behavior. They
showed the dependence of pore size on the fiber pack-
ing density and its subsequent effect on cell behavior.
Higher fiber packing density resulted in smaller pores
and weaker cell proliferation.*® We observed similar
results mainly on plasma-treated membranes. The
area of void spaces between the fibers of the membranes
increased with decreasing fiber density, which led to
better cell adhesion and proliferation. Larger spaces
between fibers may have provided more space for the
cells to proliferate and migrate into a deeper layer of
the membranes. They may also enable a better supply
of oxygen and nutrients for the cells, and quicker waste
removal.>* However, the area of void spaces between
fibers decreased significantly after plasma treatment,
which further enhanced the dependence of cell adhesion
and growth on the fiber density of the membranes.
Smaller spaces between fibers on plasma-treated mem-
branes of higher fiber densities probably led to signifi-
cantly lower cell colonization of these membranes. This
insufficiency may also have been caused by a decrease
in mechanical deformability, and by an increase in the
rigidity and fragility of the plasma-treated membranes.
In addition, according to SEM analysis, significantly
stronger modification of nanofibers of higher fiber den-
sities may not provide sufficient support for cell adhe-
sion and proliferation.

In the second part of the study, we investigated the
effect of various plasma conditions (plasma power and
exposure time) on altering the physical and chemical
properties of the polymer surface, and its influence on
cell adhesion and growth. SEM analysis showed that
when plasma power less than 50 W and exposure time
shorter than 30s were used, there was no modification
of the membranes. However, if higher power (from
S50 W to 100 W) and a longer exposure time (from 30s
to 120s) were applied, the modification of the fibers
increased with plasma power and exposure time. We
observed that the plasma exposure time seemed to
have a more significant effect on the modification and
degradation of the fibers. Wan et al. had similar results
when they treated a porous PLA scaffold with NHj
plasma. They showed that the depth of the modification
of the scaffold increased mainly with exposure time,
while degradation of the scaffold increased with
increasing exposure time and plasma power.*

Cells cultivated on membranes treated under mild
plasma conditions (plasma power less than 50 W and
exposure time shorter than 30s) did not show signifi-
cantly better adhesion, proliferation, or a larger area of
cell clusters than non-treated membranes. As men-
tioned earlier, SEM analysis did not reveal any signifi-
cant alteration in the morphology of membranes
treated under mild plasma conditions. It therefore
seems that these mild plasma treatment conditions did
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not have a significant effect on the physical and chem-
ical composition of the membrane surface and on the
cell behavior. However, stronger plasma treatment
(plasma power ranging from 50 W to 100 W and expos-
ure time ranging from 30s to 120s) enhanced cell
attachment, proliferation, and spreading in comparison
with non-treated membranes. However, we observed no
significant dependence of cell behavior on modulation
of plasma power and exposure time. XPS analysis
showed a slight increase in polar groups on the material
surface after plasma treatment, but did not show sig-
nificant differences in surface chemical composition
depending on plasma power and exposure time. This
observation indicates that an increase in plasma power
and exposure time above a specific effective plasma
treatment condition limit does not have a significant
influence on cell behavior. The effect of different
plasma conditions, plasma power, and exposure time
on cell behavior would be more pronounced when
there is dynamic cultivation of the cells. Wan et al.
showed that different exposure times had a different
influences on the detachment of cells enduring shear
stress during dynamic cultivation on the material.**

Conclusion

Oxygen plasma treatment of PLA nanofibrous mem-
branes had a positive influence on cell colonization of
the material. The beneficial effect of plasma treatment
on cell adhesion and growth could be attributed to the
formation of new oxidized structures on the membrane
surface, an increase in surface wettability, and an
increase in surface stiffness. No clear dependence of
cell behavior on different plasma conditions (plasma
power and exposure time) was observed, though
higher plasma power and, in particular, longer expos-
ure times resulted in more pronounced improvement of
the cell adhesion and growth. The fiber density of the
membranes also played an important role in cell adhe-
sion and growth. The cells preferentially adhered to
membranes of lower fiber densities, probably due to
the larger void spaces between the fibers. This effect
was more pronounced on plasma-treated membranes
than on non-treated membranes. Thus, PLA nanofi-
brous membranes are promising materials for the con-
struction of temporary carriers for skin cells,
particularly after physical modifications are made to
them.
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Abstract: Fibrin plays an important role during wound healing and skin regeneration. It is often
applied in clinical practice for treatment of skin injuries or as a component of skin substitutes.
We prepared electrospun nanofibrous membranes made from poly(L-lactide) modified with a
thin fibrin nanocoating. Fibrin surrounded the individual fibers in the membrane and also formed
a thin fibrous mesh on several places on the membrane surface. The cell-free fibrin nanocoat-
ing remained stable in the cell culture medium for 14 days and did not change its morphology.
On membranes populated with human dermal fibroblasts, the rate of fibrin degradation correlated
with the degree of cell proliferation. The cell spreading, mitochondrial activity, and cell popula-
tion density were significantly higher on membranes coated with fibrin than on nonmodified
membranes, and this cell performance was further improved by the addition of ascorbic acid in
the cell culture medium. Similarly, fibrin stimulated the expression and synthesis of collagen I
in human dermal fibroblasts, and this effect was further enhanced by ascorbic acid. The expres-
sion of beta -integrins was also improved by fibrin, and on pure polylactide membranes, it was
slightly enhanced by ascorbic acid. In addition, ascorbic acid promoted deposition of collagen I
in the form of a fibrous extracellular matrix. Thus, the combination of nanofibrous membranes
with a fibrin nanocoating and ascorbic acid seems to be particularly advantageous for skin
tissue engineering.

Keywords: clectrospun nanofibers, nanocoating, skin tissue engineering, fibroblasts, fibrin,
ascorbic acid, nanotechnology, nanomedicine, collagen I synthesis, betal-integrins

Introduction

Nanostructured materials are advantageously applied for constructing a tissue
replacement, because they are more attractive for cell adhesion, proliferation, and
differentiation than flat or microstructured surfaces. The nanostructure of the material
mimics the nanoarchitecture of natural extracellular matrix (ECM), eg, its nanofibrous
component, and it enhances the cell-material interaction. Nanostructured materials are
capable of adsorbing cell adhesion-mediating ECM molecules from the body fluid or
from the cell culture medium in an appropriate spatial conformation. This conformation
is important for good accessibility of specific oligopeptidic ligands of ECM molecules
to cell adhesion receptors called integrins."?

Nanostructured materials can promote skin regeneration by improving the adhesion
and proliferation of skin cells and the neovascularization of a tissue-engineered skin
implant. They enable cells to be supplied with oxygen and nutrition and prevent fluid
accumulation at the wound site.’

Most models of skin substitutes are based on a nonresorbable artificial material
and allogenic cells. These substitutes cannot provide permanent coverage because
they will finally be rejected.* A promising approach could be to fabricate nanofibrous
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biodegradable scaffolds colonized with autologous
fibroblasts and keratinocytes. The degradable scaffolds are
slowly resorbed in the organism and are finally replaced by
a newly formed tissue.

The most widespread technique for preparing nanofibrous
scaffold is electrospinning. Due to increasing requirements
of the electrospun nanofibrous scaffold for biomedical pur-
poses, several innovative methods of electrospinning have
been developed. One approach is the needleless electrospin-
ning enabling the production of nanofibers on a large scale.’
Another method is the creation of structural nanofibers using
multiple-fluid electrospinning such as coaxial,®” triaxial,®
or side-by-side’ process. The multiple-fluid electrospinning
enables encapsulation of drugs or other biological agents
into polymeric nanofibrous scaffold and can be potentially
applied for drug delivery. In addition, the electrospinning can
be combined with other traditional methods or after-treatment
of electrospun nanofibers. Our structural nanofibers were
fabricated by coating fibrin on the electrospun polylactide
(PLA) nanofibers that were created using a needleless elec-
trospinning technique.

Promising materials for developing nanofibrous degrad-
able scaffolds are synthetic degradable polymers, namely
PLAS,'%2 and their copolymers with glycolides'® or poly-
ethylene glycol."* Other examples include poly (epsilon-
caprolactone)’® or segmented copolymers of polyethylene
oxide terephthalate and polybutylene terephthalate.'s

However, synthetic polymers used for skin tissue engi-
neering often do not favor cellular adhesion, growth, and
matrix deposition in their pristine unmodified state.!! In our
earlier study, PLA nanofibrous membranes were modified by
plasma treatment in order to enhance the adhesion and growth
of human keratinocytes on these carriers.'? Other modifica-
tions included etching of the polymers in NaOH in order to
increase their wettability and their electrical charge,'® copo-
lymerization or blending of the polymers with other more
hydrophilic synthetic polymers,'” and particularly combining
synthetic polymers with molecules physiologically present in
the skin, such as collagen,'® hyaluronan,'® and fibronectin.!’
Another approach is through modification by fibrin.'*? Fibrin
is a temporary matrix molecule that forms during wound
healing. It offers the advantage that fibrinogen, a precursor
of fibrin, can be isolated in a considerable amount from the
patient’s blood in autologous form to prevent unwanted
immune reactions.??

Fibrin plays an important role in skin regeneration. It
is a biopolymer resulting from enzymatic reactions of the
coagulation cascade. Activation of this cascade leads to the
conversion of soluble fibrinogen by thrombin into a network

of insoluble fibrin fibers.?® The fibrin network stabilizes the
platelet plug by binding platelets to the fibrin. The platelets
secrete growth factors, namely platelet-derived growth factor,
which stimulates fibroblasts to proliferate, migrate into the
wound site, and produce collagen I and 111, glycosaminogly-
cans, and proteoglycans. Moreover, the fibrin network binds
other cell types, such as smooth muscle cells and endothelial
cells, through integrin adhesion receptors. In addition, fibrin
binds cell adhesion-mediating ECM proteins, fibronectin, and
vitronectin, which support the adhesion of fibroblasts.**

During the wound healing process, dermal fibroblasts
secrete ECM proteins, mainly collagen of types I and III,
which are the major component of ECM in the skin dermis.?
The synthesis of collagen is enhanced by water-soluble ascor-
bic acid (vitamin C). Ascorbic acid plays a role as a cofactor
for enzymes, prolyl, and lysyl hydroxylases, catalyzing the
synthesis of hydroxyproline and hydroxylysine in collagen.
In addition, ascorbic acid also stimulates collagen biosyn-
thesis by increasing the steady-state level of procollagen
mRNA .2 A previous study has shown that the fibroblasts
cultivated in a three-dimensional system consisting of ECM
molecules not only secreted collagen into the cell culture
medium but also deposited it on the cultivation substrate
as collagen fibrils.?” Similarly, human dermal fibroblasts
cultured on composite polymeric nanofibrous scaffolds
blended with ascorbic acid synthesized more collagen than
that synthesized on nonblended scaffolds.?

For skin tissue engineering and wound healing, fibrin has
been used mostly in the form of self-supporting structures,
such as gels, '3 a glue,**3! and microbeads.** It has been
relatively rarely used for surface modification of scaffolds,
with the exception of collagen—chitosan porous membranes,’!
or on electrospun poly(lactide-glycolide-caprolactone)
nanofibers.** To the best of our knowledge, a combination
of fibrin and ascorbic acid has not previously been used
for constructing potential skin replacements, although this
combination has been applied in tissue engineering of tendon
and ligament,* cartilage,* bone,** smooth muscle,’” and
heart valves.* In these applications, ascorbic acid promoted
appropriate differentiation and phenotypic maturation of cells
and increased the collagen production in these cells.

The aim of this study is therefore to evaluate the adhesion
and growth of human dermal fibroblasts on PLA nanofibrous
membranes modified with a cell-degradable fibrin nanocoat-
ing. We further investigated the effect of a combination of
nanofibrous membranes, fibrin nanocoating, and ascorbic
acid on the synthesis of collagen by fibroblasts, mainly
in the form of collagen fibrils deposited on the membrane
surface as ECM.
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Materials and methods

Preparation of nanofibrous membranes
Poly(L-lactide) (PLA; Ingeo™ Biopolymer 4032D) was
purchased from NatureWorks, Minnetonka, MN, USA. The
molecular parameters of the polymer material, determined by
size exclusion chromatography, were M =124,000 g/mol and
M =48,000 g/mol.** A 7 wt% solution of PLA in a mixture of
chloroform, dichloroethane, and ethyl acetate in the volume
ratio of 61:29:10 was used for the electrospinning process.
The polymer was diluted only in chloroform, and the other
two solvents were added after the dilution. The polymer
solution was made electrically conductive with the use of
tetracthylammonium bromide, which was first dissolved in
dimethylformamide at a concentration of 3 wt%, and then 3 g
of this solution was added to 100 g of the PLA solution.*
Nanofibrous membranes were prepared using the novel
Nanospider needleless electrospinning technology (NS Lab
500; Elmarco Ltd., Liberec, Czech Republic). The process con-
ditions were: electrode distance: 180 mm; voltage: 60-10 kV;
the spinning electrode rotated at 4 rpm; relative humidity:
25%—-30%, and room temperature. The fiber density, ie, the area
weight of the prepared nanofibers, was from 12 to 15 g/m>.

Preparation of a fibrin nanocoating on PLA

membranes

The fibrin nanocoating on a nanofibrous membrane was
created by activation of human fibrinogen (EMD Millipore,
Billerica, MA, USA) with human thrombin (Sigma-Aldrich
Co., St Louis, MO, USA), as published previously.* Human
fibrinogen and human thrombin are commercially avail-
able, and in our study both chemicals were purchased from
international well-known companies and therefore no ethical
approval was required.

A total of 10 ug/mL of fibrinogen in Tris buffer (consist-
ing of 50 mM Tris-HCI, 100 nM NaCl, and 2.5 mM CaCl,)
was adsorbed on the surface of the membrane for 1 hour. The
adsorbed fibrinogen was rinsed with Tris buffer and was acti-
vated with thrombin (2.5 U/mL in Tris buffer) for 15 minutes.
After thrombin activation, the membranes were rinsed with
Tris Buffer. Finally, a solution of 200 pg/mL of fibrinogen and
0.5 U/mL of antithrombin III (Chromogenix, Milano, Italy)
was added to the membranes for 1 hour. A fibrin network was
formed by a catalytic reaction of the surface-attached thrombin
with the ambient fibrinogen solution. Antithrombin III blocked
unreacted thrombin to form a two-dimensional fibrin layer.

Scanning electron microscopy
The morphology of the PLA membrane in pristine state
(nonmodified membrane) was studied by scanning electron

microscopy. The membranes were sputter-coated with gold
and were evaluated by a Quanta 450 scanning electron
microscope (FEIL Hillsboro, OR, USA) in high vacuum mode.
The images were taken using ETD — the Everhart—Thornley
detector in secondary electrons mode at high voltage of 20 kV
and magnification of 2,000x and 10,000x. The diameter of
the fibers was measured on the scanning electron microscopy
images using Atlas software (Tescan Ltd., Brno, Czech
Republic).

Cell culture

The nanofibrous membranes were fixed in Cell Crown inserts
(Scaffdex Ltd., Tampere, Finland) and were inserted into
polystyrene 24-well or six-well cell culture plates (TPP, Tras-
adingen, Switzerland; well diameter: 1.56 or 3.38 cm). The
samples were seeded with neonatal human dermal fibroblasts,
purchased from Lonza (Basel, Switzerland), in passage 5 at
a density of 10,000 cells/cm?. Dulbecco’s Modified Eagle’s
Medium (Sigma-Aldrich Co.) supplemented with 10% of fetal
bovine serum (FBS; Sebak GmbH, Aidenbach, Germany) and
40 ug/mL of gentamicin (LEK, Ljubljana, Slovenia) was used
for cultivating the cells on the samples. The volume of cell
culture medium was 1.5 mL/sample for the 24-well cell cul-
ture plate and 6 mL/sample for the six-well cell culture plate.
The cells were cultivated for 1, 3, 5, 7, 10, and 14 days in a cell
incubator at 37°C and in a humidified atmosphere with 5% of
CO, in the air. The medium was changed after 1 week of cell
cultivation and subsequently every 3 days. Polystyrene culture
dishes (24-well or six-well plates) or glass coverslips were
used as control materials. On day 1 (for B -integrin evalua-
tion) or on day 3 (for other experiments) after cell seeding,
50 pug/mL 2-phospho-L-ascorbic acid trisodium salt (AA) was
added into the cell culture medium of one half of the samples
to stimulate the cells to produce collagen.

Cell mitochondrial activity

Cell mitochondrial activity was used as an indirect marker
of cell proliferation activity, because it usually increases with
increasing cell number. This parameter was measured in six
intervals of cell cultivation (on days 1, 3,5, 7, 10, and 14 after
cell seeding) by CellTiter 96 AQueous One Solution Cell
Proliferation Assay (MTS; Promega Corporation, Madison,
WI, USA) on samples of nanofibrous membranes incubated
in a 24-well cell culture plate. The principle of this assay is
based on the cleavage of yellow tetrazolium salt MTS and
on the formation of water-soluble brown formazan salt by
the activity of mitochondrial enzymes in cells. The formazan
dye is then quantified by measuring the absorbance using a
spectrophotometer (ELISA reader).

International Journal of Nanomedicine 2016:1 |

submit your manuscript

773

Dove


www.dovepress.com
www.dovepress.com
www.dovepress.com

Bacakova et al

Dove

Four independent samples for each experimental group
and time interval were used. One sample without cells for each
experimental group and time interval was used as a control to
set the background of the measured absorbance. A 24-well
polystyrene culture dish was used as a control material for cell
proliferation. The samples of nanofibrous membranes were
moved into fresh 24-well plates to avoid the influence of the cells
adhered to the bottom of the wells. The assay was performed in
accordance with the manufacturer’s protocol. The absorbance
was measured using the VersaMax ELISA Microplate Reader
(Molecular Devices LLC, Sunnyvale, CA, USA) in Nunc-
Immuno MicroWell 96-well cell culture plates (Sigma-Aldrich
Co., St Louis, MO, USA) with wavelength at 490 nm.

Cell morphology and spreading

The spreading and morphology of the cells on PLA nanofi-
brous membranes with or without fibrin nanocoating were
evaluated in six culture intervals (on days 1, 3, 5, 7, 10, and
14 after cell seeding). A 24-well plate polystyrene culture
dish was used as a control material. The cells were rinsed
with phosphate-buffered saline (PBS), fixed with —20°C cold
ethanol for 10 minutes, and then stained for 1 hour at room
temperature with a combination of fluorescent dyes diluted
in PBS. The cell cytoplasm was stained with Texas Red
C,-maleimide (Molecular Probes, eugene, OR, USA; Thermo
Fisher Scientific, Waltham, MA, USA, 20 ng/mL). F-actin,
an important molecule of the cell cytoskeleton, was stained
with phalloidin conjugated with TRITC (Sigma-Aldrich Co.,
5 ug/mL), and cell nucleus was stained with Hoechst #33258
(Sigma-Aldrich Co., 5 pg/mL). Images of the cell morphol-
ogy were taken using an epifluorescence microscope (IX51,
Olympus Corporation, Tokyo, Japan, objective [obj] 10X)
equipped with a digital camera (DP 70, Olympus Corporation,
Tokyo, Japan) or scanned using a Leica TCS SPE DM2500
upright confocal microscope (Leica Microsystems, Wetzlar,
Germany), obj 40x/1.15 numerical aperture (NA) oil.

Real-time polymerase chain reaction

Real-time polymerase chain reaction (real-time PCR) was
used for measuring relative mRNA expression of 3 -integrin
(important molecule marker of cell adhesion) and collagen I
(main component of ECM produced by fibroblasts) on days 7,
10, and 14 after cell seeding. The first evaluated interval was
chosen after 1 week of cultivation on the basis of our previ-
ous experiments, when fibroblasts started to form collagen
fibers after they reached confluence. Moreover, higher cell
population density was needed for RNA isolation. Four inde-
pendent samples of PLA membranes fixed into a six-well cell
culture plate for each experimental group and time interval

were used. Each membrane sample was pooled in two inde-
pendent experiments. The polystyrene culture dishes were
used as a control material for cell proliferation.

Total RNA was isolated from the samples using the Total
RNA Purification Micro Kit (Norgen Biotek Corp., Thorold,
ON, Canada), according to the manufacturer’s protocol. The
cells were rinsed with PBS. The PLA membranes were trans-
ferred into 1.5 mL tubes, and RNA was isolated using the lysis
solution enriched with mercaptoethanol (1%). The cells on the
control polystyrene dish were directly lysed in the plate.

Reverse transcription was performed using the Omnis-
cript Reverse Transcription Kit (Qiagen NV, Venlo, the
Netherlands) and random hexamers (New England Biolabs,
Inc, Ipswich, MA, USA), according to the manufacturer’s
protocol.

The mRNA levels were quantified by 5x HOT FIREPol
Probe qPCR Mix Plus (ROX) (Solis BioDyne, Tartu, Estonia)
and by TagMan Gene Expression Assays (Thermo Fisher
Scientific, Waltham, MA, USA), labeled with FAM reporter
dye specific to human [ -integrin /7GB1 (Hs00559595_m1)
or to human collagen I COLIAI (Hs00164004_ml) as a
target gene, and glyceraldehyde 3-phosphate dehydroge-
nase (GAPDH) (Hs02758991_g1) as a reference gene, in a
final reaction volume of 20 UL on a 96-well optical reaction
plate using the iQ5 Multicolor Real-Time PCR Detection
System (Bio-Rad Laboratories Inc., Hercules, CA, USA).
The amplification conditions consisted of incubation with
uracil-DNA glycosylase at 50°C for 2 minutes and initial
DNA polymerase enzyme activation at 95°C for 10 minutes,
followed by 50 cycles of denaturation at 95°C for 15 seconds
and annealing/extension at 60°C for 1 minute.

The data are presented as the mean * standard error of
mean (SEM) from six to eight experimental measurements
obtained from three to four independent experiments. Expres-
sion values were obtained from C numbers. The target gene
levels are expressed as a relative value, the ratio of the target
gene expression toward the reference GAPDH gene. The
relative gene expression was calculated as 2™, where AC,
was determined in each sample by subtracting the C, value
of the target gene from the C, value of the GAPDH.

Immunofluorescence staining

The morphology, stability, and degradation of fibrin
nanocoating by the cells, distribution of integrin adhesion
receptors with B, chain, and the total collagen produced
by fibroblasts on the PLA membranes were examined with
immunofluorescence staining. The morphology of the
fibrin nanocoating on the PLA membranes was examined
on freshly prepared samples. The stability and degradation
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of fibrin nanocoating by the cells was evaluated in six time
intervals (on days 1, 3, 5, 7, 10, and 14 after cell seeding).
In each time interval, the fibrin nanocoating was stained on
PLA membranes seeded with cells and also on membranes
without cells, only immersed in the cell culture medium and
incubated under the conditions that were used for cell cul-
tivation. The nonmodified membranes incubated in the cell
culture medium with and without cells were used as a control
to show nonspecific binding of primary or secondary antibody
and the cell morphology. The J3,-integrins were visualized
in the cells on the investigated substrates on days 3 and 7
after cell seeding. The visualization of total (intracellular and
extracellular) collagen produced by fibroblasts on the PLA
membranes was performed on days 7, 10, and 14. The cells
were cultivated on PLA membranes trapped in CellCrowns
and fitted into a 24-well plate. Microscopic glass coverslips
were used as a control material. Two samples of each experi-
mental group for each time interval were used.

The membranes cultivated with the cells were incubated
with cold (-20°C) 70% ethanol for 10 minutes at room tem-
perature to fix the cells. The membranes without cells or with
fixed cells were treated with 1% bovine serum albumin in
PBS (Sigma-Aldrich Co.; for the membranes without cells) or
with 1% bovine serum albumin in 0.1% triton (Sigma-Aldrich
Co.; for the membranes with the cells) for 20 minutes, and
then with 1% Tween 20 (Sigma-Aldrich Co.) in PBS for
20 minutes at room temperature to block nonspecific binding
sites. Subsequently, the samples were incubated overnight at
4°C with the following primary antibodies diluted in PBS in
a ratio of 1:200: rabbit polyclonal antibody against human
fibrinogen (Dako Denmark A/S, Glostrup, Denmark), a
mouse monoclonal antibody against 3 -integrin chain (Merck
Millipore, Billerica, MA, USA), or mouse monoclonal anti-
body against collagen I (Sigma-Aldrich Co.). After rinsing
with PBS, the secondary antibody goat anti-rabbit F(ab')2
fragments of IgG (H + L) or the secondary antibody goat
anti-mouse F(ab')2 fragments of IgG (H + L), conjugated
with Alexa Fluor® 488 (Molecular Probes; Thermo Fisher
Scientific), were applied to the samples (diluted in PBS in
aratio of 1:400) for 1 hour at room temperature in the dark.
The cells were rinsed with PBS and were scanned using
a Leica TCS SPE DM2500 upright confocal microscope,
obj 40x/1.15 NA oil or obj 63x/1.3 NA oil.

Immunofluorescence staining of
extracellular collagen

The extracellular collagen, ie, collagen deposited by the cells
on the membrane surface, was stained in live cells on days 7,
10, and 14. The cells were cultivated on PLA membranes

trapped in CellCrowns and fitted into a 24-well plate. Micro-
scopic glass coverslips were used as a control material.

To stain extracellular type I collagen, the cells were rinsed
with a solution of 5% FBS in PBS. The samples were then
incubated with primary mouse monoclonal antibody against
collagen I (Sigma-Aldrich Co., diluted in PBS in a ratio of
1:200) for 30 minutes on ice. After rinsing the cells with 5%
FBS in PBS, they were fixed with 2% paraformaldehyde
dissolved in PBS for 20 minutes. The samples were rinsed
with PBS, and the nonspecific binding sites were blocked
with 1% FBS in PBS. The samples were rinsed with PBS and
were incubated with secondary antibody anti-mouse F(ab')2
fragments of IgG (H + L), conjugated with Alexa Fluor® 488
(Molecular Probes, Thermo Fisher Scientific) for 2 hours in
the dark. The secondary antibody was diluted in 1% FBS in
PBS in a ratio of 1:1,000. The cells were rinsed in PBS, and
the cell nucleus was stained with Hoechst #33342, which
penetrates through the nonpermeabilized cell membrane.

The cells were scanned using a Leica TCS SPE DM2500
upright confocal microscope, obj 40x/1.15 NA oil.

Sircol™ soluble collagen assay

The total amount of collagen produced by the cells, ie,
intracellular collagen and collagen deposited on the PLA
membranes, was determined using a Sircol kit (Biocolor
Ltd., Carrickfergus, UK) on day 14 after cell seeding. The
Sircol assay was carried out only on samples incubated in the
cell culture medium with AA. The cells cultivated in the cell
standard cultivation medium (without AA) did not deposit
collagen as ECM on surface samples in a sufficient amount
to enable adequate measurements to be made (the amount
of cell collagen was under the detection limit). The Sircol
dye binds acid- and pepsin-soluble collagen synthesized by
cells and deposited onto the surface as ECM. The Sircol
reagent binds to the [Gly-X-Y] helical structure, as found
in all types of collagen.

The PLA membranes with cells cultivated in CellCrowns
fitted into a six-well plate were removed from the CellCrowns
and were transferred into fresh cell culture plates. The poly-
styrene culture dishes were used as a control material. The
membranes and the control polystyrene dishes without cells
were used as a control to set a background. Four independent
samples for each experimental group were used. The collagen
was recovered by acid—pepsin digestion. The cells on the mem-
branes and on the control polystyrene were rinsed with PBS,
harvested with a cell scraper in 1 mL of pepsin solution (1 mg/
mL dissolved in 0.5 M acetic acid), and lysed overnight at 4°C.
The lysates were centrifuged and the supernatants were con-
centrated according to the Sircol kit manufacturer’s protocol.
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Finally, the Sircol dye was bound to the isolated collagen,
was dissolved, and the absorbance of the colored solution was
measured. The absorbance was measured using a VersaMax
ELISA Microplate Reader (Molecular Devices LLC) in Nunc-
Immuno MicroWell 96-well cell culture plates (Sigma-Aldrich
Co.,) with wavelength at 555 nm. The amount of collagen on
each type of sample was expressed in pg/cm?.

The amount of total collagen was adjusted to the cell
number estimated by the amount of cellular DNA or to the cell
proliferation estimated by the metabolic activity of the cells.
The amount of cell DNA was determined using a Picogreen
dsDNA assay kit (Thermo Fisher Scientific). The assay is
based on measurements of the fluorescence of Picogreen,
a nucleic acid stain for quantifying double-stranded DNA
in solution. The assay was carried out according to the
manufacturer’s protocol. Three independent samples of each
experimental group were used for the measurements. Fluo-
rescence was measured with the Synergy HT Multi-Mode
Reader (BioTek, Winooski, VT, USA) in black 96-well cell
culture plates (96 F Nunclon delta; Black Microwell SI) with
excitation wavelength at 480 nm and emission wavelength
at 520 nm. The amount of cell DNA on each sample was
expressed in ng/cm?. The cell metabolic activity was mea-
sured by a CellTiter 96 AQueous One Solution Cell Prolif-
eration Assay (MTS, Promega Corporation), as described in
the “Cell mitochondrial activity” section.

Statistics
If not stated otherwise in the text earlier, the quantitative
data are presented as mean * standard deviation from four

independent samples for each experimental group and time
interval. Statistical significance was evaluated using the
analysis of variance and Student-Newman—Keuls method.
Values of P=0.05 were considered significant.

Results

Morphology of PLA nanofibrous
membranes and the fibrin nanocoating
on a PLA membrane and its degradation

during cell cultivation

The morphology of the nanofibrous membranes in the non-
modified state is shown in Figure 1. The nanofibrous mem-
branes consisted of mostly straight and randomly oriented
fibers (Figure 1A, B). The diameter of the fibers varied in
a large range from tens of nanometer to >1 um. The aver-
age fiber diameter was ~350 nm (Figure 1C). Thus, the
fiber diameter was in the submicron scale rather than in the
nanoscale, because the size of nanostructures is defined as
=100 nm. However, in the scientific literature, submicron-
scale fibers are commonly referred to as nanofibers.*

The fibrin regularly coated each fiber in the membrane.
Moreover, the fibrin randomly formed a thin fibrous mesh
on the membrane surface (Figure 2). Tests on the durability
of the fibrin nanocoating on the nanofibrous membrane
without cells, immersed in the cell culture medium at 37°C
for 14 days, showed that the fibrin nanocoating was stable
and its morphology was almost unchanged (Figure 3A). The
rate of degradation of the fibrin nanocoating on the membrane
with cells correlated with the degree of cell proliferation
(Figure 3B and C). After 10 days of cell cultivation, the

c Fiber density (g/m?)

13-15

Fiber diameter, mean + SD (nm)

352+205

Fiber diameter range (nm)

411,747

Figure | SEM images of nonmodified PLA membranes.

Notes: Quanta 450 scanning electron microscope FEI, magnification 2,000x (A), magnification 10,000x (B). Morphological parameters of PLA membranes (C). Mean + SD

from 12 SEM images (1,748 measurements in total).

Abbreviations: SEM, scanning electron microscopy; PLA, polylactide; SD, standard deviation.
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PLA

Figure 2 Morphology of the fibrin nanocoating (F) on PLA membranes.
Notes: The fibrin nanocoating stained with primary and secondary antibody. Arrows show the thin fibrous mesh of fibrin at the top of the membrane. The nonmodified
membranes (PLA) were used as a control material to show nonspecific binding of primary or secondary antibody. Leica TCS SPE DM2500 confocal microscope, obj 40x/1.15

NA oil.
Abbreviations: PLA, polylactide; obj, objective; NA, numerical aperture; PLA F, fibrin nanocoating on PLA.

Day 1 Day 3 Day 5 Day 7 ‘ Day 10 Day 14
| 50_?2 { : 50;_;ﬂ

! 1 ‘ e y

Figure 3 Morphology of the fibrin nanocoating (green) on PLA membranes in six cell culture intervals incubated without cells at 37°C, 5% CO, (A), incubated with human
dermal fibroblasts (B — only fibrin nanocoating, € — only cells, D — fibrin nanocoating with cells). Cells on nonmodified PLA membranes (E).

Notes: Cells cultivated in the standard cell culture medium. The fibrin nanocoating was stained by immunofluorescence. The cells were stained with phalloidin conjugated
with TRITC and Hoechst #33258. Leica TCS SPE DM2500 confocal microscope, obj 40x/1.15 NA oil.

Abbreviations: PLA, polylactide; obj, objective; NA, numerical aperture; PLA F, fibrin nanocoating on PLA.
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fibrin was degraded on the membrane surface. In the deeper
layers of the membrane, where the cells did not penetrate,
the fibrin remained in unchanged form. The same results
were obtained on the samples cultivated in the cell culture
medium supplemented with AA (data not shown).

The morphology of the cells was different on nonmodi-
fied membranes and on membranes coated with fibrin. On
the fibrin-modified membranes, the cells were well-spread
already on day 1 after cell seeding, whereas on the nonmodi-
fied membrane, some cells were still round in shape even
after 3 days of cell cultivation. The cell density was higher
on the membranes coated with fibrin than on the nonmodified
membranes (Figure 3C and D).

Cell metabolic activity, proliferation,
adhesion, and morphology on PLA
membranes

The cell mitochondrial metabolic activity, which correlates
with cell proliferation, was significantly higher on the mem-
branes coated with fibrin than on the nonmodified membranes
from days 1 to 10 after cell seeding. These differences did
not become nonsignificant until day 14. Differences in cell
proliferation were found on the samples cultivated in the stan-
dard cell culture medium and also on the samples cultivated
in the medium with AA. On the control polystyrene culture
dishes, the cell metabolic activity decreased significantly

after 1 week of cell cultivation and was lower than on the
membranes coated with fibrin. Moreover, on day 14, the cell
proliferation on the control polystyrene was significantly
lower than on all types of nanofibrous membranes. AA added
into the cell culture medium after 3 days of cell cultivation
significantly increased the cell metabolic activity on all types
of samples, mainly on days 5, 7, and 10 after cell seeding
(Figure 4).

The cell metabolic activity on nonmodified and modified
membranes and on the control polystyrene increased with the
time of cell cultivation (Figure 4), which indicates increas-
ing density of the cells (Figures 5 and 6). The cells adhered
in greater densities on membranes coated with fibrin than
on nonmodified membranes (Figures 5 and 6, days 1-7).
On day 7, the cells on fibrin were confluent, whereas there
were free spaces among the cells on the nonmodified mem-
branes. On day 14, the cells formed confluent monolayers on
all types of samples. In addition, the cells on fibrin-coated
membranes were better spread than the cells on nonmodified
membranes (Figure 5). The addition of AA further stimulated
the cell proliferation, which was manifested by their higher
population density than that in the medium without AA. This
was particularly apparent on the pure PLA (Figure 6).

B,-Integrins were evaluated as a molecular marker of
cell adhesion. Relative mRNA expression of these integrins
changed during cell cultivation. On day 7 after seeding, the

2.0
AA
1.81 % -
o PLA AA [T]
1.64| O PLA+AA *
o PLAF
1.41| mPLAF +AA
8 m PS AA AA
£ 121 mPs+AA H
2 10]
o
g 0.8
< °
0.6 *
*
0.4
I ;
0.0 |+|
Day 1 Day 3 Day 5 Day 7 Day 10 Day 14

Figure 4 Mitochondrial activity in human dermal fibroblasts determined by an MTS assay in six time intervals (on days 1, 3, 5, 7, 10, and 14 after cell seeding) on nonmodified

PLA membranes or on PLA membranes with a fibrin nanocoating (F).

Notes: Cells cultivated in the standard cell culture medium or in a medium supplemented with AA. The PSs were used as a control material. Arithmetic mean + SD from 16
measurements made on four independent samples for each experimental group and time interval. ANOVA, Student—-Newman—Keuls method, statistical significance (P<0.05): *compared
with a nonmodified PLA membrane in the standard cell culture medium or in the medium with AA, and AA compared with membranes in the standard cell culture medium.

Abbreviations: PLA, polylactide; AA, 2-phospho-L-ascorbic acid trisodium salt; PSs, polystyrene culture dishes; SD, standard deviation; ANOVA, analysis of variance;

PLA F, fibrin nanocoating on PLA.
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Day 1

PLA

PLAF

Day 3

Figure 5 Morphology of human dermal fibroblasts on days | and 3 after seeding on nonmodified PLA membranes, or on PLA membranes with a fibrin nanocoating (F).
Notes: Cells cultivated in the standard cell culture medium. The PS was used as a control material. Cells stained with Texas Red C -Maleimide and Hoechst #33258. Olympus

IX 51 microscope, obj 10x, DP 70 digital camera.
Abbreviations: PLA, polylactide; PS, polystyrene culture dish; obj, objective.

integrin expression was lower on nonmodified membranes
compared to membranes coated with fibrin or to control
polystyrene. However, on day 10 after seeding, the expres-
sion of B -integrins was significantly higher on nonmodified
membranes than on fibrin-modified membranes. Moreover,
on nonmodified membranes, the integrin expression was
two times higher on day 10 than on day 7. On day 14
after seeding, the expression on nonmodified membranes,
fibrin-modified membranes, and control polystyrene dishes
was comparable. AA added into culture medium did not

significantly influence [3,-integrin expression. The most
apparent (but not significant) positive effect of AA on the
increase of 3 -integrin expression was observed in cells on
nonmodified membranes on day 10 (Figure 7).

Focal adhesions (FA) containing 3 -integrins were local-
ized preferentially on the cell edges, and thus they were
better observable in cells at earlier culture intervals (ie, on
day 3, Figure 8) than at later intervals when the cells formed
a confluent layer (ie, on day 7, data not shown). On day 3
after seeding (ie, 2 days after adding of AA), FA were better
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Figure 6 Morphology of human dermal fibroblasts on days 7 and 14 after seeding on nonmodified PLA membranes or on PLA membranes with a fibrin nanocoating (F).
Notes: Cells cultivated in the standard cell culture medium or in the medium supplemented with AA. The PS was used as a control material. Cells stained with Texas Red
C2-Maleimide and Hoechst #33258. Olympus IX 51 microscope, obj 10x, DP 70 digital camera.

Abbreviations: PLA, polylactide; AA, 2-phospho-L-ascorbic acid trisodium salt; PS, polystyrene culture dish; obj, objective.
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Figure 7 Relative expression of B -integrins in human dermal fibroblasts on days 7, 10, and 14 after seeding on nonmodified PLA membranes or on PLA membranes with a
fibrin nanocoating (F) determined by real-time PCR.

Notes: The cells were cultivated in the standard cell culture medium or in the medium supplemented with AA. The PS served as a control material. Reference gene GAPDH.
ANOVA, Student—-Newman—Keuls method, statistical significance (P<0.05): *in comparison with the nonmodified PLA membrane in the standard cell culture medium or in
the medium with AA.

Abbreviations: PLA, polylactide; PCR, polymerase chain reaction; AA, 2-phospho-L-ascorbic acid trisodium salt; PS, polystyrene culture dish; GAPDH, glyceraldehyde
3-phosphate dehydrogenase; ANOVA, analysis of variance.

PLA + AA

Figure 8 Immunofluorescence staining of 3 -integrins in human dermal fibroblasts on day 3 after seeding on nonmodified PLA membranes or on PLA membranes with a
fibrin nanocoating (F).

Notes: Arrows show focal adhesions containing {3 -integrins. The cells were cultivated in the standard cell culture medium or in the medium supplemented with AA.
Microscopic glass coverslips (GLASS) served as a control material. Cell nucleus stained with Hoechst #33258 (blue). Leica TCS SPE DM2500 confocal microscope, obj 63x/1.3
NA oil.

Abbreviations: PLA, polylactide; AA, 2-phospho-L-ascorbic acid trisodium salt; obj, objective; NA, numerical aperture.
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developed in cells on fibrin-modified membranes than on
nonmodified membranes. Positive influence of AA added
into the culture medium was slightly apparent on nonmodi-
fied membranes, where the FA were better visible in the cells
cultured in medium supplemented with AA than in standard
medium. On fibrin-modified membranes, the influence of AA
was not observed (Figure 8).

Collagen production by human dermal
fibroblasts

The relative mRNA expression of collagen I, determined
by real-time PCR, was estimated in three time cell culture
intervals on days 7, 10, and 14. Collagen I expression was
significantly higher on membranes coated with fibrin than
on nonmodified membranes at all three time intervals of cell
cultivation. After 10 days of cell cultivation, the positive
effect of AA on collagen I expression began to be manifested.
On day 10 after cell seeding, the expression of collagen [ was
significantly increased by adding AA into the cell culture
medium only on the nonmodified membranes. On day 14,
adding AA into the cell culture medium also increased
collagen I expression on membranes coated with fibrin.
The highest collagen I expression values of all the tested
samples were reached on these membranes (Figure 9).

Collagen I expression was significantly lower on the
nonmodified membranes than on the control polystyrene
dishes. Collagen I expression on the membranes coated with
fibrin was comparable to the expression on the control poly-
styrene dishes, or was slightly lower. However, the difference
in expression was not statistically significant. On membranes
coated with fibrin and incubated in the cell culture medium
with AA for 14 days, the cells expressed the highest quantity
of mRNA for collagen I, and this expression was significantly
higher than that on the control polystyrene dishes (Figure 9).
Collagen I expression increased significantly with the cell
cultivation time, except in the case of the cells cultivated on
the control polystyrene dishes (Figure 9).

Immunofluorescence staining of collagen I revealed
that AA stimulated the cells to form extracellular collagen
fibers deposited on the substrate surface after 1 week of cell
cultivation (Figure 10). The cells cultivated in the standard
cell culture medium without AA synthetized collagen but did
not form a fibrous ECM (Figure 11). The collagen remained
inside the cells or was probably released into the cell culture
medium. After 2 weeks of cultivation, the cells started to
deposit small amounts of collagen in ECM on the material
surface (Figure 10). On day 14, the expression of collagen I
in the cells cultivated in the standard cell culture medium on
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Figure 9 Relative expression of collagen | in human dermal fibroblasts on days 7, 10, and 14 after cell seeding on nonmodified PLA membranes or on PLA membranes with

a fibrin nanocoating (F) determined by real-time PCR.

Notes: The cells were cultivated in the standard cell culture medium or in the medium supplemented with AA. The PS served as a control material. Reference gene GAPDH.
ANOVA, Student—-Newman—Keuls method, statistical significance (P<0.05): *in comparison with the nonmodified PLA membrane in the standard cell culture medium or in
the medium with AA, AA in comparison with membranes in the standard cell culture medium, and #statistical significance between PLA + AA and PLA F on day 4.

Abbreviations: PLA, polylactide; PCR, polymerase chain reaction; AA, 2-phospho-L-ascorbic acid trisodium salt; PS, polystyrene culture dish; GAPDH, glyceraldehyde

3-phosphate dehydrogenase; ANOVA, analysis of variance.
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Day 7 Day 10 Day 14

PLA

PLA + AA

PLAF

PLAF + AA

GLASS
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Figure 10 Immunofluorescence staining of extracellular collagen | fibers (green) produced by human dermal fibroblasts on days 7, 10, and 14 after seeding on nonmodified
PLA membranes or on PLA membranes with a fibrin nanocoating (F).

Notes: The cells were cultivated in the standard cell culture medium or in the medium supplemented with AA. Microscopic glass coverslips (GLASS) served as a control
material. Cell nucleus stained with Hoechst #33258 (blue). Leica TCS SPE DM2500 confocal microscope, obj 40x/1.15 NA oil.

Abbreviations: PLA, polylactide; AA, 2-phospho-L-ascorbic acid trisodium salt; obj, objective; NA, numerical aperture.
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PLA

Figure | | Immunofluorescence staining of total type | collagen (green) in human dermal fibroblasts on day |4 after cell seeding on nonmodified PLA membranes or on PLA

membranes with a fibrin nanocoating (F).

Notes: The cells were cultivated in the standard cell culture medium. Microscopic glass coverslips (GLASS) served as a control material. Cell nucleus stained with Hoechst

#33342 (blue). Leica TCS SPE DM2500 confocal microscope, obj 40x/1.15 NA oil.
Abbreviations: PLA, polylactide; obj, objective; NA, numerical aperture.

the membranes coated with fibrin was significantly higher
than that in the cells cultivated in the medium with AA on
the nonmodified membranes (Figure 9). However, the cells
did not form well-developed fibrous collagen ECM on the
membrane surface (Figure 10).

On day 7 after cell seeding, the cells cultivated with AA

cultivated with AA on nonmodified membranes formed only
relatively small amounts of collagen ECM. On days 10 and 14
after cell seeding, the fibrin with AA continued to stimulate
the cells to form collagen ECM.

The overall (total) collagen production by the cells cul-
tivated in the medium with AA was measured after 14 days

on membranes coated with fibrin formed well-developed  of cell cultivation, using a Sircol kit. The amount of collagen

collagen fibers on the membrane surface. However, the cells ~ was adjusted to the amount of cell DNA (Figure 12A) or
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Figure 12 Total amount of type | collagen produced by human dermal fibroblasts on day |4 after seeding on nonmodified PLA membranes or on PLA membranes with a
fibrin nanocoating (F).

Notes: Cells cultivated with AA added into the cell culture medium. The PS was used as a control material. Amount of collagen adjusted to the amount of cell DNA (A) or
to the cell mitochondrial activity (B). Amount of cell DNA determined by a Picogreen assay (C). Cell mitochondrial activity determined by an MTS assay (D). Arithmetic mean
+ SEM from |2 measurements made on four independent samples for each experimental group. ANOVA, Student—-Newman—Keuls method, statistical significance (P=0.05):
*compared to a nonmodified PLA membrane, PS compared to the PS.

Abbreviations: PLA, polylactide; AA, 2-phospho-L-ascorbic acid trisodium salt; PS, polystyrene culture dish; SEM, standard error of mean; ANOVA, analysis of variance.
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to the cell metabolic activity (Figure 12B). The amount of
cell DNA was comparable on nonmodified membranes and
on membranes coated with fibrin (Figure 12C), whereas
the cell metabolic activity on the membranes coated with
fibrin was slightly higher than that on the nonmodified
membranes (Figure 12D). The amount of cell DNA and
cell metabolic activity on the control polystyrene dishes
was significantly lower than that on the PLA membranes
(Figure 12C and D).

Collagen production was significantly higher on mem-
branes coated with fibrin than on nonmodified membranes.
The amount of collagen on the control polystyrene dishes was
significantly higher than that on the nonmodified membranes
and was comparable to the amount on the membranes coated
with fibrin (Figure 12A and B).

Discussion
The ideal skin substitute mimics the physiology and the
mechanical properties of normal skin, enables nutrition sup-
ply, accelerates skin tissue regeneration, and is not subject to
immune activation. Unfortunately, most of the clinically used
skin substitutes have not yet achieved all of these properties.
These substitutes mostly serve as a temporary coverage, and
they are eventually replaced by scar tissue.*> A promising
approach is to develop inexpensive biodegradable carriers of
skin cells with desirable properties available in any quantity
needed. This study, including our earlier study,’” proved that
these carriers can be based on modified PLA nanofibrous
scaffolds. These scaffolds can be expected to promote the
formation of both epidermis and dermis layers. Modification
of nanofibrous PLA membranes by plasma in our earlier study
enhanced the adhesion and growth of human keratinocytes,
while modification with fibrin in this study enhanced the
adhesion and growth of human dermal fibroblasts and the
synthesis of collagen I by these cells, which is necessary for
the additional cell ingrowth.?* Our further plan is to develop
keratinocyte and fibroblast layers on the opposite sides of
the same nanofibrous membrane. This membrane will enable
physical and biochemical communication between fibroblasts
and keratinocytes together with the diffusion of nutrients,
growth factors, and other biologically active molecules
from the culture medium or from the surrounding tissue.'
It has been reported that bilayered tissue-engineered skin
constructs were more efficient in healing full-thickness skin
defects in sheep than single-layer constructs composed of
only fibroblasts or keratinocytes.*

In the first part of this study, we investigated the influ-
ence of fibrin deposited on a nanofibrous membrane, and
AA added into the cell culture medium, on the adhesion and

proliferation of human dermal fibroblasts. Our results show
that fibrin deposition led to markedly improved cell adhesion
and spreading compared to the membrane without fibrin.
On the membranes with fibrin, the cells were well-spread
with well-developed typical FA containing [3 -integrins and
polygonal in shape, whereas on the nonmodified membranes,
the cells were round until the third day of cell cultivation and
with less developed B -integrin-containing FA. B -Integrins,
namely o, B, integrins (together with o 3, and o 3, integrins),
mediate the adhesion of fibroblasts to fibrin molecules, in
which these adhesion receptors recognize the RGD motifs.?**
The group of B -integrins also include receptors for colla-
gen, namely o3, o B, and o3, integrins. The expression
and production of collagen was increased on fibrin-coated
membranes, particularly in the medium with AA, which could
contribute to the improved cell adhesion on the modified PLA
membranes. Moreover, through the ooC domain, the fibrin
attracts molecules of ECM from the cell culture medium,
such as fibronectin and vitronectin that further support cell
adhesion.?* On nonmodified membranes, cell adhesion is
mediated practically only through ECM molecules spontane-
ously adsorbed from the cell culture medium or deposited
on the membrane surface by the cells. In addition, these
molecules could be adsorbed in an insufficient quantity and
with an inappropriate spatial conformation for recognition
by cell adhesion receptors.

The better developed [3,-integrin-containing FA in cells
on fibrin-coated membranes correlated with relative mRNA
expression of this adhesion receptor. At earlier cell culture
interval (on day 7 after seeding), the fibrin nanocoating
increased relative P -integrin expression. This could be
explained by a more intense proliferation of cells on these
coatings, which resulted in a higher formation of new cells
and their need to express and synthesize integrin receptors
in order to adhere to their growth support. In addition, as
mentioned earlier, the fibrin coatings (together with increased
amount of collagen deposited on these coatings) provided a
higher number of adhesion ligands (eg, RGD motifs), which
could also increase the B, -integrin expression. Nevertheless,
on day 10, the B -integrin expression became higher on
nonmodified membranes than that on fibrin-coated mem-
branes. An explanation could be that the cell proliferation
and new cell formation, which were delayed on pure PLA
membranes, reached their maximum on day 10, while the
cells on fibrin-coated PLA membranes reached confluence
and slowed down their proliferation. On day 14, the MTS
assay indicated that the cell proliferation on fibrin-modified
and nonmodified membranes was similar. The B -integrin
expression was also comparable in cells on both types of
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membranes. In addition, the B, -integrin expression in cells on
pure PLA membranes was stimulated, although slightly, by
addition of AA into the cell culture medium, which suggests
that these cells started focusing on ECM synthesis rather than
on cell proliferation.

Fibroblast proliferation was also markedly increased on
the fibrin-coated membranes, which is in accordance with
many studies published earlier.!** Fibrin can stimulate fibro-
blast proliferation via the alpha and beta chains present in
fibrinogen and fibrin molecules,* by the presence of throm-
bin, a potent mitogen for fibroblasts, in fibrin matrices,*
and also by stimulating the autocrine production of growth
factors in cells by fibrin. In keratinocytes, fibrin stimulated
the autocrine production of transforming growth factor alpha
through the epidermal growth factor receptor.*’ Fibrin also
partially restored the ability of senescent and growth-arrested
human dermal fibroblasts to continue replicating.*

However, after 2 weeks of cell cultivation, the cell prolif-
eration (measured by cell metabolic activity) on membranes
with fibrin became similar to the cell proliferation on the
nonmodified membranes, which probably correlated with the
degree of fibrin degradation. During cell cultivation, fibrin is
physiologically reorganized and is degraded by the cells and
replaced by newly synthesized ECM.%# On the membrane
surface, the fibrin was degraded by the cells and remained only
in the deeper layers of the membrane, where the cells did not
penetrate. The degraded fibrin probably suppressed the cell
proliferation and stimulated the cells to synthesize ECM mol-
ecules and to deposit them on the membrane surface. Similar
results were obtained in a fibrin gel after it was contracted
and partially degraded by human skin fibroblasts. These cells
proliferated more slowly but deposited a greater amount of
collagen than the cells in monolayers on culture dishes.?

After 1 week of cell cultivation, the cell proliferation on the
control polystyrene dishes decreased significantly. On day 14,
the cell proliferation on the control polystyrene dishes was
even significantly lower than that on all types of samples
of nanofibrous membrane. The decline in cell proliferation
could be caused by cell contact inhibition on two-dimensional
polystyrene dishes,*® whereas the three-dimensional structure
of the nanofibrous membrane enabled cell penetration inside
the membrane, ie, it provided more space for cell growth, and
thus delayed contact inhibition of the cell growth.

We also found that AA added into the cell culture medium
increased cell proliferation but did not significantly influence
cell adhesion, as manifested by the expression of B, -integrins.
Increased cell proliferation was apparent already 2 days after
AA treatment and continued to day 10 after cell seeding.

Previously published results showed that AA increased the
proliferation of dermal fibroblasts,**>! and this positive effect
was more apparent in fibroblasts from elderly donors than in
fibroblasts from newborn donors.’?> On day 14, AA had no
significant effect on increasing the cell proliferation. This was
probably due to the fact that the cells concentrated on ECM
synthesis and deposition and stopped proliferating.

In the second part of the study, we focused on collagen
production by human dermal fibroblasts stimulated by AA
added into the cell culture medium and cultivated on mem-
branes coated with fibrin. We found that fibrin deposited on
nanofibrous membranes increased the relative expression and
synthesis of type I collagen and the formation of collagen
ECM on the material surface. After 1 week of cell cultivation,
the cells cultivated on nonmodified membranes deposited
collagen ECM only slightly, while the cells cultivated on
membranes with fibrin formed a well-developed network
of collagen fibers. Sclafani and McCormick found that
platelet-rich fibrin matrix injected into the dermis activated
dermal fibroblasts to form new collagen.’® Mazlyzam et al
constructed a fibrin scaffold seeded with skin cells. They
found newly formed collagen fibers produced by dermal
fibroblasts in the dermal layer of the scaffold. The dermal
fibroblasts also showed expression of type I collagen at the
mRNA level.’” As mentioned earlier, fibrin-based matrices
deposited on poly(lactide-glycolide-caprolactone) nanofi-
brous scaffolds or on polystyrene dishes also stimulated the
production of collagen in dermal fibroblasts.?$

It has been reported repeatedly that ascorbic acid is
important for collagen formation by cells. Ascorbic acid
helps to catalyze the hydroxylation of lysine and proline
amino acids, important components that form stable mature
collagen with a triple-helical structure.?>* Hydroxyproline
stabilizes the collagen triple helix. Its absence results in
unstable collagen, which cannot be secreted from the cells at
anormal rate. Hydroxylysine is necessary for the crosslinking
process of collagen.

Our experiments proved that AA increased the expression
of collagen I and stimulated the cells to deposit collagen fibers
on the material surface. The cells cultivated in a standard
cell culture medium (without AA) did not deposit a signifi-
cant amount of collagen ECM on the material surface. The
cells cultivated in the standard cultivation medium on the
membranes coated with fibrin showed a higher expression
of collagen I than the cells cultivated in the medium with
AA on noncoated membranes. However, these cells did not
deposit a considerable amount of fibrous collagen matrix
on the material surface. This is in accordance with the study
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by Murad et al, mentioned earlier, which revealed that cells
cultivated without ascorbic acid are incapable of forming
stable collagen fibers deposited on the material surface, but
form only unstable collagen that remains inside the cells.™
However, cells coated with fibrin secreted a greater amount
of collagen fibers in the medium with AA than on uncoated
membranes in the same medium (Figure 8).

The insoluble extracellular collagen fibers on the mate-
rial surface did not form directly after the addition of AA
into the cell cultivation medium, but formed after 1 week of
cell cultivation (ie, after adding AA into the cell cultivation
medium for 4 days). The explanation could be that this lon-
ger period is needed for the transition of newly synthesized
procollagen into insoluble collagen fibrils.5

Similarly, the positive effect of AA on collagen I gene
expression was not manifested until 10 days of cell cultiva-
tion. On day 10, this effect was significant only on nonmodi-
fied membranes. On day 14, increased collagen I expression
with the addition of AA into the medium was also detected on
membranes coated with fibrin. A possible explanation could
be that on day 10, collagen I expression was predominantly
stimulated by fibrin. However, on day 14, the fibrin nano-
coating was almost degraded and AA played a major role in
stimulating the cells to collagen expression.

The mRNA collagen I expression and the amount of
collagen ECM that was formed increased significantly with
the time of cell cultivation, except in the case of the control
polystyrene dishes. de Clerck and Jones cultivated rat smooth
muscle cells in a cultivation medium with AA and showed
that the level of collagen expression increased with time
of cultivation.* Moreover, it is known that ascorbic acid
increased the steady-state level of procollagen mRNA.*

Conclusion

The fibrin nanocoating on PLA nanofibrous membranes
strongly influenced the behavior of human dermal fibro-
blasts. Fibrin promoted adhesion and spreading of cells and
increased the expression of [3,-integrins, cell proliferation,
and collagen synthesis. The beneficial effect of fibrin on the
adhesion and proliferation of cells was probably due to its
ability to easily bind to cells through the integrin adhesion
receptors, to attract the adhesive molecules from the cell
culture medium. It was probably also due to its mitogenic
effects on the cells. Fibrin increased the mRNA expression
of collagen I, the total amount of synthesized collagen, and
its deposition as ECM on the membrane surface. AA added
into the cell culture medium also promoted cell proliferation,
increased collagen I expression, and also slightly improved

the expression of [3 -integrins on the uncoated PLA mem-
branes. In addition, ascorbic acid was important for collagen
ECM deposition on the membrane surface due to its catalyz-
ing effect for stable collagen fiber formation. Taken together,
the combination of fibrin and AA was the most efficient way
to stimulate the growth of dermal fibroblasts and the expres-
sion, synthesis, and deposition of collagen by these cells.
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Abstract

Protein-coated resorbable synthetic polymeric nanofibrous membranes are promising
for the fabrication of advanced skin substitutes. We fabricated electrospun poly(L-
lactide) and poly(L-lactide)-co-glycolide nanofibrous membranes and coated them with
fibrin or collagen I. Fibronectin was attached to a fibrin or collagen nanocoating in
order to further enhance the cell adhesion and spreading. Fibrin regularly formed a
coating around individual nanofibers in the membranes, and also formed a thin fibrous
mesh on several places on the membrane surface. Collagen also coated most of the
fibers of the membrane and randomly created a soft gel on the membrane surface.

Fibronectin predominantly adsorbed onto a thin fibrin mesh or a collagen gel and
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formed a thin nanofibrous structure. Fibrin nanocoating greatly improved the
attachment, spreading and proliferation of human dermal fibroblasts, whereas collagen
nanocoating had a positive influence on the behavior of human HaCaT keratinocytes. In
addition, fibrin stimulated the fibroblasts to synthesize fibronectin and to deposit it as an
extracellular matrix. Fibronectin attached to fibrin or to a collagen coating further

enhanced the adhesion, spreading and proliferation of both cell types.

1. Introduction

Advanced skin substitutes should mimic the morphology, the composition and the
functions of the original tissue. They have to accelerate tissue regeneration, i.e. they
have to support the formation of dermis and epidermis layers with a well-developed
extracellular matrix (ECM). Moreover, they should enable nutrition supply and should
not cause unwanted immune reactions. However, clinically-used skin substitutes have
not yet met all these requirements, and they have several limiting factors. These
substitutes mostly serve as temporary wound coverages or as carriers for skin cells, and
ultimately they are rejected by the organism [1]. This transplant rejection is caused
mainly by the use of non-resorbable materials or allogenic cells that are subject to
inflammatory reactions.

Advanced tissue engineering lays emphasis on the formation of two of the most
important layers of natural skin, the dermis and the epidermis. Fibrous or porous
membranes or films of nanoscale thickness can be advantageously used for developing
a bilayer of fibroblasts and keratinocytes. The pores in the carriers can enable physical
and biochemical communication between fibroblasts and keratinocytes, together with
diffusion of nutrients, growth factors and other biologically active molecules from the
culture medium or from the surrounding tissue [2]. Moreover, nanostructured materials
better mimic the nanofibrous component of natural ECM than flat or microstructured
surfaces [3]. They enable the adsorption of cell adhesion-mediating ECM molecules
from body fluid or from cell culture media in an appropriate spatial conformation. This
orientation of ECM molecules enables good accessibility of their specific bioactive
amino acid sequences to cell adhesion receptors, e.g. integrins [4].

Synthetic polymers or natural polymers have been used for constructing carriers
for skin cells [5]. However, these two types of materials are still rarely applied in

combination. Degradable synthetic polymers, mainly polyesters (polylactide,
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polylactide-co-glycolide, polycaprolactone), are relatively easily spinnable, e.g.
nanofibres can be formed by a process referred as to electrospinning [6]. Moreover,
nanofibrous membranes made of these synthetic polymers can provide stable
mechanical support for cells. However, synthetic polymers often do not favor cellular
adhesion, growth and extracellular matrix deposition in their pristine state [7, 8]. In
these cases, synthetic polymers could be combined with molecules physiologically
present in the skin, such as collagen, hyaluronan and fibronectin, or with molecules
occurring during wound healing, particularly fibrin. These molecules improve the
colonization of matrices by cells (for a review, see [9]). In addition, natural molecules,
e.g. fibrinogen as the precursor of fibrin, can be isolated in an autologous form from the
patient’s body fluids or tissues to prevent immune rejection of the implant [10].

Collagen is an important component of ECM in the skin dermis. It is mainly
produced by fibroblasts, and is organized into fibers running throughout the dermis
[11]. In skin substitutes, collagen is often applied in the form of a gel [12, 13], or it is
used in composites with other natural or synthetic materials [14, 15]. Previous studies
revealed that collagen supported wound healing. Niiyama and Kuroyanagi combined
collagen with hyaluronic acid and functionalized this composite with epidermal growth
factor [16]. Butler and Orgill observed improved growth of epidermal keratinocytes on
a collagen-glycosaminoglycan matrix [17]. Wang et al. prepared collagen/chitosan-
based scaffolds with vascular endothelial growth factor and gentamicin encapsulated
into PLGA microspheres, and observed positive effects of these scaffolds on the
adhesion and growth of mouse fibroblasts [18].

Fibrin is a provisional matrix molecule that plays an important role during wound
healing. Fibrin fibers are formed from fibrinogen, a soluble precursor, in the last step of
the coagulation cascade [19]. Cells can bind directly to fibrin(ogen) via integrin cell
adhesion receptors, or via non-integrin receptors (e.g. VE-cadherin, ICAM-1 or P-
selectin). Fibrin is also able to bind cell adhesion-mediating proteins (e.g. fibronectin
and vitronectin) or growth factors [20]. Fibrin has been used mostly in the form of a
glue, a gel or microbeads [21-23]. For better regenerative potential and mechanical
stability, fibrin matrices have been combined with other biological or synthetic
molecules, e.g. collagen [24, 25], hyaluronic acid with a cell adhesion-promoting
peptide [26], basic fibroblast growth factor [27] or epidermal growth factor [28]. Fibrin
has relatively rarely been deposited on supporting substrates, although fibrin self-
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supporting matrices are usually fragile. In our previous study, we deposited a fibrin
nanocoating on polylactide nanofibrous membranes and observed its positive influence
on the behavior of dermal fibroblasts [9].

In our study we prepared electrospun polylactide (PLA) and polyactide-co-
glycolide nanofibrous (PLGA) membranes, coated with fibrin or collagen I, and then
with fibronectin attached to the surface of these proteins. First, we compared the
behavior of human dermal fibroblasts and human HaCaT keratinocytes on these two
protein-modified biodegradable polymer matrices. Although the physical and chemical
properties and the biocompatibility of PLA and PLGA are generally considered as very
close, some differences have been reported between these polymers as regards their
degradability, mechanical integrity [29] porosity, wettability, protein adsorption [30]
and the cell behavior on their surfaces [31, 32] Then we evaluated the influence of
newly-developed protein nanocoatings on the adhesion and growth of dermal fibroblasts

and HaCaT keratinocytes.

2. Materials and Methods
2.1 Preparation of nanofibrous membranes

The experiments were carried out on nanofibrous membranes made of a poly(L-
lactide-co-glycolide) copolymer (PLGA, ratio 85:15) Purasorb PLG 8531 (Purac
Biomaterials, Frankfurt, Germany) or made of poly(L-lactide) (PLA) Ingeo™
Biopolymer 4032D (NatureWorks, Minnetonka, Minnesota, USA). Both polymers were
dissolved in chloroform. Solvents - dichloroethane and ethyl acetate - were added into a
PLA solution to a final concentration of 7 wt.% of PLA. The volume ratio of the
chloroform, dichloroethane and ethyl acetate solvents was 61:29:10. The solution of the
two polymers was made electrically conductive with the use of tetracthylammonium
bromide, which was first dissolved in dimethylformamide to a concentration of 3 wt%,
and then 3 g of this solution was added to 100 g of the PLGA or PLA solution [9].

Nanofibrous membranes were prepared using the novel Nanospider needleless
electrospinning technology (NS Lab 500, Liberec, Czech Republic). The process
conditions were: electrode distance 145 - 180 mm; voltage 50 kV - 60 kV; relative
humidity 20 — 30%, and room temperature. The fiber density, i.e. the area weight of the

prepared nanofibers, was from 10 to 20 g/m’.
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2.2 Preparation of fibrin and collagen nanocoating with attached fibronectin

The fibrin nanocoating on the polymeric nanofibrous membranes was formed by
activating human fibrinogen (EMD Millipore, Billerica, MA, USA, Cat. No. 341576)
with human thrombin (Sigma-Aldrich Co., St Louis, MO, USA, Cat. No. T6884) [33].
Fibrinogen at a concentration of 10 pg/ml in Tris Buffer (consisting of 50 mM Tris-
HCI, 100 nM NaCl and 2.5 mM CaCl,) was adsorbed on the membrane surface for 1
hour. The adsorbed fibrinogen was rinsed with Tris Buffer and was activated with
thrombin (2.5 U/ml in Tris Buffer) for 15 minutes. After activation with thrombin, the
membranes were rinsed with Tris Buffer. Finally, a solution of 200 pg/ml of fibrinogen
in Tris Buffer and 0.5 U/ml of antithrombin III in deionized water was added to the
membranes for 1 hour. A fibrin network was formed by a catalytic reaction of the
surface-attached thrombin with the ambient fibrinogen solution. The antithrombin III
blocked the unreacted thrombin in order to form a 2D fibrin layer.

The collagen nanocoating was formed from a collagen solution by changing the
pH. The collagen solution (Corning, New York, USA, rat tail, 3.37 mg/ml) was diluted
in 0.02 M acetic acid to a final concentration of 200 pg/ml, and was applied to the
samples. The samples were immersed into ammonia vapor for 10 minutes to change the
acid pH to basic pH. After collagen precipitation, the solution was sucked out and the
samples were rinsed with deionized water.

Fibronectin was attached to the surface of the fibrin and collagen nanocoating.
Fibronectin powder (Roche, Basel, Switzerland, human, Cat. No. 11051407001) was
dissolved in deionized water at a concentration of 1 mg/ml. The fibronectin solution
was subsequently diluted in Phosphate-Buffered Saline (PBS; Sigma-Aldrich Co., St
Louis, MO, USA) to a final concentration of 50 pg/ml and was incubated with the

samples overnight at 4°C. The samples were then rinsed twice with PBS.
2.3 Morphology of the nanofibrous membranes

The morphology of the PLGA and PLA nanofibrous membranes in their pristine
state (i.e., non-coated membranes) was studied by scanning electron microscopy (SEM).
The membranes were sputter-coated with gold and were evaluated by a Quanta 450
scanning electron microscope (FEI, Hillsboro, OR, USA) in high vacuum mode. The
images were taken using an Everhart-Thornley detector (ETD) in secondary electrons

mode at high voltage 20 kV, magnification 2 000x and 10 000x.
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The diameter of the fibers was measured on the SEM images using Atlas software

(Tescan Ltd., Brno, Czech Republic).

2.4 Cell culture

The nanofibrous membranes were fixed in Cell Crown inserts (Scaffdex Ltd.,
Tampere, Finland) in order to prevent them floating in the cell culture medium, and
were inserted into the wells of 24-well plates (TPP, Trasadingen, Switzerland, well
diameter 1.56 cm). The samples were seeded with neonatal human dermal fibroblasts,
purchased from Lonza (Basel, Switzerland), passage 3 to 6, or with human
keratinocytes of the line HaCaT, purchased from CLS Cell Lines Service (Eppelheim,
Germany) [34]. The cells were seeded at a density of approx. 10 000 cells/cm® (i.e.
20 000 cells/well) and were cultivated in Dulbecco’s modified Eagle’s Medium
(DMEM; Sigma-Aldrich Co., St Louis, MO, USA) with 10% of fetal bovine serum
(FBS; Sebak GmbH, Aidenbach, Germany) and 40 pg/ml of gentamicin (LEK,
Ljubljana, Slovenia). The volume of cell culture medium was 1.5 ml/well. The cells
were cultivated for three time intervals (1, 3 and 7 days) in a cell incubator at 37°C and
in a humidified atmosphere with 5% of CO; in the air. Polystyrene culture wells (24-

well plate) were used as a control material.

2.5 Morphology of the protein nanocoatings

The morphology of the fibrin, collagen and fibronectin nanocoatings was studied
by immunofluorescence staining on freshly prepared samples, on cell-free samples
incubated for two time intervals (i.e., on days 3 and 7) in the DMEM medium under the
conditions used for the cell cultivation, and on samples with cells on days 3 or 7 after
seeding. Non-coated membranes were used as control samples to evaluate possible non-
specific binding of the primary and secondary antibodies. Two samples of each
experimental group for each time interval were used.

The membranes were treated with 1% bovine serum albumin in PBS for 20
minutes, and then with 1% Tween (Sigma-Aldrich Co., St Louis, MO, USA) in PBS for
20 minutes at room temperature to block non-specific binding sites. The samples were
subsequently incubated overnight at 4°C with primary antibodies against human
fibrinogen (Dako Denmark A/S, Glostrup, Denmark, polyclonal rabbit antibody),
collagen I (Sigma-Aldrich Co., St Louis, MO, USA, monoclonal mouse antibody) or
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fibronectin (Sigma-Aldrich Co., St Louis, MO, USA, mouse monoclonal antibody)
diluted in PBS in a ratio of 1:200. The samples were then rinsed twice with PBS and
were incubated with secondary antibodies, namely goat anti-rabbit or goat anti-mouse
F(ab")2 fragments of IgG (H + L), conjugated with Alexa Fluor® 488 (Molecular
Probes, Eugene, OR, USA; Thermo Fisher Scientific, diluted in PBS in a ratio 1:400)
for 1 hour at room temperature in the dark.

The fibrin- or collagen-coated membranes with attached fibronectin were also
stained for fibrin + fibronectin or collagen + fibronectin on the same sample. The
samples were incubated overnight at 4°C with primary antibodies against human
fibrinogen (Dako Denmark A/S, Glostrup, Denmark, rabbit polyclonal antibody) or with
collagen I (Cosmo Bio Co., LTD., Tokyo, Japan, rabbit polyclonal antibody) diluted in
PBS in a ratio of 1:200. Subsequently, after rinsing with PBS, the primary antibody
against fibronectin (Sigma-Aldrich Co., St Louis, MO, USA, mouse monoclonal
antibody) was added for 3 hours. The samples were rinsed with PBS and were incubated
with a secondary antibody goat anti-rabbit F(ab')2 fragment of IgG (H + L), conjugated
with Alexa Fluor® 488 (Molecular Probes; Thermo Fisher Scientific, diluted in PBS in
a ratio of 1:400) for 1 hour (in order to visualize the fibrin or collagen), and then with a
secondary antibody goat anti-mouse F(ab')2 fragment of IgG (H + L), conjugated with
Alexa Fluor® 633 (Molecular Probes; Thermo Fisher Scientific, diluted in PBS in a
ratio of 1:400) for 1 hour (in order to visualize fibrinogen). The samples were rinsed
with PBS and were scanned using a Leica TCS SPE DM2500 upright confocal
microscope, obj. 40x/1.15 NA oil.

2.6. Cell spreading and morphology

The spreading and the morphology of the cells on non-coated or protein-coated
nanofibrous membranes were visualized on day 1, 3 and 7 after seeding by staining the
cells with a combination of fluorescent dyes diluted in PBS (Hoechst #33258 cell
nucleus dye, Sigma-Aldrich Co., St Louis, MO, USA, 5 pg/ml and Texas Red C,-
maleimide, cell membrane dye, Molecular Probes; Thermo Fisher Scientific, 20 ng/ml)
for 1 hour at room temperature in the dark. Instead of using Texas Red staining, the F-
actin cytoskeleton of the cells was stained with phalloidin conjugated with TRITC
fluorescent dye (Sigma-Aldrich), diluted in PBS to a final concentration of 5 pg/ml, for

1 hour at room temperature in the dark. Before staining, the cells were rinsed with PBS
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and were fixed with -20°C cold ethanol for 10 minutes. Images of the cells were taken
using an epifluorescence microscope (Olympus IX 51, Tokyo, Japan, obj. 10x)
equipped with a digital camera (DP 70, Olympus, Tokyo, Japan), or using a Leica TCS
SPE DM2500 upright confocal microscope, obj. 40x/1.15 NA oil.

On day 1 after seeding of the cells, the spreading area of islands formed by human
HaCaT keratinocytes was measured on images taken under a fluorescence microscope,

using Atlas software (Tescan Ltd., Brno, Czech Republic).
2.7 Cell mitochondrial activity

The activity of mitochondrial enzymes was measured in three intervals of cell
cultivation (on day 1, 3 and 7 after cell seeding) for the dermal fibroblasts, and in two
time intervals (on day 3 and 7 after cell seeding) for the HaCaT keratinocytes by
CellTiter 96® AQueous One Solution Cell Proliferation Assay (MTS, Promega
Corporation, Madison, WI, USA) on samples of nanofibrous membranes incubated in
24-well cell culture plates. The mitochondrial activity of the HaCaT keratinocytes was
measured only on day 3 and on day 7, but not on day 1 after cell seeding. The reason
was that our preliminary measurements, using the MTS assay, revealed that on day 1
after seeding, when the cell number is relatively low, the measured absorbance was on
the limit of detection and showed no significant differences among the tested samples.
This was probably due to the relatively low activity of the mitochondrial enzymes in the
HaCaT cells. In cell culture and in human skin sections, the activities of mitochondrial
enzymes were lower in keratinocytes than in fibroblasts [35]. The principle of an MTS
assay is based on cleavage of the yellow tetrazolium salt MTS and on the formation of a
water-soluble brown formazan salt by the activity of mitochondrial enzymes (i.e.,
dehydrogenases) in the cells. The formazan dye was then quantified by measuring the
absorbance using a spectrophotometer (e.g., an ELISA reader).

The samples of membranes were moved into fresh 24-well plates to avoid the
influence of the cells adhered to the bottom of the well. The assay was performed
according the manufacturer’s protocol. The absorbance was measured using the
VersaMax ELISA Microplate Reader (Molecular Devices Corporation, Sunnyvale, CA,
USA) in Nunc-Immuno MicroWell 96-well cell culture plates (Sigma-Aldrich Co., St
Louis, MO, USA) with wavelength 490 nm. Three independent samples for each

experimental group and time interval were used. One sample without cells for each
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experimental group and time interval was used as a control to set the background for the
measured absorbance. A polystyrene culture dish (24-well plate) was used as a control

material for the cell mitochondrial activity.
2.8 Cell viability

The cell viability was determined using a LIVE/DEAD Viability/Cytotoxicity Kit
(Molecular Probes, Life Technologies). The principle of this assay is based on the
different ability of two fluorescent dyes to penetrate though the cell membrane of live
and dead cells. Calcein AM penetrates into the live cells, where it is converted by
esterases to calcein, which emits a green fluorescence. Ethidium homodimer-1(EthD-1)
penetrates though the membrane of the dead cells and stains them with a red
fluorescence.

The samples were carefully rinsed with PBS and were stained with a solution of
2:10” uM calcein AM and 6-10~ uM EthD-1. After 10 minutes of incubation in the cell
incubator, the cells were rinsed with PBS and were evaluated using an epifluorescence
microscope (Olympus IX 51, Tokyo, Japan, obj. 10x) equipped with a digital camera
(DP 70, Olympus, Tokyo, Japan).

2.9 Statistics

The quantitative data is presented as mean + standard deviation (S.D.) or as the
standard error of the mean (S.E.M) from three independent samples for each
experimental group and time interval. Statistical significance was evaluated using the
analysis of variance, Student-Newman-Keuls method. Values of p < 0.05 were

considered as significant.

3. Results
3.1 Morphology of nanofibrous membranes

The fibers of both types of nanofibrous membranes were mostly straight and
randomly oriented. The diameter of the fibers was within a large range, from tens of nm
to more than 1 um. The average fiber diameter was more than 300 nm (Fig. 1), similarly
as in our earlier study [9]. The material nanostructures are defined to be equal to or less

than 100 nm, in at least one dimension. The fiber diameter in our study was therefore in
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submicron- and micron-scale rather than in nanoscale. However, such fibers are

frequently referred to in the literature as nanofibers [4, 36-38].

y' AW 1
40ny o 4 5 um
i —_—

[E] PLGA PLA
Fiber density (g/m?) 10.5-196 13.0-15.0
Fiber diameter, mean £ SD (nm) 341 £ 203 352 +£ 205
Fiber diameter range (nm) 28 -2 054 41 - 1747

Fig. 1: SEM images of non-modified PLGA membranes (A, B) and PLA membranes (C, D).
Quanta 450 scanning electron microscope (FEI, USA), original magnification 2 000x (4, C) or
10 000x (B, D). Morphological parameters of PLGA and PLA membranes (E). Mean £ SD from
12 SEM images (1748 measurements in total).

3.2 The morphology of the protein nanocoating and its stability and degradation during

cell cultivation

Fibrin regularly formed a coating around individual nanofibers and also formed a
thin nanofibrous mesh on the membrane surface. However, this mesh did not form
homogeneously on the whole surface of the membrane. Collagen also coated most of
the fibers in the membranes, but not regularly. Moreover, collagen randomly formed a

soft gel on the membrane surface (Fig. 2).
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Fibronectin on fibrin

Collagen
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Fig. 2: Immunofluorescence staining of fibrin (row 1), fibronectin deposited on fibrin (row 2),
collagen I (row 3) and fibronectin deposited on collagen (row 4), freshly prepared on PLGA
and PLA membranes (Day 0) or after 7 days of incubation in DMEM at 37°C and 5% CO; (Day
7). Leica TCS SPE DM2500 confocal microscope, obj. 40x/1.15 NA oil.

Fibronectin was bound on the fibrin and collagen nanocoating. Fibronectin formed an
additional nanofibrous mesh on the thin fibrin mesh or on the collagen gel (Fig. 3).
Fibronectin also adsorbed on fibers coated with fibrin or collagen, but it was hardly
visible using immunofluorescence. There was no apparent difference in the morphology

of the protein nanocoating on PLGA membranes and on PLA membranes (Fig. 2).
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Fig. 3: Immunofluorescence staining of a fibrin nanocoating (4) and a collagen nanocoating

(D), and fibronectin on a fibrin nanocoating (B) and on a collagen nanocoating (E), freshly
deposited on PLGA membranes. Image A with B and image D with E were merged (C, F). The
secondary antibodies were conjugated with Alexa 488 (fibrin, collagen, green fluorescence) or
with Alexa 633 (fibronectin, red fluorescence). Leica TCS SPE DM2500 confocal microscope,
obj. 40x/1.15 NA oil.

The durability of the protein nanocoatings on the nanofibrous membranes was
tested during 7 days under the same conditions as those used for cell cultivation. The
results showed that the fibrin, collagen or fibronectin nanocoatings on both polymer
membranes were stable in a cell-free environment, and their morphology was almost
unchanged after one week (Fig. 2).

However, the cells altered the morphology of the protein nanocoatings during
their cultivation. Both types of cells degraded and reorganized the protein nanocoating
(Fig. 4). Fibroblasts penetrated into the fibrin mesh and gradually degraded the fibrin
nanocoating. Nevertheless, on day 7, some fibrin-coated fibers and some remains of the
thin fibrin nanofibrous mesh were still apparent. Collagen was less degraded than fibrin
by fibroblasts. However, the collagen gel that formed on the membrane surface
appeared to be too soft for the adhesion and growth of fibroblasts, and the cells were
often detached from the surface of the material. The fibronectin mesh was degraded
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faster on the fibrin nanocoatings than on the collagen nanocoatings. In addition, the
fibrin-coated membranes apparently stimulated the fibroblasts to produce fibronectin
and to deposit it as ECM in the cell surroundings (Fig. 5).

HaCaT keratinocytes degraded the protein nanocoating in a different way. Thin
nanofibrous fibrin and fibronectin meshes on the fibrin-coated membranes were almost
completely degraded on day 3 after seeding. Only fibers coated with fibrin and the
remains of fibronectin meshes remained until the 7" day of seeding. The degradation
process started already on the 1% day of cell cultivation (data not shown here). In Fig. 4,
it is apparent that the keratinocytes adhered on the membrane surface did not penetrate
into the membrane but remained on the surface of the fibrin or fibronectin meshes, and
these meshes were pulled down, probably by cell traction forces. Surprisingly, the
fibronectin attached to the collagen gel was not degraded in a similar manner as the
fibronectin on the fibrin. The fibronectin attached to the collagen, and also the collagen

itself, were only slightly changed and degraded after 7 days of cell cultivation.
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Day 3

i

Collagen Fibronectin on fibrin Fibrin

Fibronectin on collagen
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Fig. 4: Immunofluorescence staining (green) of fibrin (row 1), fibronectin deposited on fibrin
(row 2), collagen I (row 3) and fibronectin deposited on collagen (row 4) on PLGA membranes
after 3 and 7 days of cultivation of human dermal fibroblasts and HaCaT keratinocytes. Row 5:
control cells on pristine uncoated membranes. The cells were stained with Phalloidin-TRITC
(red; actin cytoskeleton) and with Hoechst #33258 (blue, cell nuclei). Leica TCS SPE DM2500
confocal microscope, obj. 40x/1.15 NA oil.
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3.3 Cell adhesion, spreading and morphology

The differences in cell morphology among the various types of samples and cells
were observed. On the coated samples, the fibroblasts were well-spread with a spindle-
like or polygonal shape already on day 1 after cell seeding. However, on the non-coated
membranes, the cells tended to be round and not well adhered (Fig. 6). After one week
of cell cultivation, the fibroblasts on the fibrin-coated samples, and also on the collagen-
coated samples, were almost confluent. On the non-coated membranes, however, there
were considerably large free spaces among the cells. On the membranes with fibrin, the
cells were able to penetrate into the fibrin mesh and into deeper layers of the membrane
(seen mainly on day 7 after seeding). By contrast, on membranes with collagen, the
cells adhered only on the surface of the protein nanocoating or on the surface of the

membrane (Fig. 4).

Dermal fibroblasts HaCaT keratinocytes
Fibrin Fibrin+fibronectin Fibrintfibronectin

Collagen Collagen+fibronectin Collagen Collagen+fibronectin

Pristine 5 Pristine

Fig. 6: Morphology of human dermal fibroblasts and human HaCaT keratinocytes on day 1
after seeding on PLGA membranes coated with fibrin, fibrin+fibronectin, collagen or
collagen—fibronectin, and on non-coated PLGA membranes (Pristine). Polystyrene culture
dishes (PS) were used as a reference material. Cells stained with Texas Red C,-Maleimide and
Hoechst #33258. Olympus IX 51 microscope, obj. 10 x, DP 70 digital camera.

The morphology of the keratinocytes also varied among the different types of

samples. On membranes coated with collagen, the cells were well-spread and formed

larger cell clusters (islands) than on membranes coated with fibrin or on non-coated
15
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membranes (Fig. 4, 6). The size of the cell cluster spreading area on day 1 was larger on
membranes with collagen than on non-coated membranes or on membranes with fibrin.
Fibronectin improved the cell attachment on the protein nanocoatings, mainly on the
collagen nanocoating, where the largest cell cluster area was observed. The cluster area
of keratinocytes on the fibrin nanocoating was only slightly and non-significantly larger

than on the non-coated membranes (Fig. 7).

4500
. *
4000 - 1,2,3,PS
3500 | *
;E_L 3000 |
3 2500 -
<
& 2000 - 1,2,PS
[
=
S5 1500 - "
3
o 1000 - PS
PS pa
“m N
N _ [
1. Fibrin 2. Fibrin + 3. Collagen 4. Collagen + Pristine PS
fibronectin fibronectin

Fig. 7: Cell cluster spreading area of HaCaT keratinocytes on day 1 after seeding on PLGA
membranes in modified states (1. — 4.) or in a non-modified state (Pristine). Polystyrene culture
dishes (PS) were used as a reference material. Arithmetic mean = S.E.M from 283 to 779
measurements. ANOVA, Student-Newman-Keuls method, statistical significance (p<0.05): 1, 2,
3, 4, PS in comparison with the experimental group of the same label and * in comparison with

the pristine sample.

3.4 Cell proliferation and viability

The cell proliferation was estimated by measuring the cell mitochondrial activity.
In all culture intervals, the mitochondrial activity of dermal fibroblasts was significantly
higher on protein-coated membranes (with the exception of the collagen-coated
membranes) than on non-coated (pristine) membranes (Fig. 8). On membranes with
collagen nanocoating, the cell mitochondrial activity was mostly comparable with the
metabolic activity of the cells growing on non-coated membranes (with the exception of
PLA membranes on day 7 after cell seeding, where the mitochondrial activity was
higher). Fibronectin attached to the collagen nanocoating greatly improved the
fibroblast proliferation. The cell mitochondrial activity on samples of this type was

significantly higher than on the membranes coated only with collagen. The highest
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metabolic activity of the fibroblasts was found on membranes with fibrin nanocoating.
Fibronectin attached to the fibrin nanocoating promoted the attachment of fibroblasts,
and further increased their mitochondrial activity. This was apparent mainly on day 3

after seeding.
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Fig. 8: Mitochondrial activity in human dermal fibroblasts determined by MTS assay in three
time intervals (on days 1, 3, and 7 after cell seeding) on a PLGA membrane (A) or on a PLA
membrane (B) in modified states (1. — 4.) or in a non-modified state (Pristine). Polystyrene
culture dishes (PS) were used as a reference material. Arithmetic mean = SD from 12
measurements made on 3 independent samples for each experimental group and time interval.
ANOVA, Student-Newman-Keuls method, statistical significance (p<0.05): 1, 2, 3, 4, PS in
comparison with the experimental group of the same label and * in comparison with the pristine

sample in all three intervals (black label) or in particular intervals (color label).

In comparison with dermal fibroblasts, HaCaT keratinocytes adhered and
proliferated better on membranes with a collagen nanocoating than on membranes with
a fibrin nanocoating (Fig. 9). The cell mitochondrial activity was significantly higher on
membranes coated with collagen than on non-coated membranes and on membranes
coated with fibrin. The cell mitochondrial activity on fibrin was mostly comparable with
the activity on non-coated membranes. On fibrin-coated PLGA membranes further
modified with fibronectin, the cell mitochondrial activity was even lower than on
pristine PLGA membranes (Fig. 9A). In general, however, there were no major
differences in cell adhesion, in mitochondrial activity and in proliferation between the

two types of polymeric membranes, i.e. PLGA membranes and PLA membranes (Fig. 8,

9).
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Fig. 9: Mitochondrial activity in human HaCaT keratinocytes determined by MTS assay in two
time intervals (on day 3 and 7 after cell seeding) on PLGA (A, B) or PLA membranes (C, D) in
modified states (1. — 4.) or in a non-modified state (Pristine). Polystyrene culture dishes (PS)
were used as a control material. Arithmetic mean £ SD from 12 measurements made on 3
independent samples for each experimental group and time interval. ANOVA, Student-Newman-
Keuls method, statistical significance (p<0.05): 1, 2, 3, 4, PS in comparison with the

experimental group of the same label and * in comparison with the pristine sample.

The viability of both cell types - dermal fibroblast and HaCaT keratinocytes - was
high and reached almost 100% on both coated and non-coated membranes. The lower
adhesion and proliferation rate of the cells on non-coated membranes did not affect the

cell viability (Fig. 10).
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Fig. 10: Viability of human dermal fibroblasts and human HaCaT keratinocytes determined by
a Live/Dead kit on day 1 after seeding on PLGA membranes coated with fibrin,
fibrin+fibronectin, collagen or collagen+fibronectin, and on non-coated PLGA membranes
(Pristine). Polystyrene culture dishes (PS) were used as a reference material. Cells stained with
Calcein AM (green live cells) and with EthD-1 (red dead cells). Olympus 1X 51 microscope, obj.
10 x, DP 70 digital camera.

4. Discussion

Nanofibrous membranes made from bioresorbable polymers are promising
carriers of skin cells for treating acute or chronic wounds. However, the synthetic
polymers used for fabricating nanofibrous cell carriers often do not provide sufficient
support for cell adhesion, proliferation and deposition of ECM. Desirable cell behavior
can be achieved by modifying the polymer carrier physically or chemically. In our
previous studies, modification of PLA membranes by plasma treatment enhanced the
adhesion and growth of human keratinocytes [8], and fibrin nanocoating on PLA
membranes improved the adhesion and proliferation of human fibroblasts, and also
collagen synthesis and deposition by these cells as ECM [9] Modifying nanofibrous
carriers of skin cells by biomolecules naturally occurring in the skin or during skin
regeneration could therefore be promising for the development of desirable skin

substitutes. In this study, we have focused on fabricating fibrin, collagen and fibronectin
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nanocoatings on nanofibrous PLGA and PLA membranes in order to enhance the
adhesion, proliferation and ECM synthesis in skin cells.

Fibrin deposited on membrane nanofibers greatly improved the adhesion,
spreading and proliferation of dermal fibroblasts. In some places on the membranes,
moreover, fibrin formed a thin nanofibrous mesh, mimicking ECM and promoting more
cell adhesion and spreading than was observed on non-modified membranes. These
results were similar to those obtained in our previous work. As we discussed there,
fibrin enabled the cell adhesion receptors to bind to its molecule, and further support
cell adhesion by attracting cell adhesion-mediating molecules (such as fibronectin or
vitronectin) from the serum supplement of the cell culture medium. We showed that
fibrin enhanced the development of focal adhesion plaques containing B;-integrins in
dermal fibroblasts [9]. Studies by other authors have also shown similar positive effects
of fibrin on the adhesion and growth of fibroblasts [39, 40].

However, our results showed that - unlike in the case of fibroblasts - there was not
significantly greater proliferation of keratinocytes on fibrin-coated membranes than on
non-coated membranes. The explanation for this could be that keratinocytes, unlike
fibroblasts, do not naturally come into direct contact with fibrin. During wound healing,
fibroblasts migrate into the fibrin clot, start to produce ECM and are the first to
contribute to wound healing. Keratinocytes then migrate to the wound, attach to the
ECM matrix and form new cell layers of epidermis. Many previous studies have
attempted to reveal the role of fibrin in the adhesion and proliferation of keratinocytes,
but they have not reached consistent conclusions. Sese et al. reported that keratinocyte
proliferation in three-dimensional fibrin constructs was influenced by the thrombin
concentration. These authors found that the optimal thrombin concentration in fibrin
matrices for stimulating keratinocyte proliferation was about 1 U/ml [41], while the
proliferation of fibroblasts was not strongly dependent on the thrombin concentration.
Fibroblasts proliferated well within three-dimensional fibrin clots containing 1-167
U/mL of thrombin [42]. In our study, we used thrombin in a concentration of 2.5 U/ml
to fabricate a fibrin nanocoating. This concentration was optimal for forming the
nanocoating on the membrane and for supporting the proliferation of fibroblasts, but it
was probably not convenient for the growth of keratinocytes. Gugerell et al. reported
that high concentrations (about 820 U/ml) of thrombin activated apoptotic mechanisms
in keratinocytes, and also decreased their attachment and spreading on fibrin sealants
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[43]. Kubo et al. showed that fibrin and fibrinogen were non-adhesive for keratinocytes,
due to a lack in these cells of a,f3; integrin receptors, which are important for binding
cells to fibrin molecules [44]. In our study, the HaCaT keratinocytes were able to adhere
to fibrin-coated membranes, though they were not so well flattened as on collagen-
coated membranes. This may be explained by the relatively long exposure of the fibrin
coatings to the adhering keratinocytes, i.e. more than 24 hours, which is sufficient time
for these cells to alter or to remove the protein coating in order to enhance their
adhesion [44]. In addition, the adhesion and proliferation of keratinocytes on fibrin
matrices can be improved by crosslinking them, e.g. by factor XII, and also by adding
fibronectin [45]. It cannot be excluded that fibronectin, which is present in the serum
supplement of the culture medium, was bound onto our fibrin matrices through their aC
domains [20], and was then recognized by the asBi, o,B; and a,P¢ integrin adhesion
receptors present on keratinocytes, including HaCaT [46]. However, the attachment of
fibronectin to fibrin coatings from PBS solution in our study did not improve the
adhesion and growth of keratinocytes.

Our experiments also suggested that fibrin stimulated fibroblasts to synthetize
fibronectin and deposit it as ECM in the cell surroundings. On the fibrin coating, the
amount of fibronectin in the cell surroundings increased markedly from day 3 to day 7,
and the fibronectin was clearly associated with the cells, i.e. it was localized in the
immediate vicinity of the cell membrane. This was particularly apparent on day 7, when
fibronectin clearly contoured the cells (Fig. 5). This pattern could be attributed to de
novo synthesis of fibronectin by the cells, rather than to its spontaneous adsorption or
binding to fibrin from the serum of the culture medium. A similar pattern of fibronectin
deposition was observed in cardiac fibroblasts cultured on three-dimensional fibrin gels
[47]. In our previous study, we showed that fibroblasts were stimulated by a fibrin
nanocoating to produce collagen ECM fibers [9]. Studies by other authors have also
described a stimulatory effect of fibrin on ECM synthesis (mainly collagen 1) by
fibroblasts [40, 48].

Collagen deposited on the membranes also enhanced adhesion, spreading and
proliferation of the cells, particularly of HaCaT keratinocytes. Collagen is a major
component of ECM, and most of the cells bind to its oligopeptide sequence DGEA
(Asp-Gly-Glu-Ala) mainly by ayB; or asf; integrin receptors [49, 50]. These receptors
are also expressed in HaCaT keratinocytes [51]. The HaCaT keratinocytes in our study
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adhered, spread and proliferated faster on collagen-coated membranes than on fibrin-
coated or non-coated membranes. After skin injury, the keratinocytes physiologically
migrate into the wound and interact through their integrin receptors with ECM
molecules, mainly with collagen I nanofibers [11]. It seems to be beneficial to modify
nanofibrous scaffolds by collagen or directly to fabricate collagen nanofibrous scaffolds
[36, 38]. The native ECM in the dermis consists of collagen nanofibers less than 100 nm
in diameter. However, the diameter of collagen fibers in nanofibrous matrices is usually
greater than 100 nm (Fu et al. 2014). For this reason, Fu et al. developed composite
polycaprolactone-collagen (PCL-Coll) nanofibrous matrices coated with a thin layer of
collagen gel, forming a secondary ultrafine network of nanofibers (55 = 26 nm in
diameter), in order to better simulate the natural conditions. This ultrafine collagen
fibrous network significantly increases the adhesion and the migration of keratinocytes
in comparison with non-modified PCL-Coll composite fibers, which were 331 £ 112 nm
in diameter [37]. Thus, the improvement in the adhesion and growth of keratinocytes on
our collagen-modified PLA and PLGA nanofibrous membranes can be explained by the
formation of a soft collagen gel on the membrane surface rather than to the collagen
coating of the individual fibers in the membranes.

In contrast to keratinocytes, the adhesion and proliferation of dermal fibroblasts
on collagen-coated membranes was usually similar to the adhesion and proliferation on
non-coated membranes. Dermal fibroblasts naturally generate contractile forces that
affect the surrounding tissue. During wound healing, the fibroblasts produce strong
ECM fibers made of collagen and elastin, which resist the traction forces of the cells.
However, on our membranes, the collagen mostly formed a gel that was probably too
soft, and was deformed by the traction forces generated by the fibroblasts. The collagen
gel was therefore probably not able to provide an appropriate substrate for the
attachment and migration of dermal fibroblasts. This was suggested by the fibroblast
peeling of the collagen gel observed in our study. Eastwood et al. made a systematic
study of the generation of contractile forces by dermal fibroblasts on a collagen gel.
They found that most of the forces were induced during attachment and spreading of the
cells, and different groups of fibroblasts might vary in their contraction activity [52].
The different behavior of the fibroblasts and the keratinocytes on our collagen-coated
membranes was probably due to the different contraction forces generated by these cells
on the collagen gel. Agis et al. compared the fibroblast behavior on a collagen gel and
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on a collagen porous sponge. They found that a collagen sponge provided better support
for cell migration, proliferation and ECM production than a collagen gel [53]. These
results suggest that for the fibroblast component of a skin substitute, it would be better
to use nanofibrous scaffolds made of pure collagen, or collagen combined with other
degradable materials, as mentioned above [36, 38]. These scaffolds did not seem to be
ideal for keratinocytes but might be suitable for fibroblasts.

Fibronectin was deposited on a fibrin or collagen nanocoating in order to
enhance the attachment and spreading of the cells. Fibronectin is the main adhesive
protein of ECM, and is bound by cell integrin adhesion receptors through the RGD
amino acid sequence (Arg-Gly-Asp) [54]. Fibronectin attached to collagen-coated
membranes improved the adhesion and spreading of HaCaT keratinocytes. The
measured cell cluster area, i.e. the size of the keratinocyte islands formed on day 1 after
seeding, was larger on fibronectin-collagen-coated membranes than on only collagen-
coated membranes. Moreover, fibronectin attached to a collagen and fibrin nanocoating
enhanced the proliferation of dermal fibroblasts. This positive effect was more
pronounced on collagen-coated membranes, i.e. on a material where the adhesion and
the growth of fibroblasts were less stimulated than on fibrin. The enhancement of
fibroblast proliferation by fibronectin was probably due to better primary attachment of
the cells.

The way in which the cells degraded and reorganized the protein nanocoatings
differed between fibroblasts and keratinocytes. The fibroblasts slowly and continuously
degraded and reorganized all types of protein nanocoatings during cultivation, whereas
the effects of HaCaT keratinocytes were different on fibrin-based nanocoatings and on
collagen-based nanocoatings. The morphology of the collagen nanocoating was not
significantly changed by the keratinocyte behavior. However, the morphology of the
thin fibrous mesh of a fibrin nanocoating was strongly altered by keratinocytes already
24 hours after cell seeding. Interestingly, while fibronectin attached to fibrin was
significantly degraded by keratinocytes, fibronectin attached to collagen was not
significantly degraded. During the attachment, spreading and migration of
keratinocytes, the cells develop traction forces that affect ECM. The thin fibrous fibrin
mesh was probably not able to resist these contractile forces, and was pulled down at an
early stage, together with the attached fibronectin. However, the collagen coating
probably provided a firmer surface for keratinocyte adhesion and migration. In addition,

23



578
579
580
581
582
583
584
585

586
587
588
589
590
591
592
593
594
595
596
597
598
599
600
601
602

603

604
605
606
607
608

the collagen gel that formed on the surface of the nanofibrous membranes provided a
relatively flat growth support, which may be more convenient for the adhesion of
keratinocytes, i.e. flat and polygonal epithelial cells. Last but not least, keratinocytes
lack ayf3 integrin receptors, which are important for binding to fibrin molecules. They
therefore did not use the fibrin molecules as a substrate for their adhesion, migration
and growth, and they tried to reorganize or even remove this coating. From
physiological wound healing in vivo, it is known that keratinocytes slough the fibrin

eschar from the newly formed epidermis [44].

On the PLA and PLGA membranes, there was no apparent difference in the
morphology of the protein nanocoatings and also in the cell behavior on these coatings.
The cell behavior was also similar on both types of nanofibrous membranes. Both PLA
and PLGA are degradable polyesters widely used in tissue engineering and in other
biotechnologies, e.g. for drug delivery. However, certain differences have been reported
in the behavior of the two polymers in the biological environment. For example, when
prepared in the form of microspheres for drug delivery, PLA had a longer degradation
time than PLGA, and the degradation time of PLGA decreased with a decreasing
percentage of PLA in this copolymer [55]. Accordingly, the loss of mechanical integrity
was faster in PLGA than in PLA [29]. PLA microspheres showed a more porous and
more hydrophobic surface than PLGA, which resulted in differences in protein
adsorption on these polymers, including fibrinogen. PLA adsorbed slightly more
fibronectin, but also more albumin, which is non-adhesive for cells [30]. The adhesion
and proliferation of porcine chondrocytes was better on PLGA films (ratio 85:15) than
on poly(L- lactide) films [32]. Similarly, rat osteoblasts cultured on PLGA films (ratio
75:25) showed increased activity of alkaline phosphatase, i.e. a marker of osteogenic

cell differentiation, than the cells on poly(L-lactide) films [31].
5. Conclusion and future perspectives

The protein nanocoatings developed in our study on nanofibrous PLGA and PLA
membranes has a major influence on the behavior of skin cells. Fibrin enhanced the
adhesion, spreading, proliferation and fibronectin ECM synthesis of human dermal
fibroblasts. In contrast to fibroblasts, HaCaT keratinocytes adhered, spread and

proliferated faster on collagen-coated membranes than on fibrin-coated or non-coated
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membranes. Fibronectin attached to fibrin or to a collagen nanocoating further enhanced
cell adhesion and spreading. Moreover, fibronectin increased fibroblast proliferation.
No differences were observed in the adhesion and growth of the cells on PLGA and
PLA membranes.

Taken together, a degradable nanofibrous membrane with protein nanocoating
could be promising for the construction of a bilayered skin substitute. On one side of the
membrane, the fibrin-coated nanofibers could support the adhesion, proliferation and
ECM synthesis of fibroblasts. With its collagen nanocoating, the opposite side of the

membrane could serve as an appropriate carrier for keratinocytes.
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