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Résumé

Lors de la cicatrisation, plusieurs types cellulaires dont les kératinocytes et les
fibroblastes ainsi que plusieurs facteurs de croissance jouent d’importants rdles.
La cicatrisation cutanée peut aussi étre activée par des facteurs exogénes, dont la
stimulation ¢lectrique (SE). La SE peut moduler les fonctions fibroblastiques
durant la cicatrisation. Le fibroblaste contribue de fagon active a la cicatrisation en
sécrétant différentes protéines (collagéne, fibronectine, ¢lastine) pour favoriser le
comblement tissulaire. Les fibroblastes adoptent aussi un phénotype contractile en
exprimant I’o-actine contribuant a la fermeture de la plaie. Notre hypothese est
que certaines de ces fonctions fibroblastiques pourraient étre modulées par une
stimulation électrique. Pour vérifier cette hypothése nous avons utilisé une
membrane biocompatible et conductrice a base de polyethylene terephthalate
(PET) recouvert de polypyrrole (PPy). Les fibroblastes dermiques humains ont été
cultivés sur ces membranes conducteurs, puis exposés ou non a un courant pulsé
(PES) selon deux régimes : soit 10s PES suivi de 1200s de repos, ou 300s PES
suivi de 600s de repos, durant 24 h. Deux intensités €lectriques ont été étudices,
50 et 100 mV/mm. Nos travaux démontrent que la SE favorise I’adhésion, la
prolifération et la migration des fibroblastes dermiques. Ces activités cellulaires
sont consolidées par une sécrétion importante de FGF2 et d’a-SMA. 1l est
important de noter que I’effet de la SE favorise le changement phénotypique des
fibroblastes en myo-fibroblastes grace a la voie des Smad et de TGFB/ERK. Nous
avons aussi démontré que I’effet de la SE est maintenue a long terme et est
transférable de la cellule mere vers les cellules filles. En effet aprés sous-culture
les cellules expriment toujours de fagon importante I’a-SMA. En conclusion, nous
avons démontré que la stimulation électrique pulsée module positivement les
fonctions cicatricielles des fibroblastes humains. Ces travaux démontrent pour la
premicere fois les voies de signalisation (Smad et TGFB/ERK) sollicitées par la SE
pour activer les fibroblastes lors de la cicatrisation. Ces travaux suggerent

’utilisation de la SE pour favoriser la guérison/cicatrisation des plaies.
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Summary

During skin wound healing, cutaneous cells particularly fibroblasts and
keratinocytes as well as several growth factors play important roles. Wound
healing can be activated by exogenous factors, including electrical stimulation
(ES). ES can also modulate fibroblast functions. Fibroblasts contribute to healing
by secreting structural proteins (collagen, fibronectin, elastin) to repair the wound
area. Fibroblasts also adopt a contractile phenotype expressing o-actin
contributing to wound closure. The hypothesis of the thesis is that fibroblasts
proliferate and transdifferentiate into myofibroblasts by sensing pulsed electrical
signals and adjusting relevant signalling pathways. To test this hypothesis we used
biocompatible polyethylene terephthalate (PET) fabrics coated with electrically
conductive polypyrrole (PPy). Human dermal fibroblasts were cultured on these
conductive fabrics and exposed to the optimized pulsed ES: either 10s PES in a
period of 1200s, or 300s PES in 600s period, for a total of 24 hours. Two electric
intensities were studied, 50 and 100 mV/ mm. Our work showed that the PES
promoted the adhesion, proliferation and migration of dermal fibroblasts. These
cellular activities were consolidated by an elevated level of fibroblast growth
factor 2 (FGF2) and the high expression of a-smooth muscle actin (a-SMA).
Important findings were that PES promoted the phenotypic change of fibroblasts
to myofibroblasts, and such change was coordinated through the Smad and
TGFB/ERK pathways. It also demonstrated that the effect of PES was able to
maintain for a long period of time after the end of stimulation, and was
transferable from the mother cells to the daughter cells. Following subculture, the
electrically stimulated fibroblasts still expressed significant amount of a-SMA. In
conclusion, this thesis demonstrates that PES through conductive fabrics can
activate the wound healing functions in human dermal fibroblasts. This work
revealed for the first time that Smad and TGFB/ERK pathways are required by the
PES-induced fibroblasts-to-myofibroblasts differentiation. This work also
demonstrated that the PES activated cells can survive in vivo. These studies
suggest the application of the PES in promoting tissue regeneration and wound

healing.
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Foreword

This thesis is composed of five chapters. The first chapter introduces the
background knowledge related to the research project, which includes the
relationship of EF and life science, wound healing, and conductive materials.

Also, it describes the motivation, hypothesis and objectives.

The chapters II, III, IV represent the principal research as mentioned in
"Summary", in form of published or submitted articles. Chapter II discusses the
preparation and characterization of the PPy-PET fabrics and the culture of
fibroblasts under selective PES, which iss published in "Journal of Material
Chemistry B". Chapter III reveals that PES can modulate fibroblast behaviors
through Smad signalling pathway, which is published in "Journal of Tissue
Engineering and Regenerative Medicine". Chapter IV further shows that the ES
triggered fibroblast differentiation is mediated by TGFB1/ERK signalling pathway,
and that the PES effect can be memorized by descendent cells in vitro and in vivo,
which has been submitted to "Journal of Acta Biomaterialia". All these three
articles were designed with the help of the thesis supervisors and completed 90%

by the author of this thesis.

Chapter V summarizes the general conclusions and discussed the perspectives.
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CHAPTER 1

INTRODUCTION



1. 1 Bioelectrical field

The existence of bioelectricity is due to the movement or build-up of ions (e.g., free ions
such as sodium or calcium ions or immobilized ionic groups such as functional groups in
proteins) that are rich in biosystem such as human. The flow of such free ions (negatively
charged anions or positively charged cations) forms current and the concentration

difference of the ions generates electrical potential.

1.1.1 Formation of transmembrane potential and transepithelial eletrical

potential

Animal cells have a lipid bilayer plasma membrane and membrane proteins including ion
transporter/pumps embedded in it. The plasma membrane has an intrinsically high
electrical resistivity, that is, a low permeability to ions. However, the ion
transporter/pumps are able to actively transporting ions from one side of the membrane to
the other, which keeps the different ion concentrations inside and outside of cells,
normally [K']eyo>[K Jous [N@ leyto<[Na Jouts [ClTeyto<[ClTout (Fig. 1). Ton pumps transport
the ions against their concentration gradient with consumption of ATP, in a low speed .
A major contributor, sodium-potassium pump, establishes the membrane potential. On
each cycle, Na'/K" pump swaps three intracellular Na' ions with two K" ions from the
extracellular space, which makes a net movement of one positive charge from
intracellular to extracellular space. Finally, this process gives the intracellular space a
negative voltage with respect to the extracellular space, namely, membrane potential.
Although sodium-calcium exchanger is also involved in sodium transport, this effect is

less important with respect to the high sodium and potassium concentrations.

Another type of ion channel is permeable only to specific types of ions, depending on the
transmembrane concentration gradient of that particular ion, in a high speed. The
channels are subtly controlled by voltage, transmitter, and other stimuli such as light and
pressure. lon channel usually fulfills open-close process in a fraction of millisecond and
could transport ions with very high efficiency (10°-10® ions/s) , which meets the fast
regulation criteria. In an individual cell, the difference in net charge across plasma
membrane caused by ion concentration gradient generates the transmembrane potential in

a range of 30-100 mV, inside positive >. When these cellular membrane potentials are


http://en.wikipedia.org/wiki/Ion_transporter

combined in a multicellular architecture, e.g., epithelial layer, due to the cell
communication through gap jucntions, they collectively created the so-called

transepithelial electrical potential (TEP), which has a regulatory effect in wound healing.
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Fig. 1 Ion distribution and membrane potential. It shows the asymmetric distribution
of ions and the consequent positive extracellular environment and the negative

intracellular potential. http://en.wikipedia.org/wiki/Membrane potential.

1.1.2 Important ion channels

1.1.2.1 Sodium ion channels

Sodium channels modulate fast depolarization and mediate electrical impulses conduction
throughout nerve, heart and muscle. Sodium ion channel consists of a complex of a
subunit (a1-10) and one/more P subunits (B1-3), with each o subunit containing 4
domains which have six transmembrane segments. Segment 4 (S4) has two conserved
positively charged amino acids as voltage sensor *. A re-entrant loop between S5 and S6
determines the selectivity. The outer funnel-like vestibule, central cavity and intracellular
activation gate form the basis of selectivity and high conductance of Na,Ab channel (a
member of the NaChBac family and a voltage-gated sodium-selective ion channel, Figure
2), in which Glu 177 alignment with Glu determines ion selectivity °. Hille’s single-ion

pore model and Eisenman’s theory describes the permeation and selection. After escaping



the high-field-strength site, the hydrated Na" ions enter the central cavity by diffusion and
go across the open activation gate into the cytoplasm. There are some other important
amino acids in specific site exerting key functions. For instance, R2 (R, arginine) and R3
‘gating charges’ in Na,Ab interact with a conserved extracellular negative-charge cluster
(ENC), whereas the R4 gating charge interacts with a conserved intracellular negative-
charge cluster (INC). S4 movement in the membrane electric field is thought to be
stabilized and catalysed by these ion-pair interactions ®. Met 221 could block the ion
conduction pathway. In addition, membrane lipids also participate in the regulation of
sodium ion channel because that lipid can penetrate and lie deep within the central cavity.
Sodium ion channels are expressed in different tissues, e.g., Na,1.1, Na,1.2 and Na,1.6 in
central nervous system, and Na,1.4 and Na, 1.5 in skeletal and cardiac myocytes "*. Their
behaviours follow three rules: voltage-dependent activation (except ion dependent

activation channel), rapid inactivation, and selective ion conductance.

Figure 2. Structure of NavAb and the activated voltage-sensing domain (VSD) °. A.
Structural elements in NavAb. B. Side and top views of the VSD illustrating the ENC
(red), INC (red), HCS (green), residues of the SIN helix (cyan) and phenylalanines of the
S2-S3 loop (purple). S4 segment and gating charges (R1-R4) are in yellow. C. Side view
of the selectivity filter. Glu 177 (purple) interactions with Gln 172, Ser 178 and the

backbone of Ser 180 are shown in the far subunit.



1.1.2.2 Potassium channels

K" channels enjoy an important role in retaining the normal physiology of cellular
repolarization, smooth muscle relaxation, cardiac action potential repolarization, immune
function, neurotransmitter release, and insulin secretion. As another type of important ion
channel, potassium channels have two major classes defined by the transmembrane (TM)
structure, i.e., 2TM inwardly rectifying K" channels (Kir channels) and 6TM voltage-
gated K* channels (Kv channels) °. Kir family is composed of 15 members divided into
four groups: K transport channels, classical K;; channels, G-protein gated K channels,
and ATP sensitive K' channels. Kv channels, the biggest K* channels family, are encoded
by 40 genes and constitute of 12 subfamilies. In electrically excitable cells such as nerve,
muscle and pancreatic B cells, the cytoplasmic higher K concentration assigns the Kv
channels to terminate action potential through extracellular 'leak' of K™ . Kirl.I,
expressed in renal epithelial cells plays an important role in the homeostasis of K* in
urine and blood ". Kir channels are affected by Mg®", polyamine, extracellular K
concentration, phosphatidylinositol 4,5-bisphosphate, phosphorylation, and protein-

protein interaction '*,

1.1.2.3 Other channels

Ca”™ and CI channels also have a widespread expression profile in a variety of tissues and
cells including heart, nerve, renal, etc and extensively regulate life activities such as cell
volume, cell organelle acidification, impulse, etc *'°. Ca*" channels trigger membrane
depolarization in many different cell types and introduce Ca>" influx in response to action
potentials and subthreshold depolarizing signals. They have four major TM domains,
each of which consists of six TM helices . Three processes, namely, VDI (voltage-
dependent inactivation), CDI (calcium-dependent inactivation) and CDF (calcium-
dependent facilitation) regulate channels flux. Cytosolic Ca®" increase is due to the
entering through voltage-gated calcium channels (VGCCs) or stretch-activated cation
channels (SACCs), and the release through the inositol 1, 4, 5 triphosphate receptor
(InsP3R) on endoplasmic reticulum (ER). Ca®" extrudes across the plasma membrane by
the plasma membrane calcium-ATPase (PMCA) pump and sodium-calcium exchanger
(NCX) and, especially, ER Ca*" re-uptakes through sacro/endoplasmic reticulum ATPase
(SERCA) .



1.1.3 Endogenous EF participates in physiological regulations

1.1.3.1 EF in development and regeneration

Growing from a single cell to multi-cellular organism, how is this process controlled
precisely and how does the loss of tissue in an organism get regenerated after wounding?
It is undoubted that the biological factors such as growth factors, signalling pathways,
take a pivotal part; however cell communications depend not only on the protein- and
peptide-based talkings but also on the physical cues such as mechanical forces and
endogenous EF. To be noted, there are a large number of archived articles and reports
regarding endogenous EF directives in embryonic development, vertebrate limb
regeneration, and wound healing '®'*. Both in mouse and chick embryo, Na" uptake by
ectoderm introduces inward flux ofs current. And also, an outwardly directed ionic
current, ranged from 0.04—10.8 pA/cm?®, accompanies the development of the mouse limb
bud . Abnormal limb formation in chick embryo was recorded by reversely applying
electrical field. In addition, the development of left-right patterning of non-mammalian
vertebrates in embryos was reported requiring a potential variance between blastomeres at
a very early developmental stage, which was affirmed by the regulation of early, H'-V-
ATPase-dependent proton flux *°. Recent studies confirmed the asymmetrical localization
of maternal H'/K'-ATPase subunits along the three axes (e.g. left-right, dorso-ventral,
and animal-vegetal axes) during the first cleavage stages *'. Not only in animals but also
in plants, the endogenous electrical field also has its functions such as in vascular pattern

. . 22
formation in leaves ““.

1.1.3.2 EF in nervous system

The rapid transmission of information from sensory organs to central nervous system and
the delivery of commands from center nervous system to muscles depend on the
transmission of electrical pulse along axons. At resting state, cell membrane is
depolarized with high concentration of sodium ions in extracellular space. Stimuli (heat,
mechanical pressure, light, chemicals, etc) induce sodium influx and the reach of
threshold potential leads to a sudden change of membrane EF or membrane
depolarization *. Nerve pulse or “fire” is in fact the travel of alternatively changing

membrane EF alone axon to or from neuron cell body (soma). Action potentials can travel



along axons at speeds of 0.1 to 120 m/s. The speed is affected by 3 factors: temperature,

axon diameter and myelin sheath.

1.1.3.3 EF in heart rhythm: automaticity and pacemaking

Another electrophysiological regulation is heart rate. A type of specialized cardiac cells,
called pacemaker cells, are able to generate and transmit electrical impulse in response to
body's need. These cells usually are located at sinoatrial (SA) node, atrioventricular (AV)
node, the bundle of His and Purkinje fibre. SA node normally generates the action
potential, and excites the right atrium (RA). From the AV node, the impulse then travels
through the bundle of His and down the bundle branches which terminates in Purkinje
fibres **. The general measurement of cardiac electrophysiology is electrocardiogram

(ECG), which turns out to be a very important parameter in diagnosis.

1.1.4 Reactions of different types of cells to ES

Electrical or electromagnetic field (EMF) has been widely reported to affect a variety of
activities of many types of cells, to ameliorate the healing of traumatic or degenerative
tissue lesions, and has been used in aesthetic medicine as well **°. Among other things,
ES is capable of affecting the adhesion, orientation, migration, differentiation and
proliferation of stem cells, fibroblasts and endothelial cells, to name but a few. Some of
the important studies about the effects of EF on different type of cells are summarized in

Table 1.

Table 1 Studies of the ES induced cell reactions

Cells Mode of Effects In vitro/ Signalling Ref.
ES vivo
nerve stem biphasic proliferation, differentiation Invitro - 27
cells pulse
pulsed DC  differentiation Invitro - 28
constant proliferation, neurite growth Invitro - 29
DC
transcranial ~ migration In vivo - 30
DC



Tablel

(continued)
Cells Mode of Effects Invitro/  Signalling Ref.
ES vivo
embryonic pulse cardiac differentiation, maturation  /n vitro ~ ROS signalling 31
stem cells
human pulse proliferation Invitro  ERK1/2 32
mesenchymal
stem cells
fish pulse intracellular calcium waves Invitro - 33
keratocytes
keratinocytes ~ low differentiation Invitro - 34 .38
frequency
pulse; pulse
DC proliferation, migration, CCL20 pS3/HDM2/SIV ~ 35-37
Al axis;
human pulse activated p53 function Invitro  p38-p53 39
epithelial cells signalling
Xenopus DC change cell shape, actin Invitro - 40
epithelial cells distribution
microvascular  pulse increase in blood flow; capillary Invitro  NO,; 41,42
endothelial morphogenesis MAPK/ERK
cells pathway
endothelial DC Angiogenesis, proliferation Invitro  VEGFR+ 43,44
cells
retinal pulse differentiation, pronounced Invitro  PKC
progenitor neuronal morphologies 3
cell
adult neural DC neurite outgrowth and maturation  In vitro - 46
stem
progenitor
cell
peripheral pulse nerve regeneration Invitro  Neuronal 47,438
nerves neurotrophin
Schwann cells  DC; sine morphological change; improve Invitro  brain-derived 49, 50
wave the neurotrophic ability neurotrophic
factor, Ca
PC-12 cells DC; pulse neurite outgrowth, differentiation,  In vitro - 51-53
increased FN adsorption
Sa0S-2 pulse Biomineralization, differentiation  In vitro - 54,55



Tablel

(continued)
Cells Mode of Effects Invitro/  Signalling Ref.
ES vivo
osteoblasts pulse; DC proliferation, differentiation, Invitro - 56-60
maturation, alkaline phosphatase
MC3T3 pulse TGFB1 mRNA upregulation Invitro  Ca’‘/calmodulin 61
pathway
bone marrow  DC osteogenesis Invitro - 62
stromal cells
skin pulse collagen I downregulation, Ca”" Invitro - 63,
fibroblasts uptake; insulin receptors+,TGFp1 64,65
foreskin pulse Ca’"entry Invitro - 66
fibroblasts
corneal DC directed migration Invitro - 67
stromal
heart pulse polarity and adhesion, Invitro  CaN-NFAT 638, 69
fibroblasts proliferation pathway
lung pulsed protein and DNA synthesis Invitro - 70
fibroblasts galvanic
stimuli
NIH-3T3 pulse orientation Invitro - 71
(mouse)
COS5-7 pulse enhances adsorption and uptake of  /nvitro - 72
macromolecules

human fibro- DC migrates in 3D collagen gel Invitro  calcium, PLC 73
scarcomar
HT1080 cells
C3H/10T1/2 DC morphology change, skeleton -
mouse Invitro 74
embryo
fibroblasts
U937 cell pulse TGFB1 secretion -

In vitro 65
skeletal pulse Decreased TPRI levels TGFB
muscle cell Invitro signalling 7

Etc




1.1.5 ES and cell signalling

EF mediated biological response has already been investigated for many years. However,
most of these studies are about phenomena. The mechanisms at molecular levels are still
to be understood. The following part will review the ES activated cell signalling
pathways and the important signalling molecules including calcium channels, tranforming

growth factor B (TGFp) and extracellular signal-regulated kinase (ERK).

1.1.5.1 Calcium signal

Calcium ions act as important second messenger participating in the regulation of cell
division, proliferation, differentiation, and apoptosis. Since most calcium channels are
known being sensitive to membrane potential, calcium signal transduction has become
the center of the mechanistic studies related to EF exposure. It was reported that both
inductive coupling and EMF initiated the release of Ca®" from intracellular stores and so
influenced cytoskeletal calmodulin ’°. Similarly, the ES induced-secretion of nerve
growth factors and brain-derived neurotrophic factor (BDNF) in Schwann cells was found
dependent on the calcium influx through the T-type voltage-gated calcium channel

(VGCC) > 7. So does articular chondrocytes signal transduction under ES 7.

1.1.5.2 TGFB

TGFP is the member of TGFs family. TGFpB plays important roles in regulating cell
proliferation, differentiation and other cellular responses. TGFB and TGFp receptors
(TGFpBRs) are expressed by a variety of cell types including fibroblasts, platelets,
keratinocytes, macrophages, etc. The research about TGFp signalling caused by ES is just
at the beginning. Literally, current literatures merely reported the elevated expression of
TGFB and TGFp type I receptor under ES. The type of cells showing this behaviour
includes osteoblasts, human dermal fibroblasts, U937 human monocytic cell line, and
skeletal muscle cells % 7. However, none of these studies dealt with the downstream

signalling pathways in dermal fibroblasts in the context of ES.
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1.1.5.3 ERK signalling

ERK signalling is widely studied in biological research because it is so important in cell
life in terms of growth, ageing, dysfunction and apoptosis. The ES-cell reaction has also
been thought involving ERK activation. In human mesenchymal stem cells, capacitive-
resistive electric transfer (CRET) was reported to introduce PCNA and ERKI1/2
upregulation **. Neurite outgrowth is enhanced by NGF-induced ERK1/2 activation .
Besides, dorsal horn neurons embrace more pERK as a result of ES administration *.
Also, the high-frequency ES-promoted capillary morphogenesis in vitro was

accompanied by ERK pathway activation in endothelial cells *.
1.1.5.4 Other signalling molecules and pathways

In addition to the aforementioned signal pathways involved in the ES mediated cell
response, other pathways have also been studied. For example, superoxide is considered
as a 'bridge' to translate ES from outside to inside of cells *'. Notch and Wnt signalling
was suggested playing a potential role in the ES-induced increase in the mass of
paralyzed muscle *. Mild ES was reported to exert its function via signalling pathways of
liver kinase B1 (LKB1)-5', AMP-activated protein kinase (AMPK), tumor suppressor p53,
phosphoinositide 3-kinase (PI3K)-Akt, and p38 mitogen activated protein kinase (MAPK)
8386~ Apparently, a number of signalling pathways could be affected by stimulations.
However, mechanistic study about ES to human dermal fibroblasts is rare *’ and none of

such studies was oriented to wound healing.

1.2 Wound physiology

1.2.1 An overview of human skin

Human skin can be divided into two major layers: epidermis and dermis. Epidermis is
measured with a thickness of 0.04-1.6 mm depending on the sites. Epidermis consists of 5
distinct strata of cells (stratum corneum, stratum lecidum, stratum granulosum, stratum
spinosum, and stratum basale) but contains no blood vessels. Four types of cells settle at
epidermis including keratinocytes, melanocytes, Langerhans cells as well as Merkel cells.
Keratinocytes are stratified from basale to corneum and these cells gradually lose their

proliferation ability, and thus need to be replaced by new keratinocytes. Melanocytes

11
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determine the pigmentation. Langerhans cells function as resident immune cells and
Merkel cells is reportedly responsible for mechanosense. Dermis has a thickness in the
range of 0.3-3.0 mm, which is a connective tissue composed by a large quantity of
extracellular matrix and various cellular populations, e.g., fibroblasts, endothelial cells,
immune cells, nerve cells and fat cells. It also contains hair follicles, glands, and blood
vessels. Epidermis and dermis have a crosstalk. For instance, the nutrients supplied by
capillaries in dermis will naturally feed the epidermis cells, and the metabolic wastes will
be removed through circulation. Their interactions were also witnessed in the wound

healing process.

Human skin has a well-architected structure. Functionally, human skin prevents water
loss from inner tissue attributed to the stratum corneum made up of keratins, and protects

the inside against bacterial infection and against ultraviolet irritation due to pigment in it.

1.2.2 Wound healing process

1.2.2.1 Overview of healing process

In general, the healing process of a full thickness wound is divided into four phases:
hemostasis, inflammation, proliferation and maturation/remodeling *. In the hemostasis
phase, the disruption of blood vessels exposes the subendothelial collagen to platelets,
triggering platelet activation and the formation of platelet plug, followed by the formation
of blood clot sealing the disrupted vessels so that bleeding is controlled. The clot is rich in
platelets and polymorphous nuclear cells trapped in a fibrin network, also serving as a
temporary bacterial barrier, a reservoir of growth factors/cytokines, and a scaffold for
migrating cells. The next task is to clean the wound bed, which happens in the
inflammation phase. Wound "cleanup" refers to the breakdown and elimination of any
devitalized tissue and bacteria by a group of white blood cells such as neutrophils, T
lymphocytes and macrophages. The inflammation phase normally lasts approximately 3
days. The intensity and duration of inflammation phase depends on local factors such as
bacterial infection, the extent of devitalized tissue, as well as the adequate build-up and
maintenance of extracellular matrix (ECM) containing pro-inflammatory cytokines and

% The third phase of wound healing is proliferation, which

anti-inflammatory factors
includes three key components: epithelialization, neoangiogenesis and collagen

deposition. A hallmark of this phase is the formation of granulation tissue, which begins
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as the inflammatory phase subsides. Granulation tissue is a mixture of a large quantity of
ECM (collagen, fibrin, fibronectin, etc.) and several cell populations, e.g., fibroblasts,
immune cells and endothelial cells. Endothelial cells mainly restore blood vessels, namely,
angiogenesis that supply oxygen and nutrients to the wound bed and meanwhile, take
away the metabolic wastes. When the newly synthesized connective tissue fills wound
defect activated epithelial cells migrate from the edge of the wound to reconstruct
epithelium layer. After the wound site is covered by new epithelium,
maturation/remodeling begins and is characterized by a dual processes of synthesis and
degradation of the ECM, where new collagen (collagen type I) with more ordered
structures and higher tensile strength will gradually replace the temporary scaffold mainly
composed by collagen type III. This process relies on fibroblasts and ECM proteins (e.g.

matrix metalloproteinases, MMPs) %

1.2.2.2 Involved cells and their functions

Various cell populations play their roles in the wound repair process, including platelets,
macrophages, T cells, fibroblasts, epithelial cells/keratinocyptes, to name but a few. They
produce many cytokines/chemokines and growth factors to coordinate their interactions
temporally and spatially. The followings will review the cells firstly and then relevant
cytokines/growth factors. The comprehensive list regarding their functions and origins

will be presented in Table 2.

Platelets: As the first player in wound healing when bleeding is involved, platelets go
through the routine “adhesion-activation-aggregation-platelet plug-clot” to avoid blood
loss. They also secrete chemotactic factors to attract and activate inflammatory cells. The
chemotactic factors include fibroblast growth factor 1 (FGF1), FGF2, platelet-derivated
growth factor (PDGF), transforming growth factor a (TGFa), TGFps, insulin growth
factor 1 (IGF-1), epidermal growth factor (EGF), etc. Also, the clot becomes a scaffold

for cell infiltration.

Inflammatory cells: Neutrophils infiltrate into the site of injury in response to the
degranulation of platelets and the products of bacterial degradation *'. Later, monocytes
appear and differentiate into macrophages. It is reported that macrophage coordinates the
later events of injury. These inflammatory cells are capable of fabricating growth factors

and cytokines which affect other cells via autocrine and/or paracrine effect.
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Keratinocytes: Keratinocytes exert their functions at the beginning of wound healing
within hours. The well-organized epithelium commences phenotypic alternation in order
to allow keratinocytes move with the dissolution of demosomes and hemidemosomes.
They migrate between collagenous dermis and the fibrin eschar in concert with the
degradation of ECM by collagenase such as MMP1 2. Keratinocytes could create
keratinocyte growth factor (KGF), PDGF, vascular growth factors (VEGFs), TGFs,
interleukin-6 (IL-6), etc.

Endothelial cells (ECs): New tissue formation can not happen without blood supply. The
formation of new capillaries from existing vasculature, i.e., angiogenesis, depends on the
migration and proliferation of endothelial cells upon the interaction of growth factors
such as VEGFs, FGFs, and TGFp . Angiogenesis also needs the participation of
fibroblasts and macrophages. The angiogenesis does not cease until new granulation
tissue fills the wound . ECs mainly secrete VEGFs, granulocyte-macrophage colony-

stimulating factor (GM-CSF), etc.

Fibroblasts: will be reviewed in detail at 1.2.3.

Hair follicles stem cells (HFSCs): HFSCs are localized at the bulge of hair follicle (HF)
constituted of epidermal and dermal compartments. HSFCs regulate hair regeneration
(cycling) with a strict interaction with niches that remains to be clearly elucidated *.
Interestingly, it is documented that the anagen phase of HF accelerated wound healing in
vivo with alternations in endothelial, epithelial and inflammatory cell populations *°
Furthermore, HFSCs contributes to acute wound repair by rapidly providing short-lived

“transit amplifying” cells *°.

These cells communicate each other through signalling transduction where membrane
receptors are able to selectively recognize growth factors or cytokines. The following will
provide more details about several members amongst them, with a global view presented

in Table 2.

PDGF: The family of PDGF includes PDGF-AA, PDGF-AB, PDGF-BB, PDGF-CC,
and PDGF-DD *. PDGF not only attracts neutrophils, monocytes and fibrobalsts
migrating to wound site, but also amplifies the production of ECM. In addition, PDGF is
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reported to stimulate fibroblasts to contract wound and so mediate myofibroblast

phenotype switch **. PDGF has been clinically used to treat human ulcers *.

IL-6: IL-6 is a pleiotropic cytokine involved in the growth and differentiation of
numerous cell types, including those of dermal and epidermal origin. While epidermal
keratinocytes are the primary producer of IL-6 within the skin, macrophages, Langerhans
cells and fibroblasts in the dermis also produce it. In wound healing, IL-6 acts as both a
pro- and anti-inflammatory cytokine, and induces angiogenesis as well '®. IL-6 was
reportedly associated with vascularization during wound healing, during tumor growth
and in reproductive system. IL-6 has also been shown to induce the proliferation of
fibroblasts ', Signalling initiated by this cytokine occurs in association with its
respective specific a-subunits interacting with the ubiquitous signal transducer gp130.
Typically, this complex phosphorylates janus kinases (JAK), a tyrosine kinase, leading to
the recruitment of adapter molecules such as signal transducer and activator of
transcription (STAT)-3 and SH2 domain-containing tyrosine phosphatase (SHP-2), which
permits the activation of the Ras-Raf-ERK pathway '*.

KGF: KGF is a member of the fibroblast growth factor family, known as FGF7. It can
modulate epithelial cell growth by paracrine effect. It is produced by stromal cells in
different tissues including lung, stomach, mammary gland, and skin. KGF is considered
important in tissue development, morphogenesis and cutaneous injury repair, and has

been implicated in hair regeneration '

VEGTF: This family includes five isoforms, i.e., VEGF-A, VEGF-B, VEGF-C, VEGF-D,
VEGF-E and placenta growth factor (PLGF). Their principal function as a mitogen
derived mainly from arteries, veins and lymphatics is to promote ECs growth '*.
Furthermore, VEGF is a vascular permeable factor due to that it induces vascular leakage.
Recently, it was also demonstrated that VEGF has a positive effect in scar formation in

different wound healing models .

Connective tissue growth factor (CTGF): Also known as CCN2, CTGF is a member of
CCN family of matricellular proteins which play distinct roles in wound repair, breast
cancer, inflammation and fibrosis. CCN2 is considered as a stimulator for the

106
and has been documented as a conductor of

proliferation and chemotaxis of fibroblasts
skeletogenesis in cartilage development '”’. Interestingly, it promotes ECM deposition

(collagen type I, fibronectin) and thus has certain function in scar formation '*®,
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In summary, cytokines and growth factors crosstalk each other and play vital roles in all
phases of wound healing. For instance, studies have suggested the synergy between
CTGF/CCN2 and TGFp in the genesis and maintance of fibrotic response in vivo '®. I
addition, CTGF/CCN2 was able to bind to VEGFR and thus repressed the angiogenic

effect of VEGF ''°. Additionally, both IL-6 and TNFa exert their functions during the

n

inflammation phase of wound healing and collaborate to recruit other cells.

Table 2 Cytokines/growth factors in skin wound healing

Growth Cell Source Functions in wound healing Ref.

factor/Cytokine

FGF1 and FGF2  platelet, macrophage, mitogen for most types of cells; 111

fibroblast, endothelial ) )
cell promote angiogenesis.

FGF7, FGF10 keratinocyte, fibroblast mitogen for epithelial cells; re- 88,111

and FGF22 epithelialization.

PDGF platelet, keratinocyte attracts fibroblasts, smooth muscle 112
cells, monocytes, vascular
endothelial cells and neutrophils
into the wound; coagulation and
angiogenesis.

VEGF endothelial cell, mitogen for vascular endothelial 113

macrophage, cells; stimulates angiogenesis.
keratinocyte

TGFa platelet, macrophage, stimulates proliferation of epithelial 112,114

keratinocyte cells, fibroblasts and vascular
endothelial cells; re-
epithelialization.

TGFBs macrophage, inhibits proliferation of many cell 115,116

lymphocyte, fibroblast, types in vitro, including

keratinocyte, platelet keratinocytes, endothelial cells and
macrophage; may stimulate
fibroblast differentiation; promotes
granulation tissue formation,
wound contraction.

IGF-1 fibroblast, may promote migration of 112,117

macrophage, platelet endothelial cells into the wound;
mitogenic for fibroblasts.

EGF platelet stimulates proliferation and 112,118
migration of epithelial cells, 120
fibroblasts and vascular endothelial
cells.

HB-EGF macrophage mitogenic for keratinocyte; 88,121

angiogenic.
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Table 2

(continued)

Growth Cell Source Functions in wound healing Ref.

factor/Cytokine

CTGF fibroblast stimulates proliferation and 108, 115

chemotaxis of fibroblasts; a potent
inducer of extracellular matrix
proteins.

IL-6 and IL-8 keratinocyte, stimulates inflammation; inhibits 112
macrophage, wound contraction; angiogenic.
Langerhans cell,
fibroblast

IL-10 keratinocyte inhibits inflammation and scar 122

formation

IL-laand IL-1B polymorphonuclear stimulates keratinocyte and 123-125
leukocyte, macrophage fibroblast proliferation, synthesis

TNFa and breakdown of extracellular

matrix, fibroblast chemotaxis, and
regulation of the immune response.

NGF myofibroblast stimulates nerve ingrowth; 125,126

stimulates proliferation and inhibits
apoptosis of keratinocytes in vitro.

GM-CSF macrophage, mitogenic for keratinocytes; 125,127,
leukocyte, endothelial stimulate migration and 128
cell, fibroblast proliferation of endothelial cell;

chemotaxis for monocyte.
Etc

1.2.3 Fibroblasts in wound healing

1.2.3.1 Fibroblasts, myofibroblasts in wound healing

Fibroblasts are ubiquitous cells with a spindle-shape morphology and expressing
interstitial collagens, which are normally found in the stroma of many tissues. They are
rich in rough endoplasmic reticulum (RER), Golgi apparatus and thus have a high ability
to synthesize proteins '*°. It is now accepted that they may be stemmed from transforming

130

epithelial cells, resident cell populations and circulating precursors During wound

healing, all these cells participate in tissue repair just following the appearance of
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platelets that release different cytokines or growth factors attracting cell migration,
wound cleanup, granulation tissue formation, collagen deposition, contraction,
remodeling, etc. Fibroblasts are involved in granulation tissue formation, angiogenesis,
wound contraction, skin reepithelialization and maturation given that they can synthesize
ECM and collagen, the structural framework of animal tissue. Fibroblasts secrete IGF-1,
FGF1, FGF2, TGFP, PDGF and KGF "> "' 1In the process of granulation tissue
formation, fibroblasts provide ECM and growth factors triggering intercellular processes
that move the fibroblasts into the reproductive phase of cell cycle. In contraction process,
dermal fibroblasts are converted into "wound fibroblasts" (also called myofibroblasts) by
TGFp, which exhibit decreased proliferative behavior but increased synthesis of
connective tissue proteins such as collagen type I contributing to the higher contractile
strength in comparison to collagen type III " ' In the remodeling phase, fibroblasts
synthesize a majority of the collagen, elastin, and proteoglycans that compose the dermal
scar matrix. Fibroblasts are also a major source of MMPs that degrade the scar matrix, as
well as their inhibitors, the tissue inhibitor of metalloproteinases (TIMPs) '**'*. Finally,
these cells will gradually disappear with programmed cell death (PCD) along tissue

mature as time goes.

Myofibroblasts are mesenchymal cells that have phenotypic characteristics of both
fibroblasts and smooth muscle cells, including the formation of stress fibres in parallel
with the long axis of the cell. The origin of myofibroblast was postulated from locally
residing mesenchymal cells including fibroblasts, hepatic stellate cells (HSCs) (in liver),
smooth muscle cells (SMCs) (in atheroma plaque formation) and endothelial cells (in

. . 1 134
lung) as well as bone-marrow circulating fibrocytes % "

. In healing tissues,
myofibroblasts are thought to play a major role in tissue contraction due to that they
embrace more contractile force. It is documented that when cultured under mechanical
strain and/or on a stiff substrate, fibroblasts develope actin stress fibres *°. These cells
starting to express smooth muscle actin are named proto-myofibroblasts, and they retract
the wound with more force in contrast to fibroblasts and upregulate collagen synthesis.
Also, under the action of TGFp, proto-myofibroblasts differentiate into myofibroblasts,
which are distinguished by the presence of a-smooth muscle actin (a-SMA), the specific

marker of myofibroblasts '*°

. Myofibroblasts can synthesize a large quantity of collagens
type I and also produce ample cytokines and growth factors. During wound remodeling,

the secreted collagen I predominates in ECM.
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1.2.3.2 Fibroblasts interplay with other cells

In the process of wound healing, the interplay between keratinocytes and fibroblasts
gradually shifts the microenvironment from inflammation milieu to granulation tissue,
and also contributes to the basement membrane reestablishment /. As known,
keratinocytes stimulate fibroblasts to secrete growth factors such as KGF/FGF7, which
turn out to be stimulators for keratinocyte proliferation in a double paracrine manner '
This pattern of epithelial-mesenchymal interactions is part of the mechanisms regulating
skin homeostasis. In addition, an in vitro model showed that the cooperation between

fibroblasts and endothelial cells is essential for revasularization '**

. Moreover, the
fibroblast/macrophage coculture was found to improve the chemokine production ** and
demonstrated that IL-22 could activate ECM gene expression as well as myofibroblast
transdifferentiation, proving that IL-22 held unidentified functions in skin repair through

immune cell/fibroblast interactions .

1.2.3.3 Growth factors and cytokines produced by fibroblast

During wound healing, fibroblasts produce different kinds of cytokines and growth
factors that play key roles in promoting proteins synthesis, attracting cells migration,
regulating inflammatory response, etc. As important players, FGF1 and FGF2 stimulate
angiogenesis and the proliferation of fibroblasts that generate granulation tissue to fill up
wound space/cavity. TGFB not only participates in angiogenesis but also mediates the

phenotype switch from fibroblast to myofibroblast.

1.2.3.3.1 FGFs

FGF family comprises 22 ligands that exert their functions through 4 highly conserved
transmembrane tyrosine kinase receptors, i.e., FGF receptors (FGFR1, FGFR2, FGFR3,
FGFR4) '*'. The basic structure of the FGF-FGFR complex consists of two receptor
molecules, two FGFs and one heparan sulphate proteoglycan (HSPG) chain. FGFs
signallings participate in fundamental developments and in addition, exert many
physiological roles in adult organism, including in wound healing and angiogenesis '*.
FGFRs are expressed by many different cell types and regulate key cellular behaviours

such as proliferation, differentiation, cell migration, survival and apoptosis. FGF binding

leads to FGFR dimerization activating intracellular kinase domain and resulting in
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intermolecular transphospharylation of the tyrosine kinase domains of intracellular tail.
Phosphorylated tyrosine residues function as docking sites for adaptor proteins, leading to
multiple signal transductions. FGFR substrate 2 (FRS2) is a crucial adaptor protein
recruiting the Son of sevenless (SOS) and growth factor bound-2 (GRB2) to activate RAS
and RAF-MAPK pathways. GRB2 also exerts the anti-apoptotic effect through
PI3K/AKT pathway '**. Elsewhere on the FGFRs, the Src homology 2 (SH2) domain of
phospholipase Cy (PLCy) binds to phosphorylated tyrosine residues and is activated,
which then activates diacylglycerol (DAG) and protein kinase C (PKC) triggering MAPK
pathway by the phosphorylation of RAF. Several other pathways are also activated by
FGFRs, depending on the cellular context, including the p38 MAPK and Jun N-terminal

kinase (JNK) pathways, signal transducer and activator of transcription (STAT) signalling
144

FGF1, also called acid FGF (aFGF), gene is made up by 105,893 base pairs (bp) and 10
exons. After translation, the FGF protein is encoded with one nuclear localization
sequence (NLS) at N terminal, several receptor binding domains for FGFRs and a heparin
binding domain at C terminal '**. FGF1, with a low molecular weight of 16.5 kDa, is able
to migrate to the nucleus by free diffusion in addition to NLS orientation '*>'*. Recent
study found out that integrin avp3 directly and specifically binds to FGF1 at the heparin
binding site indicating the integrin-FGFR crosstalk mechanism '*’. Studies have revealed
that FGF1 is widely expressed in different tissues and organs including colorectal and
gastric tissues, tumor tissue, skin, breast, to just list a few, which correlate with its vast

111,112
.In

functions including angiogenesis, proliferation, development, wound repair, etc
skin wound healing, FGF1 accelerated the full-thickness healing in rodents as reflected by
the enhanced granulation tissue deposition, vascularization, epidermal growth, and

148
closure ™.

FGF2, also called basic FGF (bFGF), gene has a length of 70990 bp and consists a 5'
untranslated region (5'UTR), 3 exons, 2 introns and a long 3'UTR '*’. The regulatory
elements located at 5'UTR and 3'UTR subtly control gene transcription according to
cellular signals, e.g., growth factors, hormones, cell density, neurotransmitter, second
messenger pathways, etc '*’. The transcribed mRNA stability varies due to the length of
3'UTR elements. FGF2 gene encodes 5 isoforms with different translation initiation sites
' The isoforms have biparite NLS as shown in Figure 3. The high molecular weight
(HMW) isoforms initiate from CUG codons and embrace another glycine/arginine (GR)-
repeat NLS while the 34 KDa isoform has an additional HIV-Rev-like NLS '*'. Amongst
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them, the HMW isoforms are found in skin fibroblasts, aortic endothelial cells and retinal
pigment epithelial cells. While LMW isoform mainly occurs in the cytoplasm, HMW
isoforms are predominantly found in nucleus, which can be shuttled back into cytoplasm
and also secreted into extracellular milieu. Functionally, FGF2 influences cell growth,
migration, differentiation and survival, participating in various biological processes such

as wound healing, tumorgenesis, angiogenesis and development.
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Fig. 3 Schematic representing human FGF2 isoform expression by alternative
translation initiation. CUG, alternative leucine translation initiation codon; AUG,
classical methionine translation initiation codon; IRES, internal ribosome entry sire; kDa,
kilo Dalton; LMW, low molecular weight; HMW, high molecular weight; NLS, nuclear

localization sequence; GR, Glutamic acid; HIV, human immunodeficiency virus .
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Fig. 4 Schematic picture of TGFp activation
precursors (or pre-pro-TGFp), in which the C-terminal forms active ligand following
proteolytic processing. LAP and mature TGF remain non-covalently associated and
form the SLC, which is biologically inactive. The released SLC is linked by disulfide
bonds to one LTBP, forming LLC. (LAP, latency-associated peptide; LTBP, latent TGF-

beta binding protein; SLC, small latent complex; LLC, large latent complex.)
1.2.3.3.2 TGFp

The human transforming growth factor B (TGFp) family consists of 33 members, most of
them were encoded as dimeric, secreted polypeptides that control development, wound
repair, morphogenesis, immune defence, and tumorgenesis. This family is characterized
by a specific three-dimensional fold and a conserved number and spacing of cysteine

residues in the C-terminus of the mature polypeptide.

Latent and active forms: TGFfs are synthesized and stay latent in ECM. In form of pre-
pro-peptide precursor, they are cleaved twice to become active TGFp. The first cleavage
is to eliminate a hydrophobic signal peptide in the N-terminal region, yielding pro-TGFf.
The second cleavage removes latency-associated peptide (LAP), leading to mature TGF[3
(Fig. 4). To keep latency in ECM, two isoforms exist, i.e., “small latent complex (SLC)”
and “large latent complex (LLC)”, where SLC is mature TGFB-LAP complex and LLC is
mature TGFB-LAP and latent TGFp-binding protein (LTBP) complex. The mature TGF3
dimer is noncovalently linked with LAP dimer that is associated by disulfide bonds in
SLC. SLC is further linked to LTBP with one disulfide bond to become LLC ',
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Activation of latent TGFs: Based on the noncovalent linkage between LAP and mature
TGEp, latent TGFP was activated by acidification or heat treatment in vitro '*. Besides,
in vivo it is believed to be activated with proteolytic cleavage and conformational
modification '**. Studies discovered that plasmin and transglutaminase enhanced the

activation of TGFps by the specific cleavage > '

, whereas thrombospondin (TSP)
achieved it via engaging the conformation change of LAP '**'". Structural study also
supported that tensile force across latent TGF[ was essential for its activation because the
TGFp become functioned with the aid of integrin attachment to cytoskeleton, LTBP to

ECM and cellular contraction '>* '%%,

Functions in brief: TGFp family plays important roles in many essential cellular
processes, including proliferation, differentiation, migration and apoptosis, according to
cellular microenvironment. In the process of wound healing, fibroblasts can undergo a
contractile phenotype transition that leads to their differentiation into myofibroblasts with
the help of TGFP *°. Additionally, it has been reported that Smad signalling in response
to TGFp induced the expression of a-SMA gene '**.

1.2.4 Signallings related to cell growth and differentiation

1.2.4.1 A global view of cell signal transduction

Cells respond to their microenvironmental stimuli through different tools, in which
signalling transduction is critical. In general, signalling transduction is initiated from
ligand-receptor interaction, and then the receptor propagates message from extracellular
milieu to cytosol and further pass into nucleus, as shown in Figure 5. How cells
communicate in an efficient and coordinated way relies on the complicated signal

transduction. This part will briefly present the global scenario of signalling transductions.
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Fig. 5 Diagram of cell signalling transduction. From

http://apbiomaedahs.weebly.com/3d-cell-communication-and-signal-transduction.html
1.2.4.1.1 The category of signal initiators

Cells in higher animals establish signalling route by a variety of molecules including gas
(e.g. NO), proteins (e.g. growth factor), ions (e.g. Ca’"), peptides (e.g. vasopressin),
amino acid derivatives (e.g. epinepherine), steroids (e.g. testosterone), nucleotides (e.g.

cAMP), fatty acids (e.g. polyunsaturated fatty acids), retinoids (e.g. tazarotene), etc.
1.2.4.1.2 Mechanisms of ligand-receptor binding

Ligand-receptor affinity model or lock-key model is the most widely accepted model to
describe the specific recognition between the signalling molecules (ligands) and cell
membrane molecules (receptors), even the detailed mechanisms for specific recognition is
to be further elucidated. As known, the van der Waals, hydrophobic and electric-static
forces are the principal forces involved in the protein-protein interactions '®. The
electrostatics holds a great role to drive them at a large distance after mutual 'sensing' '®'
and thermal motion is thought as a model for ligand and receptor moving towards each
other. Reportedly, electrostatic interaction mainly determines the stability, binding

192 Additionally, the recognition between small

characteristics and function of proteins
molecules and proteins such as drug-receptor interactions, must consider cation-xt
interaction that is comparable to or stronger than a typical hydrogen bond. Cation-n
interaction exists mainly in the recognition for the domain where the aromatic side-chain

of phenylalanine, tyrosine or tryptophan plays the vital role '®.
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With the advances in structural biology and computational biology, recent studies based
on structure-recognition and energy-protonation provide fresh ideas for the fundamental
mechanism of recognition. It is pointed out that almost any receptor-ligand binding is pH-
dependent and protonation states of them must be appropriately set prior to and after the

12 Later on, the orientation or
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binding due to their direct relation with electrostatics
conformational changes will follow due to the flexibility of protein structure . Pocket
formation theory and transition state model are the other often mentioned mechanisms '*>
1% Ligand-binding pocket is in a range of several hundred A’ with a shape that can
firmly grasp or partially envelop their ligands. "Transition state" is defined by
configurations in which the two proteins are shifted apart by 8 A and the two binding

surfaces are rotated away by 0 to 3 , and thus create proper orientation to form a complex.

1.2.4.1.3 The category of receptors

1.2.4.1.3.1 Enzyme-linked receptors

As transmember proteins, the ligand-binding domain locates outside of the plasma
membrane and the intracellular domain possesses intrinsic enzyme activity or is associate
directly with an enzyme. This group of receptors has six subgroups: receptor tyrosine
kinases, tyrosine-kinase-associated receptors, receptor-like tyrosine phosphatases,
receptor serine/threonine kinases, receptor guanylyl cyclases, and histidine-kinase-
associated receptors. As we know, FGFR and TGFBRII belong to tyrosine kinase receptor

and serine/theorine kinase receptor, respectively.

1.2.4.1.3.2 G-protein-linked receptors

These receptors usually have 7 transmembrane (TM) domains with an extracellular N-
terminus and a cytosolic C-terminus. According to sequence analogy of the 7 TM
domains, these receptors can be divided into 5 subfamilies: the frizzled/taste subfamily
(24 members), the rhodopsin subfamily (701 members), the secretin subfamily (15
members), the adhesion subfamily (24 members), and the glutamate subfamily (15
members) '’ Functionally, they modulate the activity of plasma-bound enzyme and ion
channel via G proteins with three subunits-a, 3, y subunit. For example, some of them can

affect the activity of adenylyl cyclase, and thus alter the intracellular cyclic AMP
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concentration; and some of them influence Ca*" signalling by protein kinase C (PKC),

protein kinase A (PKA) and Ca**/calmodulin-dependent protein kinases (CaMK) ',

1.2.4.1.3.3 Ion-channel-linked receptors

Ion-channel-linked receptors, also called transmitter-gated ion channels and ligand-gated
ion channels, are transmembrane proteins involving in ion flux regulation. The ion
channels work in a transient manner which allows them to concisely control the ion flow
and thus affect cell functions. For example, transient receptor potential cation channel
subfamily M member 7 (TRPM?7) is one member in this group, which has six TM helixes
and TRPM7 currents are detected in all cells '®. Besides, nicotinic acetylcholine
receptor (nAChR) consisting of o/f subunits from a2-a7and B2-f4 controls potassium

(K" and sodium (Na") ions to enter the cells, in certain case, including Ca*" influx .

1.2.4.1.4 Cell-signal interplay

There are four important aspects concerning the cell and signal interplay. 1) One vs.
many: A great number of signal molecules provide enormous combinations for a specific
cell behavior. On the other hand, one signal molecule is able to produce different
outcomes if the target cells differ. For example, acetylcholine may promote secretion of
salivary gland cell, induce contraction of skeletal muscle cell, or decreased the rate and
force of contraction of heart muscle cell. 2) Memory and adaptation: for some treatments
or exposures, cells can remember the intervention and sustain the effect for long time, say,
by daughter cells, which are clearly revealed in immune response. Also, cells can adapt or
desense to a stimulus, allowing cells to respond to signal molecules only in a
concentration range. 3) Response or not: the signal induced consequence is embodied

only if other signals are also indicated, such as in crosstalk and feedback regulation.

1.2.4.2 Signallings relevant to cell growth and differentiation

The “Pathway Interaction Database” in PubMed archives a variety of cell signalling
pathways affecting cell proliferation and differentiation and the number of related
research keeps increasing. To date, the signalling pathways related to cell proliferation
include  ERK1/2, PKC, p38, MAPKKK cascade, STAT1/3, EGRI,
ErbB4/ErbB2/neurigulin 1, ILS/ILSRA/syntenin, FOXO1, FOS, GATA2, Octl, p70S6K,

26



MYC, CDKI11 p58, PDGF/PDGFRs, uPA/uPAR, NF2, BRAF, JUN, JNK,
CXCL4/CXCLR, op integrin, TGFB/TGFBR, MAK, AR/RAK/Src, BRM/BAF57,

glucosylceramide, etc.

As to the signalling pathways related to cell differentiation, similar literature search on
PubMed using the key words “cell differentiation AND signalling”. The signalling
pathways are found mediated by the following molecules such as 1L4, IL12, 1127, JAK,
STATs, IFN, NFAT, JUN, FOS, Smads, PI3K, MAPKKK cascade, INK cascade, TGF,

to list the most discussed.

It is not difficult to note that TGFB and MAPKKK cascade occupy an important position
in both proliferation and differentiation pathways. The following will review their
relevant details including TGFB1, Smad pathway, ERK pathway (non-Smad pathway),
and NF-«B signaling.

1.2.4.3 TGFp1

Strait-
jacket

Cytoskalatal force

Fig. 6 Architecture of proTGFp1. a) Overall structure; b) Schematic presentation of

the structure and activation mechanism '°.
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As illustrated in Figure 6, TGFB1 origins from a >100 kDa pre-proTGFB1 with 390
amino acids. The pre-proTGFf1 includes a signal peptide (1-29 amino acids) cleaved
before secretion, LAP (75kDa, 30-278 amino acids) and mature peptide/mature TGF1
(25kDa, 279-390 amino acids) *>. The signal peptide directs the secretory pathway, and
the proTGFB1 homodimer consists of mature TGFB1 dimer with disulfide bonds at
Cys356 itself and two LAP chains with disulfide bonds at Cys 223 and 225 '"". The 3D
structure in Figure 6 describes how the TGFB1 dimer is located in proTFGp1, held by
straitjacket and encircled completely by the latency lasso loop, while LTBP is conjugated
to straitjacket residue Cys4 '”°. In addition, the RGD motifs at each shoulder provide the

recognition site for integrin o, '7°.

1.2.4.4 TGFp signal transduction pathways

TGFp, as a ligand, firstly binds to TGFp receptor II (TGFBRII), a serine/theorine kinase
receptor, which then recruits TGFpB receptor I (TGFBRI) forming a heterotetramer.
TGFPRII then trans-phosphorylates TGFBRI, enabling the TGFBRI kinase domain to act
on cytoplasmic proteins and thereby propel downstream signalling actions via Smad
pathway and non-Smad signalling proteins. In Smad pathway, the activated TGFBRI
kinase propagates the signal inside the cell through the phosphorylation of receptor-
regulated Smads (R-Smads: Smadl, Smad2, Smad3, Smad5 and Smad8). The activated
R-Smads form heteromeric complexes with Smad4 (common mediator Smad, or Co-
Smad) translocating into nucleus to control gene expression in a cell-type-specific and
ligand dose-dependent manner through interactions with transcription factors,
coactivators and corepressors. Whereas in non-Smad signalling, due to TGFBR having
the weak serine/tyrosine kinase attribute, TGFPRII also recruits GRB2 and SH2 and
activates p38 MAPK signal pathway in addition to Ras-Raf-MEK-ERK signalling

172,173
cascade ",

1.2.4.5 Smad pathways

The Smad pathway is activated by TGFP superfamily members and also by other
signalling molecules. Bone morphogenic protein (BMP) uses Smadl, 5, 8 as R-Smads,
and Smad6, 7 as inhibitor Smads (I-Smads), whereas TGFBs mainly use Smad2, 3 as R-
Smads and only Smad7 as I-Smads '™. Smads have the conserved domains that indicate

their important functions in molecular interaction, i.e., the Mad-homology 1 (MH1)
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domain at N terminus and C-terminal, the MH2 domain at R-Smads and Co-Smad as well

as the PY motif at R-Smads and I-Smads (Fig. 7) '"*.

The L3 loop in the MH2 domain of Smad2 acts with the L45 loop of TGFBRI, resulting
in the phosphorylation of the Ser residues (S465 and S467) and then the dissociation of

Smad2 from the receptor complex (Fig. 8) '

. The conserved loop-strand region in the
MH2 domain of Smad4 mediates the heterodimer formation with the released Smad2.
This signal transduction is blocked by Smad6, 7 via competing binding to receptor, where
three amino residues, i.e., Phe411, Lys401 and Cys406 at the L3 loop in Smad7, hold a
critical role '°. Besides, Smad7 also initiate degradation by recruiting E3 ubiquitin
ligases Smurfl, Smurf2 and Nedd4L, appealed to degrade TGFBRI through ubiquitin-
dependent pathway '”. In BMP mediated signalling, Smad6 also competes with Smad1 in

the formation of Smad4/R-Smad dimer % '8,

As the key regulator of TGFf signalling, Smad7 and its regulators YAP (Yes kinase-
associated protein), Smurfl, Smurf2 and Nedd4L interact each other through the PY
motif in Smad7 (Fig. 9) . Both Smurf 1, 2 interact with Smad7 through a unique
domain. YAP interacts with Smad7 only through the WW1 domain and Nedd4L uses
WW2 domain to bind to the PY site of Smad7. However, R-Smads (Smadl, Smad3)
require a WW pair to interact with the four regulator proteins. It is also reported that
Smad4 recognizes its negative regulator Ski by the interaction between the L3 loof of
Smad4 and the I loop from Ski '*. While translocated into nucleus, the Smads can bind to
specific DNA sequence. For example, the MH1 domain of Smad3 recognizes a
palindromic Smad binding element (SBE, GTCTAGAC) '*"'®. In addition, after binding
to DNA and to their transcriptional partners, Smads require histone acetyltransferases and
co-activators, such as C/EBP-binding protein (CBP), p300 and p300/CBP-associated

factor (P/CAF), for the initiation of transcription '

Smad signalling is involved in a variety of functions such as in fibrosis, cell
transdifferentiation, inflammation, bone growth, development and regeneration, acute and

chronic liver injuries, etc. '**'%.
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Figure 7. The Smad family '™*. Simplified structures of the eight human Smad proteins

divided into (A) Receptor-activated (R) Smads; (B) common- mediator (Co) Smad; and (C)
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Figure 8. TGFPBRI initiates Smad pathways through Smad2 '*.
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Smurf2 WW domains with respect to R- and I-Smad linkers "',

1.2.4.6 Non-Smad pathways: ERK

TGFpP induced signal transduction can also propagate through non-canonical, non-Smad
pathways including ERK '*7. As showed Figure10, MAP kinase cascades are divided into
three groups: JNK, p38 MAPK, and extracellular-signal-regulated kinase (ERK)
pathways. In ERK pathway, the signal binds to its receptor on plasma membrane, and the
receptor recruits Ras with adaptor proteins (Shc, Grb2, Sos) and continues the cascade
Ras/Raf/MEK/ERK '*”'¥ The activated ERK can be dephosphorylated by MAP kinase
phosphatases (MKPs) as feedback regulation '*°. In addition, Raf is not the only MAP3K
but the following molecules including TPL2 protoongogene, interleukin-1 receptor-
associated kinase (IRAK), MLK-like mitogen activated protein triple kinase (MLTK) '
192 all can activate ERK1/2. Many substrates of ERK have been reported, including Elk1,
Ets family, c-Fos, c-Jun, ribosomal S6 kinase (RSK) family, etc. RSK family exerts their
efforts through such molecules as nuclear factor-kB (NF-«B), CREB, nuclear factor of

activated T cells 3 (NFAT3), serum response factor (SRF), estrogen receptor-a, and the

transcription initiation factor TIF1A ',

Structurally, as shown in Figure 11, ERK has N-, C- lobes, with a catalytic loop in the
middle. At N-lobe, a glycine-rich loop helps the position of ATP phosphates; and the
activation segment determines the substrate binding and catalytic efficiency. In active

form, the lobes are closed together where DFG motif faces to the ATP-binding pocket
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and adjusts Mg>". In inactive state, the two lobes are tilted away '**. A recent study

proposed the interaction of MAPK:KIM motif (kinase interaction motif, or D motif)

structures for their mutual selectivity '*°.
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Figure 10. MAP kinases cascade ',
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Figure 11. The structure of ERK and diagram of the inferred interactions between

the human ERK2 Kinase catalytic core residues .

ERK pathways regulate numerous functions such as cell survival, growth, apoptosis,

motility, differentiation and adhesion, being an important player in tissue regeneration,

development, tumorgenesis, and wound healing '** **"%%.
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1.2.4.7 NF-xB signalling

NF-xB is a transcription factor complex consisted of homo- and heterodimers of five
members of the Rel family including p50/p105 (NF-xB1), p52/p100 (NF-xB2), RelA
(p65), RelB, and c-Rel '”°. In general, NF-kB can be activated through canonical,
alternative and atypical pathways. In canonical pathway, NF-«kB signalling pathway starts
from membrane receptors such as Toll-like receptors (TLRs), interleukin-1 receptor (IL-
1R), tumor necrosis factor receptor (TNFR) and antigen receptors. These receptors often
recruit adaptors which continue to recruit and activate IkB kinase (IKK) complex. IKK
complex then phosphorylates IkB at two serine residues leading to the release of NF-xB
translocating into nucleus and binding to target genes. In alternative or non-canonical
pathway, the differences are the membrane receptors and partial degradation of p100 to
p52. The receptors include B-cell activation factor receptor (BAFFR), lymphotoxin f-
receptor (LTBR), CD40 receptor, receptor activator for nuclear factor kB (RANK),
TNFR2 and Fnl4 receptor *”°*°*. The atypical pathway is triggered by genotoxic stress,
with NF-kB essential modulator (NEMO or IKKy) migrating into nucleus and then

201

ubiquitinated (Fig. 12)~".

Functionally, NF-xB signalling pathway controls B and T cell development where it
involves TCRB-NF-kB dependent survival step not only in the CD4-CD8-double negative
3 (DN3) to DN4 stage and but also in the af T cell selection and maturation **. In
addition, inflammation and cancer are also regulated by this pathway *°'. It also responds
to cell apoptotic signal, i.e., causing cytoplasmic relocalization of nucleophosmin ***, and

tuning cell cycle and differentiation > 2%,
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1.2.5 EF/ES in wound healing

1.2.5.1 The principle of transepithelial potential

The most widely documented EF related to wound healing is called transepithelial
potential or TEP. In health state, the epidermis is well stratified and keratinocytes link
with tight junctions giving high electrical resistance, i.e., restriction to free ion
transportation across skin. Directional transport of cations like Na' inwards across
epithelium leads to internal positive potential (TEP) *’. As shown in Figure 13, when
wound occurs, the tight junction is broken and outwards current of cations occurs,
resulting in 0 mV TEP at the wound site. This causes potential difference between the
wound site and the neighbour region that maintains high cation concentration because of
the intact epithelium. This potential difference generates electric current (in form of ion
flow) to the wound from surrounding tissues. As a consequence, an electrical field (EF) at
wound is built up and persists until epithelium reseals the wound. It is reported that
wound EF acts as an early cue to attract epithelial cell migration, which was demonstrated
as galvanotaxis in vitro under a physiological electrical strength ' *°. The healing of
cornea was found faster in higher TEP or EF by modulating ion channel activity *****. In
vitro, EF reported to influence cell cycle of epithelial cells *'°. In addition, some reports
pointed out that in vitro ES can trigger fibroblasts to change their behaviours including

Ca®™ influx, proliferation, and collagen secretion > ®. In particular, recent studies have
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shown that direct current (DC), one type of ES, not only enhanced fibroblast viability but
also increased the expression of IL-6 and IL-8 *''. Researches in the field of EF and
wound healing are encouraged to find out the mechanisms in this type of regulation and

hope to apply this principle to make better and faster wound healing.

Wound
electric fields

Transport _  Transepithela
of ions potential

= % Wounding

Figure 13. The mechanism of generation of wound electric fields *'*.

For the measurement of endogenous EF in wound, it is difficult to give the precise values
due to the limitation in tools and the dynamic nature of wound EF. In bovine cornea, the
EF was measured as 42 mV/mm at 0.25mm from the wound edge *'*, while in Guinea pig
skin it measured 140 mV/mm at wound edge and declined towards the wound center **’.
In addition, the EF at skin changes temporally such that at cornea wound this value

measured 4 pA/cm® at start, 10 pA/cm’ within 60 mins and 4-8 pA/cm” later on ',

1.2.5.2 Evidence of ES helped wound healing

Considering the potential effect of endogenous EF on wound healing, studies regarding
the application of ES to facilitate wound healing have been conducted both in animals

and in patients. Positive outcomes were reported but the criteria of selecting ES methods

vary.

1.2.5.2.1 ES in animal wound healing

Various animal models have been used in electrical stimulated wound healing. Guinea

pigs with 3 cm linear incision were treated with a uniderectional pulsed current of 300-
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600 mA, 80 pulse per second (pps). The ES regimen was reported beneficial for wound
healing regardless of the polarity of ES *'*. Experiment using diabetic mice indicated that
ES induced collagen deposition in excisional wounds *'°. Also, Rowley et al. reported that
ES in form of 1.0 mA DC treatment contributed to wound healing in rabbits by showing

216

bacteriostatic effect “°. In dogs, it was reported that an ES of 300 mV, 67 Hz, with a

current of 0.04 pA, improved the healing of large surface full-thickness wounds *'”.

1.2.5.2.2 ES in human wound healing

ES has been used in human mainly to treat non-union of bone and skin ulcers. While the
effect of ES on wound healing is mostly reported with positive outcomes, it is still
inconclusive in terms of the optimal ES program for a specific condition due to the
variety of ES designs (duration, intensity, forms, frequency, etc.) *'*. According to recent
database, high voltage ES at 100 V, although it only generates very small inductive field
in tissue, accelerates the healing rate of ulcers in patients *"°. Pulsed ES with a frequency
of 128 pps and a current of 29.2 mA was reported providing beneficial effect on the
healing of chronic dermal ulcers of stages II, IIl and IV **. Diabetic ulcers were also
improved effectively with the ES treatment with asymmetric biphasic square wave pulse
or electrical nerve stimulation **"***. Another form of ES is called frequency rhythmic
electrical modulation system (FREMS), which was reported to improve diabetic ulcer
healing **'. Also showing clinic efficacy is the low voltage pulse current (LVPC) with the
charge dosage of 250500 uC/s ***, and the low-intensity direct current (LIDC) in the
range of 200-800 pA **.

1.2.6 Abnormal healing

There should be no pathologic sufer if normal wound healing proceeds. However, tissue
repair is so complex that only a small error would lead to dysfunction of the injured tissue
or organ. Abnormal healing should be thought as an abnormal process of the dynamic and

delicate balance.

1.2.6.1 Inadequate regeneration

The first example is central nervous system (CNS) regeneration.Because of the

complexity of brain and spinal cord and the very limited ability of adult neurons to
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regenerate, CNS injury or degeneration often appears irreversible. Bone nonunion is

another example. Corneal ulcers represent a challenge in epithelial regeneration.
1.2.6.2 Inadequate scar formation

Diabetic foot ulcers could not proceed through normal inflammation and proliferative
phases; as a result, the ulcers stay in prolonged inflammation phase with delayed

226

granulation tissue formation “~. Inadequate blood supply induced pressure sores and

venous stasis ulcers also reflect inadequate scar formation.
1.2.6.3 Excessive regeneration

The over-regeneration in peripheral nerve tissue leads to neuroma **’. Hyperkeratosis is a
process of thickening growth in stratum corneum in concert with the over-expression of
keratin, which could be found in cutaneous psoriasis or adenomatous polyp formation in

the colon %%,

1.2.6.4 Excessive scar formation

The pathogenesis of fibrosis is attributed to the aberrant or exuberant wound healing in
response to injury. In pulmonary fibrosis, fibroblasts and myofibroblasts synthesize a
large quantity of ECM, a process that could be jointed by epithelial cells to produce pro-
fibrotic mediators such as TGFB, CTGF and sonic hedgehog (Shh) **°. Liver cirrhosis
also undergoes an excessive production of fibrous connective tissue. In hypertrophic
scarring or keloid formation, studies recorded high activity of fibroblasts in the deposition

. . 231
of collagen in vitro *'.

1.3 Methods and electrically conducting polymers

1.3.1 Methods in ES research

To deliver ES to target cells or tissues in the context of wound healing, a variety of
methods have been developed. Amongst them, some deliver ES through conductive

substrate or scaffold to which cells are attached, some apply ES by electrodes that are in
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contact with medium but do not in touch with cells, and others impose ES “noninvasively”

via external electromagnetic field.

1.3.1.1 ES based on conducting substrate

In this approach, a conductive substract is chosen to culture cells and to mediate ES. A
variety of conductive matrices are manufactured including PPy/PLA and PEDOT/PLA

composites, graphene based materials, PEDOT/PPy-coated fabrics, electronspun

29,2322 Thege materials exist in different forms such as

239, 240, 244-247

conductive sheets, to list a few

electrodes, gels, sheets, nanoparticles, fabrics, membranes , or in different

222236 or in 2-dimensional, 3-

scales ranging from nanometers to micrometers
dimensional, porous, smooth, rigid and flexible states 234, 235, 247234 - Qme scaffolds are
modified to acquire conductivity or electroactivity, such as electroconductive hydrogel,
conductive nanocellulose and collagen gel > *****. Recently, bioinspired conductive
materials such as those surface modified with peptides, nucleotides and amino acids
represent the new "blood" *°?%. As documented, incorporating laminin peptide to
PEDOT enhanced neurite growth ***. Conductive collagen gel by mixing polyaniline
(PANI) or PEDOT nanofibres with type I collagen demonstrated cytocompatible and
induced PC12 cell differentiation **°. Also, skin dermal fibroblasts cultured on PPy-PLA

composite proliferated well and responded in favor of wound healing upon direct current

241, 254
ES #4123,

1.3.1.2 ES based on electrodes

There are metallic electrodes and salt bridges employed in research and in clinics. /n vitro,
electrodes deliver EF to the cultured cells through culture medium without contacting
cells. In tissue, EF is often formed inside the tissue between two or multiple electrodes
that are in direct contact with tissue or skin. Metallic electrodes in direct contact with
culture medium or body fluid may induce the electrolysis of water causing pH alternation,
gas production and electrode dissolution. It may damage tissues or cells if the exposure is
not appropriate **> % In vitro, salt bridge (or agar/agarose salt bridges) technique uses
two agar bridges to connect metal electrodes with culture medium, preventing the
diffusion of the toxic substances from metal electrodes as well as joule heating " *%,

Clinically used instruments include transcutaneous electrical nerve stimulator (TENS)

and frequency-modulated electromagnetic neural stimulation (FREMS).
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1.3.1.3 Electromagnetic field induced ES

This type of ES is based on the principle that when electrical current passes a coil an
electromagnetic field (EMF) is generated perpendicular to the current flow. When such an
external EMF is generated near the wound, the EMF will penetrates and induce EF in the

tissue 2%,

1.3.1.4 ES parameters

In literatures related to ES, a large quantity of articles is found where researchers have
utilized different ES modes. ES can take place as constant or pulsed electrical potential or
current, or as alternative current. The intensity was found as high as hundred volts or as
low as mV. The frequency was reported in the range of Hz to kHz. The exposure duration
differs from microseconds to days. Because of the differences in ES methods and
parameters, it is difficult to compare the outcomes of different studies in terms of current

or potential intensity inside tissues.

1.3.2 Conducting polymers

1.3.2.1 Intrinsically conductive polymers (ICPs)

ICPs are the synthetic macromolecules conducting electricity without conducting fillers
such as metals or carbon blacks. These polymers are characterized by the conjugated
chemical chains. Through a process of ‘doping’, the insulating polymer chain can be
either positively or negatively charged due to oxidization or reduction and consequently

0 Uniquely characterized by their physical and

becoming electrically conductive
chemical properties of organic polymers and the electrical attributes of metals, ICPs have
attracted much interest in the past 30 years *>. Among ICPs, poyaniline (PANI), PPy,
polythiophene (PT) and polyphenylene are among the most investigated. In biomedicine,

PPy and poly(3,4-ethylenedioxythiophene) (PEDOT) are the most intensively studied.

ICPs have already made progress in several fields and built a number of promising and
attractive research and/or application profiles such as biosensors, fuel -cells,
electromagnetic interference shielding, biomedical materials, and tissue engineering

scaffolds 2", ICPs represent a number of important advantages includin
p p g g
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biocompatibility, the ability to entrap and controllably release biological molecules, and
the feasibility to change their physical, chemical and electrical properties to adapt specific

: : 274, 275
applications *'*

. Furthermore, ES through ICPs was reported promoting cell growth,
including neurons, fibroblasts and osteoblasts, leading to the development of ICPs for

medical applications *7°.

1.3.2.2 Charge carrier and transport in conductive polymer

Unlike metals that are rich in free moving electrons as charge carriers, the neighboring
single and double chemical bonds in conductive polymers become conjugated upon
doping and form delocalized charge carriers called polaron or bipolaron depending on the
oxidation state. In analog to solid state physics, the change from localized conjugation to
delocalized mobile polaron or bipolaron is the change from valence band (VB) to
conduction band.(CB). The width between VB and CB is called bandgap which
determines the intrinsic electrical properties of the material. In an undoped conjugated
polymer, this bandgap is too large to allow the free movement of charge carriers. Upon
oxidation, i.e., the removal of an electron from the chain, the ionization energy becomes
lower. Thus the “delocalized electrons” are generated and can move in an EF. For
chemists, polaron is a radical ion associated with a re-equilibriumed lattice, and the
presence of localized electronic state is referred to as polaron state >’ *’*. The conductive
entity includes a oligomeric cation/anoin and a counterion that comes from the
oxidative/reductive agent or from specifically added dopants. If the second electron is
removed from the entity, then a bipolaron forms with a strong local lattice distoration and
high mobility. The charge carriers travel along the conjugated polymer chain and also are
capable to jump from chain to another, called hopping *”°. Therefore the length of the
polymer chain and extent of defects have significant effect on the conductivity of

conductive polymers.

1.3.2.3 Polypyrroles (PPy)

PPy is polymerized from pyrrole monomer whose chemical formula is C4H5N, a five-
membered aromatic ring (Fig. 14A). PPy is synthesized either by oxidant or oxidative
electrical potential as show in Figure 14B. Pyrrole is easily oxidized by oxidants
including oxidative transition-metal ions, acid, and peroxide. The common oxidants in lab
for PPy production are ferric salts, e.g., FeCl;, Fe(ClO); and FeBr;. Oxidized PPy is

electrostatically interacted with counterions, which can be anions from oxidant such as
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CI or from other molecules added during or after polymerization. When counterions get
lost, e.g., dissolved in an aqueous solution, the polymer will be reduced and conductivity

also goes away.
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Figure 14. A: The structure of a pyrrole monomer. B: The polymerization of PPy .

PPy has generated profound research interests owing to its easy synthesis, reasonable

280-282 L
and in vivo

environmental stability, and the unveiled biocompatibility both in vitro
782.255 Because of the sensitivity of the conductivity of PPy to environmental factors, PPy
has been widely investigated in sensoring technology. It was used as carbon dioxide gas
sensor because CO, molecules generate weak bonds with the m-electrons of PPy **.
Composite of PPy and multi-walled carbon nanotube was employed in environmental
pollution detection to trace mercury, lead and iron ions **. PPy was also studied as a
candidate to replace the platinum counter electrode in dye-sensitized solar cells **°. In
biomedical applications, PPy-based immunosensor showed various capacities in response

. . . . 2
to amperometric, conductometric and potentiometric changes 57,

As documented, PPy
has been applied to flexible substrates such as papers and textiles *****. PPy was reported
capable of supportting the proliferation of many cells such as mesenchymal stem cells
(MSCs), endothelial cells, PC12, fibroblasts and glial cells from dorsal root ganglia (DRG)
%0292 In addition, PPy can also be bioactivated by using biomolecules as dopant. For
instance, arginine—glycine—aspartic acid (RGD) peptide was dopped to the chlorine-doped

PPy surface and thus ameliorated PC12 cell adhesion **, so did other candidate peptides
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such as Arg—Gly—Asp—Ser (RGDS) peptide and 12-amino acid peptide
(THRTSTLDYFVI, T59) ** *%.

1.4 Aims of the study

1.4.1 Background

Endogenous EF is one of the many factors participating normal biological processes and
wound healing. Literatures have shown that externally applied ES can interfere with a
wide range of cellular activities, including proliferation, migration and production of
growth factors. From tissue regeneration point of view, EF becomes a valid and valuable
parameter in the equation controlling the complex tissue repair and regeneration process.
Therefore, interactions between exogenous EF and biological process have been studied
with the purpose to understand and modulate these natural processes. However, the
mechanisms related to EF and cell interactions important to wound healing remain poorly
understood. The biomaterials suitable to introduce EF to biological systems are also very

limited.

In the processe of wound healing, fibroblasts play very important roles from proliferative
phase to reepithelialization phase. One of such roles is their trandifferentiation into
myofibroblasts contributing to wound closure. The studies from our laboratories and
other researchers indicated that ES was able to change the behaviours of fibroblasts and
to help wound healing. Based on the in vivo and in vitro results reported in literatures, it is
reasonable to study the relationship between ES and the activities of fibroblasts at cellular

and molecular levels, and the underlining mechanisms in particular.
1.4.2 Hypothesis

Fibroblasts proliferate and transdifferentiate into myofibroblasts by sensing and

adjusting to pulsed electrical signal.
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1.4.3 Objectives

The general objective of this work is to investigate the communications between ES and

dermal fibroblast in the context of wound healing.

The four specific aims are:

1. To design PPy-coated conductive fabrics suitable for skin fibroblast culture and PES

exposure;
2. To investigate the behaviours of skin fibroblast due to PES;
3. To study the signalling pathways related to fibroblast transdifferentiation due to PES;

4. To preliminarily study the phenotypic stability of electrically activated fibroblast in

vivo.
1.4.4 Research design
Morphology (SEM), surface chemistry (XPS), mechanical
’ property ( Instron test), thermal property (DSC and TGA),
Fabricate conductive fabrics and establish pulsed electrical property (conductivity)
electrical stimulation{P-ES) protocol. l
l P-ES design and cell growth test: MTT, FGFs

= measurement =

g g

2“ Cell behaviors under P-ES administration. \ l E
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;:’I,[: Cell differentiation: gel contraction test, a-SMNA ;
% l expression 17
a 7
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| P-ES on fibroblast transdifferentiation and mechanisms. ‘ l E

=
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signalling pathway; ERK signalling
Preliminarily study the electrically activated fibroblasts in pathway
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Figure 15. The schematic of research design.
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CHAPTER 11

CONDUCTIVE MATERIAL PREPARATION
AND CHARACTERIZATIONS
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2.1 Abstract

Inherent in biological systems, the electrical field is involved in regulation of many
physiological processes. Exogenous electrical stimulation has been used to modulate
cellular activity and enhance wound healing. In this study, electrically conductive
polypyrrole (PPy) was synthesised through a two-step method and subsequently used to
cover the surface of polyethylene terephthalate (PET) fabric microfibres which were used
to investigate the effect of electrical pulse on human skin fibroblasts. Scanning electron
microscopy (SEM) revealed a very thin, uniform PPy coating on the PET microfibres,
which was supported by a surface chemical analysis by X-ray photoelectron spectrometry
(XPS). An Instron machine, a thermogravimetric analyser (TGA), and a differential
scanning calorimeter (DSC) were used to analyse the mechanical and thermal properties
of the fabrics, which showed no significant change following treatment with PPy. The
average surface and bulk electrical resistivity of these fabrics were measured to be 63 kU
per square and 138 ohm m, respectively. The bulk resistivity increased to
213 ohm m after 24 h pre-incubation in cell culture medium, and then increased by
another 22% following a pulsed electrical stimulation protocol in cell culture medium for
additional 24 h. Human skin fibroblasts were seeded on the PPy-coated PET fabrics and
cultivated thereafter with or without pulsed electrical stimulation (PES). PES was found
to enhance fibroblast proliferation, as confirmed by MTT and Hoechst staining. These
findings demonstrate that PES is effective in promoting fibroblast growth. It also shows
that PPy-coated PET fabrics are electrically stable enough to mediate sufficient PES. This
study therefore lays the groundwork for the use of PPy-coated fabrics to mediate ES in

biomedical research.

2.2 Introduction

Electrical phenomena are intrinsic in biological systems. For example, cells generate a
potential gradient across a plasma membrane due to ion transportation with the help of
ion channels and pumps. Protein receptors at the cell membrane sense environmental
changes, including electrical potential, and then propagate signals to the downstream
executors. Ions such as K, Na’, Ca*" and CI are ubiquitous, as they participate in each
life function ', and their movement and distribution are also sensitive to the electrical
field (EF). Consequently, the EF is widely involved in various physiological regulations,
such as molecular transportation, signal transduction, embryo development, heart rhythm,

and wound healing, to name a few >°. In vitro and in vivo studies have demonstrated the
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effect of EF on important cellular activities including the destruction of microorganisms ’,

8, 9

increased migration and proliferation of epithelial cells , increased attraction of

8,10

macrophages to the wound site ™, and improved wound healing associated with

endogenous electrical currents at the wound '"*'>. Based on this knowledge, doctors have

13, 14

used electrical stimulation (ES) to cure bone non-union and for cardiac resuscitation

15, 16 . . . . . . ..
>, This has also motivated researchers to investigate ES in regenerative medicine and

tissue engineering.

Polypyrrole (PPy) is a synthetic conductive polymer that displays reasonable
biocompatibility both in vitro and in vivo '"*°. Due to its highly conjugated molecular
structure, PPy is unprocessable unless it is combined with other processable polymers. In
our previous research, Shi et al*' and Meng et al ** developed a processable PPy -

polylactide (PLA) composite demonstrating sufficient electrical conductivity and stability.
It was also shown that ES in the form of a constant direct current voltage applied through
this composite was indeed able to enhance the growth of human cutaneous fibroblasts and

to promote the secretion of cytokines and growth factors > **.

Medical textiles are an important category of materials that are widely used in medicine
in applications such as wound dressings, hernia patches, and vascular grafts. These
textiles have many attractive properties, including flexibility, porosity, and suturability,
making them excellent candidates to form composites with conductive polymers.
Milliken Research Corporation reported PPy-coated textiles called Contex prepared
through wet chemistry *°. Tessier et al. deposited PPy on the surface of polyethylene
terephthalate (PET) fabrics through plasma and chemically activated surface grafting
polymerisation *°. These fabrics were shown to be non-cytotoxic in vitro *° and tissue
compatible in vivo *’. In contrast to the PPy—PLA composite membrane, however, the
PPy-coated fabric was shown to easily lose its electrical conductivity in an aqueous
environment, particularly under continuous ES **, due to the unavoidable conductivity
deterioration of intrinsically conductive polymers under aqueous conditions, particularly
when the PPy layer was thin. Electrical stability thus becomes a critical issue when the

goal is to use conductive textiles to provide electrical interaction with a biological system.

In this study, PPy-coated PET fabrics were prepared and characterised, and their
electrical stability was subsequently investigated using pulsed electrical potential. The

efficacy of the PES on fibroblast proliferation was tested and demonstrated for the first
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time. This work revealed the feasibility of using conductive polymer-coated textiles to

mediate ES in a biological system.

2.3 Materials and Method

2.3.1 Two-step synthesis of PPy-coated PET fabrics

Pyrrole (98%, Laboratoire MAT, Beauport, QC, Canada) were distilled and stored in a
refrigerator at 4°C prior to use. PET fabrics (Testfabrics, West Pittston, PA, USA) were
thoroughly washed three times in methanol (Laboratoire Mat) followed by isopropanol
(Laboratoire Mat). After a final wash in deionised water for 10 min, the PET fabrics were
placed in a pyrrole solution (12% v/v) of methanol and water (50:50) for 60 min, then
transferred to an aqueous solution of FeCl; (12% w/ v)(Laboratoire Mat) water solution
for 15 min to complete polymerisation. The PPy-coated fabrics were then washed three

times with deionised water and were dried in a desiccator overnight.

2.3.2 Electrical conductivity

The surface resistivity (R) of the dry PPy-coated fabrics was measured with a four-point
method using a Jandel Multiheight Probe (Jandel Engineering, Linslade, Bedfordshire,
UK). The four probes had a separation of 1 mm and a diameter of 500 pm. To measure
coating uniformity, three specimens 2.5 x 4.5 cm” in size were tested on both sides, with
9 measurements (3 x 3) taken on each side. Average resistivity was calculated and

compared. The surface conductivity (o, s. L) of a fabric is the inverse of its surface

resistivity or sheet resistivity ( © , ohm/[]), where the symbol of square is dimensionless.

2.3.3 Electrical stability

To ensure the usefulness of conductive fabrics in an aqueous environment, the decline of
its conductivity must be in a narrow range. To test this aspect, PPy-coated PET fabrics
were cut into specimens 2.5 x 4.5 cm? in size, and these specimens were assembled on the
bottom of a homemade multi-well electrical cell culture plate designed by Meng *. The
assembly was then sterilised with ethylene dioxide (EO) gas so as to simulate cell culture
conditions. The two longitudinal edges of each specimen, extending to the outside of the

culture well, were firmly pressed against two copper (99.99%) electrodes connected to a
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waveform generator (Tabor Electronics, Tel Hanan, Israel). Dulbecco’s modified Eagle’s
medium (DMEM) (M-0268, Sigma Chemical Co., St. Louis, MO, USA) was then added
into the plate. There was no contact between the electrodes and the medium. Incubation
was carried out in a standard cell culture incubator at 37 °C for 24 h with no changing of
the medium. Square wave pulses of DC voltage were then applied through the electrodes
to the conductive fabrics for another 24 h. The pulse amplitude, width, and period were
5 volts, 10 seconds, and 1200 seconds, respectively. The current-time function was
recorded with the Keithley 2700 Digital Multimeter/Data Acquisition System (Keithley

Instruments, Cleveland, OH, USA). This experiment was repeated eight times.

The bulk electrical resistivity (p) of the fabrics was calculated based on the following
formula: p= (R x A)/L, where R (ohm) is the resistance of the fabric specimen, A is the
cross-sectional area (m?) of the fabric specimen, and L is the length (m) of the fabric
specimen or the distance between the two copper plates. Because the width of the fabric
was 2.5 cm and the thickness was 1 mm, the area A was 2.5 x 10> m”. L was 4 cm. R was
calculated from the voltage (5 V) and measured current (A) passing through the fabric

specimen.

2.3.4 Tensile testing

The stretch—strain behaviour of the fabrics was tested by means of an Instron 5848
MicroTester (Instron, Norwood, MA, USA). Each fabric was cut into 5x50 mm? long
specimens in the weft direction of the fabric. The specimens were then placed firmly
between two clamps, leaving an effective sample length of 20 mm. During testing, the
fabric samples were stretched at a rate of 1 mm min™ until broken. The recorded stretch—

strain curves thus generated the Young's modulus, maximum force, and strain at failure.

2.3.5 Thermal analysis

The mechanical property and biostability of PET depends highly on its molecular
morphology which can be readily monitored by measuring the thermal properties **. A
DSC 823e system (Mettler-Toledo, Columbus, OH, USA) was used to analyse the
crystallinity, glass transition, and melting temperatures of virgin and PPy-coated PET
fabrics at a scanning rate of 20 °C min"' between 25 and 350 °C. The weight of the

specimens ranged between 6 and 10 mg. The thermal degradation of the fabrics, an
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indicator of material stability, was measured with a TGA/SDTA 851e thermogravimetric
analyser (Mettler-Toledo) at a scanning rate of 20 °C min™' between 25 and 800 °C. Each

measurement was performed in triplicate.

2.3.6 Electric pulse-stimulated culture of fibroblasts

The electrical cell culture plates were the same as those used in the electrical stability test,
as previously described. PPy-coated PET fabrics of 2.5 x 4.5 cm® in size were fixed on
the bottom of the electrical cell culture plate and connected to the wave generator through
external electrodes. The surface area exposed for cell culture was 1.7 x 1.7 cm®. Both the
plate and the fabrics were then sterilized with EO gas at 37 °C according to standard
industrial procedures. Prior to seeding the cells, the fabrics were pre-conditioned by
immersion in DMEM for 24 h under cell culture conditions to remove any residual
chemicals remaining in the fabrics following PPy synthesis. After the culture medium
was refreshed, human skin fibroblasts (Clonetics, San Diego, CA, USA) were seeded
(1 x 10° cells per well) on the test fabrics and cultured for 24 h with or without PES
(amplitude 5 V, width 10 sec, and period 1200 sec). Following stimulation, the fibroblasts
were cultured for another 24 and 48 h prior to being stained with Hoechst dye for

adhesion observation or evaluation by MTT assay.

2.3.7 Hoechst staining

The cells on the fabrics were washed three times with PBS and fixed thereafter with a
mixture of methanol in acetone (3:1) for 10 min. The cells were then incubated with a
solution of 2 mg ml" Hoechst 33342 (Riedel de Haen, Seele, Germany) in PBS for
15 min at room temperature. Finally, the fabrics were subsequently washed, observed
under an epifluorescence microscope (Axiophot, Zeiss, Oberkochen, Germany), and

photographed.

2.3.8 Cell viability test (MTT assay)

MTT [(3-(4,5-dimethylthiazol-2-yl)-2,5-di-phenyl-tetrazolium-bromid)] is reduced to
purple formazan in live cells, which is a widely used method to measure cell viability and

proliferation, as fluorescence intensity is proportional to the number of live cells. The
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prepared MTT solution (5 mg ml") was stored at 4°C prior to use. The fibroblasts
selected for analysis were refreshed with new medium containing 10% (v/v) MTT
(Sigma-Aldrich Canada) and were cultivated in a standard incubator for another 4 h
without light. Thereafter, the supernatant was carefully removed and lysis solution (2 ml
HCI in isopropanol (0.04N)) was added. Fifteen minutes later, 200 pl of solution (in
triplicate) was transferred from each well to a 96-well flat-bottom plate, and the
absorbance of the MTT (formazan) was determined at 550 nm by means of an ELISA

reader (Model 680, BioRad Laboratories, Mississauga, ON, Canada).

2.3.9 Statistical analysis

All of the data were presented as mean = SD when appropriate. A z-test was applied to
compare the difference between the PPy-coated and virgin PET fabrics. The variance of
conductivity uniformity test was determined by one-way ANOVA. A significant

difference was indicated when p < 0.05.

2.4 Results

2.4.1 Electrical conductivity of the PPy-coated PET fabrics

The average surface electrical resistivity of the dry PPy-coated PET fabrics was measured
to be 63.4 + 0.9 kQ per square and showed no significant difference among samples on
either side. The relatively small SD generated from nine measurements performed on
each sample surface revealed a uniform coating of PPy on the fabrics. The average
resistance of the fabric specimens (4 cm long x 2.5 width x 0.1 c¢m thick) in air of about
60% humidity was 2.2 x 10° ohm, which increased to 3.4 x 10° ohm in the culture
medium at the end of the first 24 h incubation. The bulk electrical resistivity of the dry
and wet fabrics was calculated to be 138 and 213 ohm.m, respectively. Electrical stability
was defined as the remaining percentage of electrical conductivity of the conductive
fabrics following the electrical stability test relative to the conductivity at the beginning
of the second 24 h incubation. As can be seen in Fig. 16, the conductivity of the
PPycoated fabrics slowly decreased over the stimulation time (n= 8). However, after 24 h
of pulsed stimulation, the conductivity of the PPy-coated PET fabrics continued to retain

78% of the conductive ability relative to that at the end of the first 24 h incubation. Fig.
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16 also presents the change of bulk electrical resistivity over time, showing the absolute

values of the fabric resistivity.
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Fig. 16 Electrical stability tests, showing the slow decline of conductivity over time.

2.4.2 Surface morphology

At low magnification (Fig. 17A1 and B1), the PPy-coated fabric showed the same textile
structure as the virgin fabric, with no blocking of the fibre interstices. At a higher
magnification (Fig. 17A2 and B2), individual fibres displayed a similar diameter of
approximately 25 um, with patches of extra materials appearing on the PPy-coated fibres.
At even higher magnification (Fig. 17A3 and B3), the characteristic granular morphology
of PPy growth revealed a very thin, uniform layer of PPy coating on the PET fibre. The
size of most of the PPy grains was less than 100 nm (arrow, Fig. 17B3). This layer of PPy
was not visible at the cross section and its thickness could not be determined under SEM

(Fig. 17A4 and B4).

2.4.3 Surface chemistry

Table 3 presents the surface elemental composition of the PPy-coated, virgin PET, and
pure PPy specimens. Clearly, nitrogen (N) in the PPy-coated PET fabric was significantly
elevated, compared to that observed in the PET. Because nitrogen only exists in PPy (0.5%
in PET is considered to be normal contamination), the high nitrogen content thus

indicated the presence of PPy. However, both the nitrogen concentration and the doping
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ratio (CI/N) in the PPy on PET were lower than those recorded by the pure PPy, which
were 9.5% vs. 16.5% and 0.13 vs. 0.19, respectively.

Fig. 17 SEM photomicrographs of the PET (A) and PPy-coated PET fabrics (B), showing thin and
uniform PPy on the surface of the microfibres without blocking inter-fibre space. The arrow indicates a

PPy granule less than 100 nm in size.

The high-resolution XPS spectra of nitrogen were used to identify the neutral and
positively charged nitrogen atoms in the PPy. The Nls spectra of both the PPy-coated
PET fabric and the pure PPy showed one major peak, with a distinct shoulder at the
higher binding energy side and a tail at the lower binding energy side (Fig. 18). This
significant peak was assigned to neutral pyrrolylium nitrogen (-NH-) at 399.1 eV and the
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shoulder to the two charged nitrogen species at 400.2 and 402.4 eV, namely, polaron (-
N'H-) and bipolaron (-N*"H-), while the tail observed at 396.9 eV was assigned to the

deprotonated imine group (=N-) .

Table 3. Surface elemental composition of the fabrics measured by XPS (%)

Specimens Cys Ny O, Cly, CI/N

PET 74.4 0.5 25.1 - -

PPy 74.6 16.5 5.7 32 0.19

PPy-PET 65.9 9.5 234 1.2 0.13
2500 1800
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N 75.4% 1400
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N854%

1500
1000
1000 + 800
24.6% 600

500 400
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Binding energy (eV) Binding energy (eV)

Fig. 18 XPS N1s spectra of pure PPy (A) and PPy-coated PET fabrics (B), showing oxidized nitrogen
(N*, N**), neutral nitrogen (-NH-) and deprotonized nitrogen (—N=).

2.4.4 Thermal analysis

Fig. 19A shows the melting behaviour of the fabrics measured with DSC. Both the PET
and the PPy-coated PET fabrics recorded a sharp melting behaviour close to 284 °C, with
a crystallinity of 37.5% for the PET and 38.8% for the PPy-coated PET, thereby showing
no significant difference (Table 4). Fig. 19B presents similar thermal degradation curves
measured with TGA. Before 200 °C and after 700°C, the weight loss of both of these
fabric specimens was less than 1%, whereas the PPy-coated fabric lost more weight

before 200 °C and less weight after 700 °C.
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Table 4. Thermal property of the fabrics

Melting (DSC) Weight loss % (TGA)
Heat of Crystallinity
Peak(°C) fusion %) 0~200°C 200~700°C 700~800°C
_ (V]
(Wegh)
PPy-PET 283.3+£0.5  54.5+3.6 38.842.4 0.8+0.18"  83.7+0.8 0.9£0.02°
PET 284.0+ 1.2 52.5£5.0 37.5£3.5 0.1£0.09° 84.6+1.3 0.6+ 0.09°

* A significant difference was found.
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Fig. 19 Thermal analyses of the fabrics. (A) Endothermic behaviour measured with DSC and (B)

thermal degradation measured with TGA.

2.4.5 Tensile properties

Table 5 and Fig. 20 present the tensile property test results. Both fabrics exhibited a
highly similar behaviour by showing almost linear stretch-strain curves prior to failure.
While the Young’s modulus and failure strain were not different (p > 0.05, n = 3), the
maximum load of the PPy-coated fabric was significantly lower than that of the virgin
fabric, which revealed a decreased strength of the PET specimen following PPy treatment.
Nevertheless, the stress-strain curves were almost overlaid prior to the 20% stain. The
small upper flexure at ca. 3% was probably caused by the engagement of the initially

unstretched fibres.
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Fig. 20 Typical stress—strain behaviour of the PET and PPy-coated PET fabrics.

Table 5. Tensile property of the fabrics

Young’s modulus(10°MPa) Maximum load (N)

Failure strain (%)

PET 9.5+0.6 155 +4.1°
PPy-PET 83+0.3 134 £2.6"

32+1.0
32+14

* A significant difference was found, p <0.05.

2.4.6 Cell viability

Fig. 21A shows cells adhered to the surface of the fabrics after 24 and 48 h of PES. The

cellsunder PES (c, d) appeared to be similar to those without ES (a, b). However, the

MTT optical density was significantly higher for the electrically stimulated cells than for

the non-stimulated group (0.110 vs. 0.083), indicating that the electrically stimulated

fibroblasts displayed greater viability and possibly a higher number of cells as well. This

post-ES upregulation effect remained for at least 48 h (0.153 vs. 0.138). Similar

upregulated cell viability was reported previously where PPy/PLLA composite

18,24
membranes were used as substrates ',
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Fig. 21 Adhesion and viability of human skin fibroblasts on PPy-coated fabrics, showing comparable
cell adhesion ((A), Hoechst staining) for both electrically stimulated (¢ and d) and non-stimulated (a

and b) cells, and increased viability following PES (B), MTT assay. **: p <0.01.

2.5 Discussions

PPy, a biocompatible conductive polymer, can be easily synthesised and modified
chemically by means of various pyrrole derivatives *'. PET fabric, on the other hand, is
widely used in medical implants, such as vascular prostheses, because of its mechanical

strength, porous structure, easy manipulation, and superior biostability.

The first objective of this study was to render PET fabric electrically conductive while
retaining its morphological and mechanical strength. Its porous structure allows for cell
infiltration and tissue ingrowth, both essential in wound healing. The conductive fabrics
developed for this study had a very thin layer of PPy on only the surface of the
microfibres without sealing any spaces between the microfibres. This was achieved by
limiting the polymerisation of PPy to the grains in micro- and mostly nano-scale. As
demonstrated, this surface modification did not affect the textile structure, as revealed by
SEM, nor the PET molecular morphology, as indicated by DSC and TGA analyses.
Consequently, the mechanical property (stretch-strain behaviour) of the conductive
fabrics matched that of the virgin fabrics up to 20% of strain. This strain is beyond the
normal conditions in medical use, for example, as patches or vascular grafts. The
decrease in maximum load appearing at 32% of strain of the conductive fabrics was
probably due to the plasticiser effect on fibre surface which was likely caused by various
chemicals, such as the isopropanol, alcohol, and methanol used to wash the fabrics.

Compared to previous research, PPy-coated fabrics, such as those developed by Milliken
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 for industrial use, were coated with a thick layer of heavily doped PPy that was not
adequate for medical use because of the excessive PPy and potentially cytotoxic dopants.
The PPy-coated PET fabrics previously reported by our group require surface activation
using phosphorylation *. In comparison, the technique developed in this study is just as

effective yet far simpler.

The second objective of this study was to prove that a thin layer of PPy had enough
electrical conductivity to introduce ES to cells in an aqueous environment. Although the
conductivity of a thin layer of conductive PPy was shown to decrease rapidly in aqueous
environment, particularly under electrical potential **, the present study confirms that by
adopting an appropriate ES protocol, such as the PES used here, PPy-coated PET fabrics
can effectively provide ES to cells under standard cell culture conditions. The stability
test showed that with this PES protocol, the conductivity of the fabrics decreased as
anticipated but rather slowly. Compared to the conductivity at the end of the first 24 h
preincubation, the fabrics retained close to 80% of their original conductivity after 24 h of
ES stimulation. Therefore during ES, the fibroblasts were exposed to a relatively stable
electric field (Fig. 16). This slowly deteriorating conductivity in DMEM likely occurred
because of the short accumulated ES time and the redoping during the 1190-second “off”
period. More importantly, this work proves that the same PES protocol has the
proliferative potential for fibroblast. We previously reported that continuous ES
upregulated fibroblast proliferation * and cytokine secretion ** in a solid PLLA/PPy
composite membrane. Our research continues here to non-continuous ES protocols that

warrant the use of a thin layer of PPy and consequently PPy-coated PET fabrics.

The thickness of the PPy coating was difficult to directly measure and was therefore
estimated through XPS. The XPS data of the PPy-coated fabrics revealed not only PPy
but also strong PET signals (see the high oxygen value shown in Table 3). This indicates
that either the PET was not completely covered by PPy or/and the PPy layer was less than
100 A (XPS sampling depth). Should most of the microfibres be covered by PPy, as
evidenced by SEM (Fig. 17, B3), the thickness of the PPy layer would be less than 100 A.

Electrical phenomena widely occur in such physiological regulations as nerve signal
transmission and cardiomyocyte contraction. ES has therefore been explored as a tool to
manipulate cellular function. While the mechanisms are not well understood, ES has been
shown to influence cell proliferation and migration and to have a strong relationship with

33, 34

growth factor production and calcium transportation *>*°. ES has also developed
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research interests in more diverse areas, including the stimulation of retinal ganglion cells
with multi-electrode arrays *’, of human embryonic stem cells **, and of muscle cells *°. In
light of these studies, conductive substrates, particularly those that can be used as
scaffolding materials, show great potential for applications in regenerative medicine.
Among other things, there are two essential requirements for such conductive substrates:
sufficient electrical conductivity in an aqueous environment and basic scaffold
characteristics, meaning non-cytotoxic, porous, and processable. The conductive fabric

presented in our study meets these requirements.

To perform electrically stimulated cell culture, special attention should be paid to the
setup of ES device and the possible disturbance to the culture medium. Culture medium
contains a variety of inorganic ions such as Na*, Ca’", K* and organic ions such as
charged peptides and proteins. Those charged species move in electrical field, a well-
known phenomenon called electrophoresis. A continued ES using electrodes may
therefore cause the depletion or enrichment of those charged species near the electrodes, a
secondary effect of EF that may affect the normal growth, distribution and migration of
the cells. Using pulsed ES may reduce or eventually eliminate such electrophoresis,
providing that the pulse duration be short enough to avoid ion migration. Another
important issue is to avoid electrochemical reactions at the electrodes if there is a direct
contact of the electrodes with the culture medium, because such reactions generate
cytotoxic products. An effective approach is to avoid the direct contact of the electrodes
with the medium, such as using salt-bridges °. Under the experiment configuration of this
work, the conductive fabric was integrated in a closed electrical circuit instead of as an
electrode, thus avoided electrophoresis and electrochemical reaction. Readers are referred

to recent reviewing articles to understand the features of different ES devices ***'.

Interest in the interactions between electrical fields and biological systems continues to
grow and has generated a promising research field. In the future, developing ES-activated
cell responses, targeting transduction receptors and signalling pathways, and integrating
ES into biomaterials will be imperative for both basic science research and clinical

applications.

2.6 Conclusion

A two-step polymerisation process was developed to synthesise PPy on PET fabrics. This

simple wet chemistry technique efficiently rendered PET fabric electrically conductive
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without affecting its mechanical and thermal properties. A PES protocol was established
to work with the conductive fabrics. This research reveals for the first time that medical
textiles covered with a very thin layer of conductive polymer can have sufficient

electrical conductivity and stability to mediate effective ES to mammalian cells.
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3.1 Abstract

The aim of this study was to investigate the healing characteristics and the underlying
signalling pathway of human dermal fibroblasts under the influence of pulsed electrical
stimulation (PES). Primary human dermal fibroblasts were seeded on polypyrrole-coated
polyester fabrics and subjected to four different PES protocols. The parameters of the
rectangular pulse included potential intensity (50 and 100 mV/mm) and stimulation time
(pulse width 300s within a period of 600 s, and pulse width 10 s within a period of 1200s).
Our study revealed that PES moderately improved the ability of the cells to migrate in
association with a statistically significant (p < 0.05) increase of FGF2 secretion by the
PESexposed fibroblasts. These exposed fibroblasts were able to contract collagen gel
matrix up to 48h and this collagen gel contraction paralleled an increase in a-SMA
mRNA expression and protein production from the PES-exposed fibroblasts. Interestingly,
the effect of PES on the human fibroblasts involved the Smad signalling pathway, as we
observed higher levels of phosphorylated Smad2 and Smad3 in the stimulated groups
compared to the control groups. Overall, this study demonstrated that PES modulates
fibroblast activities through the Smad signalling pathway, thus providing new

mechanistic insights related to the use of PES to promote wound healing in humans.

3.2 Introduction

Electrical signal is involved in a variety of life processes in both physiological and
pathological situations . Endogenous electrical field (EF) is known to play an important
role in development and is thus an attractive cue to induce stem cell differentiation *°.
Electrical stimulation (ES) was shown to increase DNA synthesis *, activate p53 °,
increase TGFP receptor expression ° and upregulate fibroblast growth factor secretion .
Cells also responded to exogenous ES via intracellular signalling pathways, such as
phosphatidylinositol-3-OH kinase (PI3K)-Akt, MAPK—ERKs, integrin and Rho *°. Cells
migrate toward an electrode and their orientation is modulated according to the direction

of the EF '°. ES was also shown to influence cell growth and differentiation '" %,

Because of its various effects on cell behaviour, ES has aroused keen interest in medicine
in such applications as the pacemaker, brain stimulation and the healing of ulcers . Our
group thus proposed and demonstrated the hypothesis that direct current modulates

wound healing by promoting fibroblast-to-myofibroblast transdifferentiation ’.
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Wound healing evolution includes four overlapping phases: haemostasis and coagulation,
with the formation of a provisional wound matrix; inflammation, with neutrophil and
monocyte recruitment; proliferation and repair, with the formation of granulation tissue
and the restoration of the vascular network as well as reepithelialization; and a

remodelling phase '* "’

. During wound healing, fibroblasts proliferate and migrate into a
wound fibrin clot and produce new extracellular matrix (ECM; collagens, proteoglycans
and elastin) contributing to the formation of granulation tissue '*'”. Following migration
into the wound site, fibroblasts gradually change to profibrotic phenotypes and switch

their major function to protein synthesis and wound contraction '®.

It is well known that fibroblasts secrete many useful growth factors and cytokines,
including platelet-derived growth factor (PDGF), acidic fibroblast growth factor (aFGF or
FGF-1) and basic fibroblast growth factor (bFGF or FGF-2) °. During the remodelling
phase, certain fibroblasts transdifferentiate to a contractile phenotype, viz. myofibroblasts,
expressing a high level of contractile fibre a-smooth muscle actin (a-SMA) proteins.
Myofibroblast differentiation was reported to involve TGFf through the Smad signalling
pathway *°. This may be modulated by ES delivered through conductive polymers. As
pertains to the present study, inherently conductive polymers (ICPs) that embrace
conductivity were chosen to deliver the ES because of their progress in several fields in a

.. . : 21,22
number of promising and attractive studies = ~".

Substrate conductivity can be achieved through polypyrrole (PPy), which is a conductive
polymer, not only easy to synthesize but also easy to incorporate anionic biomolecules
(dopants) to enhance biocompatibility and target cellular function . Several recent
studies have demonstrated that PPy doped with bioactive molecules can influence cell
survival and differentiation *>**. Our group also demonstrated that PPy-coated polyester
fabrics retained sufficient long-term electrical stability/conductivity when ES was used,
thus providing an opportunity to directly apply a conductive textile matrix as a scaffold
for ES delivery »*. In this study, we sought to investigate the effects of pulsed electrical
stimulation (PES) on dermal fibroblast migration following monolayer scratch, FGF2
secretion, collagen matrix contraction, a-SMA expression and the Smad signalling
pathway. We provided evidence that PES mediated fibroblast migration and increased
FGF?2 secretion. The PES-exposed fibroblasts contracted collagen matrix and expressed a
high level of a-SMA. The effect of PES on dermal fibroblasts involved the Smad2/3
signalling pathway. This study thus provides greater insight into the mechanism of ES in
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modulating wound healing, and the electrically activated cells may prove a clinically

relevant cell therapeutic strategy.

3.3 Materials and methods

3.3.1 Materials

A two-step method was used to coat PPy onto the surface of polyethylene terephthalate
(PET) fabrics, as we previously reported *°. The anti-smooth muscle a-actin, HRP-anti-
rabbit and HRP-anti-mouse were from Sigma-Aldrich (St. Louis, MO, USA). A Smad2/3
sampler kit was bought from Cell Signalling Technology (Danvers, MA, USA; cat. no.
12747). An FGF2 ELISA kit was purchased from R&D Systems (Minneapolis, MN, USA)
and rat tail collagen I was obtained from Gibco (Life Technologies, Burlington, ON,

Canada), while the primers were obtained from Invitrogen (Burlington, ON, Canada).

3.3.2 PES programme design

Endogenous EF in human wounds has been reported in the range 40-200 mV/mm *’.
Accordingly, four PES protocols were designed, using a combination of two pulse
intensities (50 and 100 mV/mm) and two trains of rectangular pulses (pulse width 300 s

within a period of 600 s; and pulse width 10 s within a period of 1200 s).

3.3.3 Primary human dermal fibroblast extraction and culture

Human skin biopsies were collected from patients following their informed consent and
with the approval of the Université Laval-CHUQ Ethics Committee. The biopsies were
treated with thermolysin (500 pg/ml) to separate the epidermis from the dermis. To
isolate the fibroblasts, the dermal tissue was placed in a collagenase P solution (0.125
U/ml) for 18 h at 4°C. The isolated cells (2 x 10°) were then seeded in 75 cm3 flasks
(Falcon, BectonDickinson, Cockeysville, MD, USA) and grown in Dulbecco’s modified
Eagle’s medium (DMEM; Invitrogen) supplemented with 10% fetal bovine serum (FBS)
in a humidified incubator at 37°C with 5% CO,. The medium was changed three times a

week. The fibroblasts were used when the cultures reached 90% confluence.

68



3.3.4 Delivery of PES to the human dermal fibroblasts

ES was delivered by directly connecting the conductive fabric outside of the culture
medium to an external power source >°. The PPy—PET fabrics were assembled into a
homemade multiwell electrical culture plate (Fig. 22) under sterile conditions, and then
used for cell culture and exposure to PES. Briefly, primary dermal human fibroblasts (6 x
10%) were plated in each chamber in 10% FBS-supplemented culture medium, and then
incubated overnight in a 5% CO, humid atmosphere at 37°C to promote cell adhesion.
The following day, PES was introduced by means of a waveform generator, according to
predetermined protocols, for 24 h. It is important to mention that, during the 24 h of
exposure to ES, there was no contact between the metal connector and the medium at the
circuit—fabric interface, as the current only went through the PPy layer, with no medium
bubbles or colour changes, as occurs in a redox reaction (Fig. 22). Following each PES
regime, the culture medium was refreshed and the cells were maintained in culture for an

additional 24 h prior to their detachment and use for various analyses.

Upper Assembling the device

Culture plate

Fibroblasts

Overnight Cell seeding and
exposure to PES culture for 24 h

Fig. 22 Schematic protocol for the electrical stimulation experiment. The PPy-PET
membranes were cut into rectangular pieces and assembled tightly into a home-made electrical cell
culture plate to prevent the culture medium from leaking. Fibroblasts were seeded into the culture,
adhering well to the PPy—PET conductive membrane. The edges of the PPy—PET membrane were
linked to a DC power source through two metal plates. It is important to note that the metal plates
were not in contact with the culture medium, preventing any redox reaction and ionic current

formation
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3.3.5 Scratch wound assay

Migration was measured with a wound-healing migration assay. Briefly, the PES-exposed
fibroblasts were plated in six-well plates and grown to confluence. A mechanical scratch
was made with a 200 pl sterile pipette tip, crossing the centre of the confluent cell
monolayer and resulting in a denuded area. The scratched monolayer was extensively
rinsed with PBS to remove non-adherent cells and debris, after which fresh medium was
added and the culture was maintained at 37°C in a 5% CO, humid atmosphere. The
denuded area was followed and imaged with a phasecontrast microscope at 0, 6, 12 and
24 h post-wounding. The images were used to measure the denuded area, using the NIH
ImageJ public domain image-processing program. The experiment was repeated six times
independently for statistical analyses. Data were presented as percentages of the healed

wound area at 6, 12 and 24 h over the area at time 0 (initial wound).

3.3.6 ELISA assay of the FGFs

We sought to demonstrate that ES promoted fibroblast growth and wound healing
through wound-healing mediators, notably FGFs and MMPs. We therefore measured
FGF1 and FGF2 levels in the cell culture supernatant. To do so, supernatants were freshly
collected, filtered through 0.22 um filters and used to measure growth factor level. ELISA
plates (R&D Systems) were read at 450 nm and analysed by means of a Microplate
Reader Model 680 (Bio-Rad, Philadelphia, PA, USA). According to the manufacturer, the
minimum detectable concentrations are < 14 pg/ml for FGF1 and 0.07 pg/ml for FGF2.

Each experiment was repeated four times (n = 4) to calculate mean = SD.

3.3.7 Quantitative PCR and a-SMA gene expression assay

PES-exposed and control dermal fibroblasts were used to extract total RNA by means of
the Illustra RNAspin Mini kit (GE Healthcare UK Ltd, Buckingham, UK). The quality,
concentration and purity of the extracted RNA were then determined, using an Experian
system with an RNA StdSens analysis kit, according to the manufacturer’s instructions
(Bio-Rad, Hercules, CA, USA). RNA was reversely transcribed to complementary DNA
(cDNA), using a cDNA synthesis kit (Bio-Rad). The cDNA was then used to investigate
the mRNA transcripts by means of quantitative PCR (qPCR), using the CFX96 Bio-Rad
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real-time PCR detection system. The reaction was performed using a PCR supermix from
Bio-Rad (iQ SYBR Green supermix). Specific primers were then added to the reaction
mix at a final concentration of 250 nM; 5 pul cDNA were added to a 20 pul PCR mixture
containing 12.5 pl iQ SYBR Green supermix (Bio-Rad), 0.5 pl specific primers (a-SMA,
GAPDH; Invitrogen Life Technologies) and 7 pl nuclease-free water (MP Biomedicals,
Solon, OH, USA). The reaction was performed in a Bio-Rad CFX96, with the cycling
conditions as follows: after an initial hold for 2 min at 50°C and 10 min at 95°C, the

samples were cycled 40 times at 95°C for 15 s, then at 60°C for 60 s. The primer

sequences used were as follows: for o-SMA, forward 5'-
AAAGACAGCTACGTGGGTGACGAA-3'reverse 5'-
TTCCATGTCGTCCCAGTTGGTGAT-3"; for GAPDH, forward 5'-

ATGCAACGGATTTGGTCGTAT-3', reverse 5-CTGAGGGCTGAGATGCCG-3".
GAPDH produced uniform expression levels, varying by < 0.5 cycle of threshold (CTs)
between the sample conditions, and was therefore used as a reference gene for this study.

-AACT
2

The results were analysed using the relative expression method.

3.3.8 Collagen contraction assay

PES-exposed and control dermal fibroblasts (3 x 10" cells) were mixed with a 3 mg/ml
rat tail type I collagen solution (cat. no. A 10483-01; Gibco-Invitrogen) and then poured
into 35 mm diameter tissue-culture plates. Following collagen gel polymerization, the
edges of the gel sheets were detached from the wall of each well; then 2 ml fresh culture
medium was added to each well, followed by incubation in a 5% CO, humid atmosphere
at 37°C. Follow-up was performed at 6, 12, 24 and 48 h to scan the size of the collagen
gel. These scans were then used to measure the area of the collagen gels at each time
point, using an NIH public domain image-processing program. Each experiment was
performed in triplicate, with the data presented as the percentage of the gel area at each

time point relative to that at time 0.

3.3.9 Immunohistochemical staining for a-SMA

For the PES-exposed and control fibroblast monolayer cultures, the cells were detached
from the conductive fabrics and subsequently subcultured onto tissue-culture glass slides
for 48 h, prior to being fixed with 4% paraformaldehyde for 60 min for

immunohistochemical staining. For the fibroblasts in collagen gel, after 48h of culture the
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gels were fixed in 4% paraformaldehyde for 60min, dehydrated with ascending grades of
alcohol and then embedded in paraffin; 5 um-thick sections were cut at cross-section and
used for immunohistochemical staining. To stain, the cell monolayers on the glass slides
and the tissue in the paraffin slides were first permeabilized with 100% methanol at 20°C
for 10min, incubated in 2:3 acetone:alcohol at 20°C for 10min, then treated with
peroxidase blocking solution for 15min and finally incubated for an additional 30min in
10% bovine serum albumin (BSA). After two washes with PBS, anti-a-SMA primary
antibody (Sigma-Aldrich) at 1:150 dilution was overlaid on the specimens for 60min at
37°C. The specimens were then washed twice with PBS and subsequently incubated with
HRP-conjugated secondary antibody (Cell Signalling Technology) for 45 min at room
temperature. Following two washes with PBS, 3.,3-diaminobenzidine-(DAB)-HRP
substrate solution was added for 5 min to the specimens, which were then washed with
distilled water. Mayer’s haematoxylin (Dako Canada Inc., Burlington, ON, CA) was then
applied for 1 min to label the nuclei. Mounting was performed using mounting solution
(Fisher Scientific, Ottawa, ON, CA). The stained samples were observed under a

microscope and photographed to identify the a-SMA-positive cells.

3.3.10 Western blotting for the Smad signalling pathway

To detect the Smad signalling pathway, cells were cultured for an additional 30 min
following the stimulation regimes. The cells were first detached from the conductive
fabrics. Cell lysates were then prepared, using lysis buffer [25 mM Tris—HCI, pH 8.0, 150
mM NaCl, 1 mM EDTA, 10% glycerol, 0.1% SDS, 0.05% sodium deoxycholate, 1%
Triton X-100 and anti-protease (Sigma-Aldrich, cat. no. P2714) supplemented with anti-
phosphatase cocktail III (Sigma-Aldrich, cat. no. P0044)]. Extracted protein
concentrations were quantified by means of the Bradford assay. Equal amounts of total
protein (20—40 pg) in reducing sample buffer (61.5 mM Tris, 100 mM DTT, 2% SDS, 10%
glycerol) were boiled for 5 min and migrated using 4% stacking gel, followed by 10%
acrylamide SDS—PAGE. The proteins were then transferred to PVDF membranes, using a
refrigerated Tris—glycine transfer buffer (25 mM Tris, 192 mM glycine, 100 pM Na3VO4,
20% methanol) for 1 h at 100 V. The blots were then incubated overnight with primary
antibody (P-Smad?2 at 1:1000; Smad?2 at 1:1000; P-Smad3 at 1:1000; Smad3 at 1:200; and
B-actin at 1:5000). The membranes were then washed and incubated for 1 h with
appropriate peroxydase-conjugated secondary antibodies. Detection was performed using
the VersaDoc 5000MP Imaging System (Bio-Rad) and photographs were taken with
Quantity One VersaDoc (Bio-Rad).
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3.3.11 Visualization by immunofluorescence of the Smad2/Smad3 dimer

translocation in the cytosol and the nucleus

Fibroblasts were collected from the conductive PPy—PET fabrics, washed twice, then
seeded on glass slides and allowed to reach half-confluence. The cells were then fixed
and stained with anti-Smad2/Smad3 primary antibody (1/200; Cell Signalling Technology)
for 60 min, after which they were washed twice, followed by incubation with the
FITClabelled secondary antibody for 60 min in the dark. Cell nuclei were then
counterstained with Hoechst (Img/ml, 1:2000 dilution; Invitrogen, Carlsbad, CA, USA)
for 10 min. The slides were subsequently mounted with PBS—glycerol-gelatin and
visualized under a Zeiss Apotome® microscope with a X63/1.4 NA lens and AxioVision

4.8.2 scanning software (Carl Zeiss, Gottingen, Germany).

3.3.12 Statistical analysis

Data were presented as mean + standard deviation (SD) of at least three separate
experiments. Statistical comparison among the groups was performed using one-way
ANOVA and the statistical difference between two groups was determined using

Student’s t-test. Differences were considered significant at p < 0.05.

3.4 Results

3.4.1 PES-enhanced cell migration/wound healing

Fig. 23 shows PES-modulated fibroblast migration, as ascertained by the reduced wound
area in the PES exposed compared to the non-exposed scratched monolayer cultures.
While a statistically significant difference was obtained for the short-time PES regime (10
s), a greater effect was observed with the long-time PES regime (300s). Fibroblasts
exposed to 300 s of stimulation demonstrated greater cell migration in both potential
intensities (50 and 100mV/mm). These effects were statistically significant (p < 0.05),
particularly at later culture periods (12 and 24 h). Because fibroblast migration suggests
cell activation with possible fibroblast-to-myofibroblast phenotype shifting, non-exposed
and PES-exposed fibroblasts were seeded onto culture glass slides, then stained with anti-

a-SMA antibody. The data in Fig. 24 indicate the presence of a high number of a-SMA-
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positive cells in the PES-exposed cells compared to the non-exposed cells. Interestingly,
at 300 s exposure to PES, the level of a-SMA-positive cells was significantly (p < 0.05)
higher than in the 10 s exposure. This supports the cell migration results shown in Fig. 23,
suggesting that PES modulated fibroblast growth/migration and stimulated the fibroblasts
to express a-SMA.

§ § §
I I
Eoe N N\ \
§ § §

¢ Exposure for 300 s to PES *

Fig. 23 PES increased the wound healing rate in primary human dermal fibroblast
monolayer. Cells were cultured on PPy—PET conductive fabric for 24 h and then exposed to PES
for 24 h, followed by an additional 24 h of culture without ES. The cells were detached from each
membrane, seeded in Petri dishes and cultured until confluence. Scratches were then made on each
monolayer and the medium was refreshed, with the cultures maintained for various time periods
prior to observation and determination of wound recovery. Percentage changes in wound area over
time are presented as a ratio to the initial wound size (time zero after wound); values are presented
as mean + SD (n = 6). The PES-exposed and non-exposed cultures were compared, with the

difference considered statistically significant at p < 0.05.
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Fig. 24 Presence of a-SMA-positive fibroblasts in the PES-exposed monolayer. Following
exposure to different PES regimes, fibroblasts were detached and cultured on glass slides for 48—
72 h. They were then immunostained with a-SMA-specific antibody. Representative phase-
contrast photomicrographs are shown; scale bars = 10 um; n = 4. The a-SMA positive cells
(arrows poinited) in each condition were counted and presented as a percentage of total cells
counted in different photos. Statistical significances were obtained by comparing the non-PES and
PES data, also by comparing the 10 s and 300 s exposures of PES; the differences were considered
statistically significant at p < 0.05.
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Fig. 25 PES promoted FGF2 secretion by normal human dermal fibroblasts. Following
exposure to PES, culture medium was collected immediately (A) and 24 h post-ES (B). The
collected media were used to measure the FGF-2 concentrations by sandwich enzyme-linked
immunosorbent assays; values are given as mean + SD (n = 4). The ES-exposed and non-exposed

cultures were compared, with the difference considered statistically significant at p <0.05.
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Fig. 26 PES promoted fibroblast activity to contract collagen gel. Following exposure to PES,
the fibroblasts were detached, seeded in collagen gel and cultured. The diameter of each collagen
gel was measured at different time points. Representative photographs show the capacity of the
PES-exposed fibroblasts to contract the gel. Collagen gel size was measured and plotted. Values
are given as mean + SD (n = 5). The ES-exposed and non-exposed cultures were compared, with

the difference considered statistically significant at p < 0.05.
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a-SIVA gene expression (gene/GAPDH)

Fig. 27 Dermal fibroblasts expressed high levels of a-SMA mRNA following exposure to PES.
Fibroblasts were exposed to PES for 24 h prior to RNA extraction. These were then used to
analyse 0-SMA mRNA expression by means of qRT-PCR (n =4).
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Fig. 28 Immunostaining of a-SMA-positive fibroblasts in the contracted collagen gels.
Following exposures to PES, the fibroblasts were detached and used to engineer dermal
equivalents, using collagen gel matrix. The gels were processed after 48 h of culture to identify a-
SMA-positive cells. (A) a-SMA-positive cells (arrows); (B) percentage of a-SMA-positive cells in
total number of cells; data are shown as mean = SD (n = 5). The ES-exposed and non-exposed

cultures were compared, with the difference considered statistically significant at p < 0.05
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Fig. 29 PES promoted Smad2 and Smad3 phosphorylation and Smad2/3 translocation from
the cytoplasm to the nucleus of dermal fibroblasts. Following exposure to PES, the cells were
either used to extract total proteins for western blotting or seeded onto glass slides for
immunofluorescence analyses. (A) Western blot results. (B) Cells stained with primary anti-
Smad2/3 monoclonal antibody and FITC secondary antibody; the cell nucleus was revealed by
Hoechst (n = 4). The stained slides were visualized under a Zeiss Apotome® microscope with a

x63/1.4 NA lens and AxioVision 4.8.2 scanning software

3.4.2 PES increased FGF2 secretion

Because FGF2 is known to play a role in fibroblast migration and wound healing, the

increased cell migration following PES may take place through FGF2. Measuring FGF2
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in the culture supernatant demonstrated a higher level of FGF2 in the PES groups than in
the controls. Immediately following long-time (300 s) PES, the FGF2 concentration
increased from approximately 40 pg in the control to approximately 60 pg and 140 pg in
the PES-stimulated groups (Fig. 25A). Of great interest was the elevated amount of FGF2
still secreted by the fibroblasts 24 h after PES (Fig. 25B). All four PES regimes promoted
FGF2 secretion by the dermal fibroblasts. The most important effect, however, was
obtained with the strongest regime, i.e. 300 s and 100 mV/mm (Fig. 25B). Overall, these
data show that, following PES, the secretion of FGF2 in human dermal fibroblasts was
upregulated, and that the PES regime of 300 s + 100 mV/mm was more effective in
promoting this secretion. FGF1 measurement showed no statistically significant

difference (data not shown).

3.4.3 PES promoted collagen gel contraction by the stimulated fibroblasts

In order to measure the contribution of PES-exposed fibroblasts to wound closure, we
imitated wound healing by designing a collagen gel 3D matrix containing PES-exposed
fibroblasts, to evaluate gel contraction. Fig. 26 shows that the area of collagen gel was
reduced in the PES groups compared to the non-exposed control specimens (p < 0.05).
The short-time PES regime, viz. 10s at 100 mV/mm, revealed statistically significant gel
contraction at later time points (Fig. 26B). However, the longtime PES regime was more
effective in contracting the collagen matrix. This was specifically statistically significant
(p < 0.05) at the 14, 24 and 48h follow-ups (Fig. 26C). In short, PES did indeed lead to
better contraction ability of the fibroblasts, suggesting its possible involvement in

assisting wound repair.

3.4.4 PES increased a-SMA gene expression and protein production

As a higher number of a-SMA-positive cells was identified in the PES groups, and
because these cells were more contractile, we hypothesized that this contraction was due
to the expression of a-SMA fibres by the PES-exposed fibroblasts. To confirm this, we
examined a-SMA gene expression in these fibroblasts. As shown in Fig. 27, the exposure
of primary human dermal fibroblasts to PES led to an increase in a-SMA mRNA
expression. Both short- and long-time exposure at either 50 mV/mm or 100 mV/mm
increased the gene expression of a-SMA in the fibroblasts (p < 0.05). This gene

modulation supports the a-SMA staining and gel contraction results. Fig. 28A shows the
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presence (arrows) of a-SMA-positive cells in the gels containing the PES-exposed
fibroblasts compared to the non-exposed ones. We recorded a higher number of a-SMA-
positive cells in the PES groups than in the controls (Fig. 28B). Overall, these data

demonstrate that PES increased a-SMA gene expression and protein production.

3.4.5 PES promoted fibroblast-to-myofibroblast differentiation through the Smad
signalling pathway

In order to analyse the signalling pathway involved in the differentiation of fibroblasts
into myofibroblasts expressing a-SMA following exposure to PES, we performed a
western blot analysis related to the Smad pathway. Fig. 29A shows that both PES regimes
increased total Smad2 and Smad3, compared to the control. This was paralleled by an
increase of phosphorylated Smad2 and Smad3 (P-Smad2, P-Smad3). Notably, long-time
exposure (300s) induced more total and phosphorylated Smads than did the short-time
exposure (10s). The signalling pathway was confirmed by the translocation of the
Smad2/3 dimer in the nucleus. Fig. 29B shows the presence of the Smad2/3 dimer (green
staining, FITC) in the cytoplasm of both the PES-exposed and nonexposed fibroblasts.
However, an overlap of the greenstained Smad2/3 and the blue-stained nucleus (Hoechst)
revealed a turquoise colour only in the PES-exposed fibroblasts. This confirms the
implication of the Smad signalling pathway in the fibroblast-to-myofibroblast

transdifferentiation caused by exposure to PES.

3.5 Discussions

To better understand how ES affects fibroblast behaviours and their implication in wound
healing, this experiment was designed to study the signalling pathway and the efficacy of
a new conductive substrate. Because all cellular activities studied, such as migration,
transdifferentiation and wound closure, are closely linked to wound healing '*, this work
not only reveals the molecular mechanisms in ES-activated fibroblasts but also

demonstrates the potential of this approach as a clinically relevant cell therapy.

Studies on the signalling pathways related to EF or ES remain very limited and
fundamental at best, with voltage-gated calcium channels and downstream activities

2931
d

being the most investigate , if not the only, mechanisms reported, and despite some

studies reporting that ES may activate specific genes, with or without protein production
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2. The mechanisms involved are, however, rarely mentioned. The present study

demonstrates for the first time that PES at 50 and 100 mV/mm intensities likely induces
fibroblast transdifferentiation through a Smad signalling pathway involving P-Smad?2 and
P-Smad3. The Smad signalling pathway is known as a general TGFp-induced
differentiation pathway **. Its activation leads to stress fibre expression by fibroblasts
embracing a higher level of contractibility **, and thus may help wound closure, as partly
confirmed by the gel contraction experiment. Further studies on TGF will undoubtedly

provide greater insight.

Textiles are widely used in medical applications such as vascular prostheses, healing
patches and wound dressings and bone non-union fixations. Conductivity adds value to
medical textiles and can potentially expand their applications where ES is required or can
be applied *°. While conductive polymer membranes are capable of mediating ES to
cultured cells *, a fibrous structure does provide additional advantages **. With respect to
solid or porous polylactide—PPy membrane >/, PPy—PET fabric displays high flexibility,
can be easily moulded into the required size and form, and can also be sutured. To tackle
the electrical instability of a thin-layer PPy in an aqueous environment, as in the case of
PPy—PET fabrics in culture medium under constant ES, PES was developed *°. This work
proves for the first time that, under appropriate conditions, a thin layer of PPy is able to
sustain sufficiently strong ES to alter fibroblast behaviour. This research thus expands the
conductive scaffold approach from composite membranes to surface-coated textiles.
Considering the wide availability of medical textiles in terms of materials and textile
structures, herein lies the proof of principle, opening the door to more extensive

and novel uses for conductive biomaterials.

Cell migration is a key factor in wound healing. ES or EF was shown to accelerate cell
migration and provide direction *°. However, this effect is mostly, if not all, the result of
electrotaxis, or is due to the indirect effect of protein deposition in the EF **. The higher
cell migration speed in the present study is totally different, because the cells were
replated and the migration occurred in the absence of ES. It is well known that cell
migration involves cytoskeleton molecules such as actin and integrin. While the cell
migration mechanism was not the focus of this study, it is likely that high amounts of -
SMA in the PES-exposed fibroblasts contributed to the migration speed. Evidently, this

remains a hypothesis and requires further in vitro and in vivo investigation.
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ES affects cell behaviour at different levels, with various outcomes. Both constant ES

using direct current and PES offer some advantages > *°

. For example, direct current ES
accelerated osteoblast proliferation and calcification *°, while PES promoted cell growth
and differentiation **. Adding to these findings, this study shows that PES may indeed
serve as a tool to stimulate fibroblasts into synthesizing more active proteins, such as
FGF2, and to provide greater a-SMA expression, all of which are key in the wound
healing process. As a cell growth modulator, FGF2 also plays a role in inducing
angiogenesis in granulation tissue, to bring nutrients to the wound site for the repairing
cells *'. Tn addition, stress fibres, such as a-SMA, contribute to pulling the wound edges

toward the middle, resulting in better re-epithelialization **. This needs to be supported by

future in vivo studies.

3.6 Conclusion

This study reveals that PES-induced fibroblast-to-myofibroblast differentiation is
associated with the Smad2/3 signalling pathway. It also demonstrates that, through
determined PES regimes, PPy-coated textiles effectively mediated ES to modulate such
skin fibroblast functions as the synthesis of growth factors and stress fibres, such as a-
SMA, which are all-important to wound healing. This study thus provides greater insight
into PES-wound healing mechanisms. However, further study on how cellular activities
are electrically tuned, to reveal the molecular pathways and to design clinically
implantable electrical devices enabling electrical stimulation in vivo, are mandatory. The
purpose is to advance this approach to preclinical and clinical levels to benefit public

health.
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skin fibroblasts through the TGFB1/ERK/NF-kB
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4.1 Abstract

Electrical field at wound site participates in wound repair process. Dermal fibroblasts
activated by conductive polymer-mediated electrical stimulation (ES) have shown
myofibroblast characteristics which favor wound healing. However, the signaling
pathway related to this phenotype switch remains unclear and the in vivo survival of the
electrically activated cells has never been studied. In this work, polypyrrole (PPy) coated
polyethylene terephthalate(PET) fabrics were synthesized and installed in a homemade
electrical device. Human skin fibroblasts were activated by pulsed-ES mediated by a
conductive substrate to show an upregulation of TGFB1 measured as 121.2 = 17.3 % and
135.6 + 22.9% compared to noES, as detected by ELISA assay. Downstream ERK
signaling was demonstrated by Western blot and visualization of the NF-«xB nucleus
translocation and was confirmed by inhibition experiments. Using qRT-PCR and
immunocytochemistry, ES-fibroblasts were found to highly express a-smooth muscle
actin after prolonged subculture. Subcutaneous implantation for 15 days revealed more
myofibroblasts in the experimental groups, with a percentage of 65 + 8.2% and 70 +
9.6% %, compared to 24 + 5.8% in the controls. These findings demonstrate for the first
time the involvement of the TGFB1/ERK/NF-kB signaling pathway in ES-cells and its
relevance to fibroblast/myofibroblast transdifferentiation. Also shown for the first time is
that the electrically acquired characteristics can be transferred to daughter cells. This
work thus reveals new molecular mechanisms in electrically activated fibroblasts and

demonstrates the potential of applying electrically activated cells to help wound healing.

4.2 Introduction

During cutaneous wound healing, dermal fibroblasts exert their functions from the
proliferative phase to the remodeling phase. Most importantly, these fibroblasts deposit a
large quantity of extracellular matrix (ECM) including collage I, III, and fibronectin to
form the much needed extracellular matrix for cell migration and granulation tissue
generation '. The vital transition step from fibroblast to myofibroblast, a contractile
fibroblast phenotype that expresses rich alpha smooth muscle actin (a-SMA) * °
contributes primarily to wound closure. Consequently, understanding the regulation of
fibroblast transdifferentiation is of great scientific interest. Meanwhile, electrical field at
wound site was measured *° providing internal function in skin wound repair *’. One
active research field uses electrical field (EF) in wound healing as a cue to control cellular

behaviors. To date, electrical stimulation (ES)-induced cell response has been found to

90



depend on cell type, ES mode, and type of electrical device. ES modulates epithelial cell
migration *, stem cell proliferation and differentiation *'°, Schwann cell regeneration ' '2,

and osteoblast mineralization .

Mechanistic studies on how cells react to EF have mainly focused on ion channels such as
voltage-gated calcium channels. Indeed, it was reported that ES-induced secretion of
nerve growth factors (NGFs) and brain-derived neurotrophic factors (BDNFs) by
Schwann cells depended on calcium influx through T-type voltage-gated calcium
channels (VGCCs) . In addition, high-frequency ES was found to promote capillary
morphogenesis of endothelial cells in vitro through the ERK pathway '*. Furthermore,
signaling pathways were shown to play a potential role in the ES-induced increase in
paralyzed muscle mass . ES was also reported to function via the LKB1-AMPK
pathway '®. Notably, ES-triggered TGFp signaling has been identified in osteoblasts,

dermal fibroblasts, monocytic cells, and skeletal muscle cells 1719

20

TGFB has been shown to modulate cell activity including cell proliferation © and

differentiation *'. TGFB mediates this differentiation through two signaling pathways: the
canonical Smad pathway and the noncanonical nonSmad or MAPK/ERK pathway *.
Following signal transduction, phosphorylase kinase targets molecules (JNK, p38MAPK,
ERK1/2, etc.) and propagates the message into gene transcription through transcription
factors (TFs), such as c-Jun, NF-xB, Elkl, MSK1, c-Myc, to name a few > **. These
signaling cascades were shown to be initiated by various stimuli >*’, but have not been
associated with any cells exposed to electrical field. In this study, primary human dermal
fibroblasts were subjected to electrical stimulation through polypyrrole (PPy)-coated
polyethylene terephthalate (PET) conductive fabrics then used to analyze the TGFp1-
ERK1/2-NF-kB axis involving in fibroblast to myofibroblast transdifferentiation. We also
investigated the fate of the electrically activated cells in vivo and whether the ES effect

could be transferred to daughter cells. The answers to these questions are directly related

to how likely electrically activated cells can be used in clinical applications.

4.3 Materials and methods
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4.3.1 Conductive PPy-PET fabrics preparation and ES device

A two-step method was used to synthesize PPy on the surface of PET fabric to produce a
conductive scaffold, as presented in our previous published work **. The topographic
information for PPy coating was observed through scanning electron microscope (SEM).
We designed an appropriate ES device in which the conductive fabrics were installed in
each culture chamber to serve as cell culture scaffolds while delivering the electrical
stimulation [29]. No electrodes were in contact with the culture medium during
stimulation. This electrode-free setup completely rules out the potentially controversial
interference of either the redox activity at the electrode/medium interface or the ionic

current in the culture medium. This experimental setup was presented at Figure 30.
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Figure 30 Experimental setup that combines substratum topography and electrical
stimulation. (A) Scanning electron microscope (SEM) presents the non-coated PET (a)
and PPy-coated PET fabrics (b). (B) Schematic graph shows the ES system and the
electrodes directly linked to conductive membrane without touching medium. EO,

ethylene oxide.
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4.3.2 Cell culture and PES

Following approval by the Universit¢ Laval-CHU Ethics Committee, primary skin
fibroblasts were extracted from human skin biopsies. Prior to the biopsies, the patients
provided their informed consent regarding the proposed protocol. The biopsies were
treated with thermolysin (500 ug ml™) to separate the epidermis from the dermis. The
dermis was then incubated in the presence of collagenase to release fibroblasts from the
extracellular matrix. The extracted fibroblasts were then seeded in 75-cm’ flasks and
grew in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% fetal
bovine serum in a humidified incubator at 37°C with 5% CO,. The medium was changed
two to three times a week. The fibroblasts were used once the cultures reached 90%
confluence. For the ES, the cells were used between passages 4 and 9. The ES device and
conductive substrate were sterilized by ethylene oxide (EO) gas and pre-conditioned in
DME medium overnight, followed by cell seeding (1.2 x 10 cells cm™). Twenty four
hours following cell seeding, the medium was refreshed and a pulsed EF was applied at
an intensity of 100 mV mm™', with a train of cycles of either a 10 s stimulation within a
period of 1200 s, or a 300 s stimulation within a period of 600 s. Each pulsed ES lasted

24 h. Cells cultured in the same device without PES were used as controls.

4.3.3 Analysis of cell signalling

4.3.3.1 ELISA test for secreted TGFf1

Immediately following PES, cell culture supernatant was collected for ELISA assay. The
supernatant was first activated by 1 N of HCI and then incubated in the assay well.
Following incubation with biotin-conjugate anti-human TGFf1 antibody, streptavidin-
HRP and downstream substrate were used to quantify TGFB1 concentration. The TGFf1
ELISA kit (OKAA0026 96W, Cedarlane, Burlington, ON, Canada) used in this
experiment has a sensitivity of 15pg ml'. The concentration of TGFB1 in the
experimental groups was normalized to the controls and presented as percentage change.
The concentration of TGFf1 in the experimental groups was normalized to the controls

and presented as percentage change following the formula,

(TGFP1 concentration at ES group - TGFP1 concentration at noES)/ TGFpI

concentration at noES x 100%.
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Each experiment was repeated three times (n = 3).

4.3.3.2 Western blot for TGFPI1-ERK1/2 signalling detection

Thirty minutes after the PES regime, cells were harvested and lysed in 60 pl of
radioimmunoprecipitation assay buffer (Sigma-Aldrich, Oakville, ON, Canada, cat. no.
P2714) supplemented with anti-phosphatase cocktail III (Sigma-Aldrich, cat. no. P0044)
to extract the protein. Protein concentration was quantified by means of the Bradford
assay. For electrophoresis, 20 pg of protein were blotted to each lane. After transferring,
the proteins on the blotting PVDF membrane were detected by antibodies including anti-
TGFB1 (1:1000, ab647, Abcam, Cambridge, MA, USA), anti-ERK1/2 (1:1000,
MABI15761, R&D Systems, Minneapolis, MN, USA), anti-phosph-ERK1/2 (1:2000,
AF1018, R&D Systems), and anti-p-actin (1:5000, A5441, Sigma-Aldrich). To confirm
the signalling pathway, anti-TGFB1 antibody (0.5 pg ml"', Ab647, Abcam) and phosph-
ERK1/2 inhibitor PD98059 (50 uM, EMD Millipore, Billerica, MA, USA) were used to
pre-treat the cells for 1 h prior to PES exposure. After PES and protein extraction, the
phosph-ERK1/2, ERK1/2 and TGFB1 were analyzed by Western blot.

4.3.3 3 Immunocytochemistry (ICC) for NF-kB translocation

The signal from the cytoplasm to the nucleus depends on nuclear factor NF-xB after
electrical stimulation. Because the cellular culture scaffolds are not transparent and
porous, it is not allowed to observe the NF-kB on the fabrics. Alternatively, immediately
following their detachment from the conductive fabrics, the cells were reseeded on cover
slides, incubated overnight in DME medium in a standard cell incubator, and fixed in 4%
paraformaldehyde for 1 h the next day. Washed in PBS and permeabilized first in 100%
methanol then in an acetone/alcohol (2:3) solution at -20°C, the samples were saturated in
10% BSA and incubated thereafter with anti-NF-xB (1:100, sc-109, Santa Cruz
Biotechnology, Santa Cruz, CA, USA) for 1 h. Finally, the samples were incubated in an
FITC-conjugated secondary antibody solution for 45 min at room temperature, after
which time the cell nuclei were stained with Hoechst 33342, observed under a Zeiss
Apotome microscope, and analyzed using AxioVision 4.8.2 software (Carl Zeiss,

Gottingen, Germany).
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4.3.3.4 Cell migration test with or without ERK inhibition

To wverify whether ERK inhibition affected cell migration (further proof of
TGFB1/ERK/NF-kB pathway activation), the PES-exposed and non-exposed cells were
harvested immediately after stimulation and were then reseeded in a standard six-well
culture plate. When the cells reached confluence, a scratch was created in the form of a
cross by means of a 200 ul pipette tip. After washing out the cell debris, fresh medium
was added with or without ERK inhibitor PD98059 (50 uM). Cell migration was
monitored thereafter with a phase contrast microscope and photographed at 0 and 10 h
post-wound. The images were analyzed to calculate the denuded area using the NIH
Image] public domain image processing program. The experiment was repeated four

times (n = 4).

4.3.4 Quantitative PCR and gene expression assay for the descendent cells

To determine whether the cells could memorize the contractile property acquired through
PES, PES-exposed and control fibroblasts were trypsinized following PES and reseeded
in a six-well culture plate to proliferate. Because the cell cycle for dermal fibroblasts is
normally less than two days, five days after PES, the cells were processed for total RNA
extraction by means of the Illustra RNAspin Mini kit (Bio-Rad, Hercules, CA, USA).
RNA was converted to complementary DNA (cDNA) with a cDNA synthesis kit (Bio-
Rad), which underwent PCR using the CFX96 Bio-Rad real-time PCR detection system.
A uniform expression level of GAPDH was used as reference for this study, i.e., varying
by less than 0.5 cycle of threshold (CT) between samples. Results were analyzed using
the 27" relative expression method. Detailed PCR protocol and primers were previously
reported *. Concurrently, PES-exposed and control fibroblasts were also cultured on glass
slides for a-SMA staining with HRP-conjugated secondary antibody and DAB detection

protocol.

4.3.5 In vivo implantation and immunohistochemical(IHC) analysis

To investigate the fate and function of stimulated cells in vivo, stimulated and non-
stimulated fibroblasts were collected immediately after PES and reseeded in a 3D porous

collage matrix (Zimmer) for two days prior to subcutaneous implantation in the dorsal
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region of nude mice at two areas per mouse. Each implant consisted of a round collagen
sheet 5 mm in diameter and 1 mm in thickness produced by a biopsy punch. The animals
were sacrificed at 15 days post-operation and the implants were harvested with the
surrounding tissue. The implants were then detached from the encapsulating tissue, fixed
in 4% paraformaldehyde, embedded in paraffin, and cut into 5-pm sections. Masson’s
trichrome stain was employed to examine graft shape and cellular distribution. To
identify implanted human fibroblasts, the slides were labelled with either mouse
monoclonal anti a-SMA (1:150; A2547, Sigma-Aldrich) or rabbit monoclonal anti-human
HLA-ABC antibody (1:100; SAB5500118, Sigma-Aldrich). To determine the proportion
of implanted human fibroblasts that also expressed a-SMA, double IHC staining was
performed, namely, anti-rabbit rhodamine-conjugated secondary antibody (SAB4600398,
Sigma) for the HLA-ABC and goat anti-mouse FITC-conjugated secondary antibody (A-
11001, Life Technologies, Burlington, ON, Canada) for the a-SMA. The nuclei were
marked by Hoechst stain. The slides were observed under an Olympus BX51 microscope
and the photographs were processed with Image-Pro Express software (Opti-Ressources
Inc., Québec, QC, Canada). The proportion of myofibroblasts in the implanted human
cells was calculated using the following equation: (number of double stained

cells/number of HLA-ABC” cells) x 100%.

4.3.6 Statistical analysis

Data were presented as mean + standard deviation (SD) of at least three experiments.
Variations between groups were analyzed by means of a f-test, with the difference

deemed significant when P value was smaller than < 0.05.

4.4 Results

4.4.1 TGFp1 expression increased in PES groups

Protein analysis by Western blot shows (Fig. 31A) dense protein bands in the ES groups
compared to the control (non-ES) groups. An ELISA assay was performed to confirm this
observation. Fig. 31B reveals that higher concentrations of secreted TGFB1 were found in
the ES groups. According to ELISA assay, the percent concentrations, 121.2 = 17.3 %
(10 s group) and 135.6 + 22.9% (300 s group) were obtained relative to those of the non-

ES controls which were considered 100 + 0.0 %. Interestingly, the long stimulation
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period (300 s) rendered the highest TGFB1 concentrations, a significant difference with

from those obtained with the shorter period of stimulation (10 s).
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Fig. 31 PES increased TGFp1 expression in human dermal fibroblasts. A: Western
blot was performed, showing higher TGFf1 expression in the PES groups. B: Following
exposure to PES, the collected supernatant was used to measure TGFB1 concentration by
sandwich enzyme-linked immunosorbent assays; values are given as mean + SD in

percentage after normalized to non-ES value (n=4).
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Fig. 32 PES promoted ERK activation. Proteins were extracted 30 min after ceasing
PES exposure and used to blot TGFB1, phospho-ERK1/2, total ERK, and B-actin. A:
Western blot was performed, showing higher P-ERK 1/2 expression in the PES groups. B:
Signaling inhibition tests show that phosph-ERK1/2 was lower in each TGFf1
neutralization than in the control. C: ERK signal blocking directly downregulates the
TGFBI1 expression in (C).

4.4.2 ERK signalling pathway

Fig. 32A shows that PES increased the phosphorylation of ERK1/2. To further define the
participation of the TGFB1-ERK1/2-NF-«B signalling axis upon administration of PES,
TGFp1 inhibition and ERK1/2 phosphorylation were performed. Fig. 32B demonstrates a
suppressed p-ERK1/2 expression in contrast to t-ERK due to the presence of anti-TGFf1
antibody at 0.5 ug ml”', which confirms the participation of TGFp1 in the PES-induced
ERK activation. The ERK signaling does affect the expression of TGFB1, supported by
the fact that p-ERK1/2 inhibition led to a significant decrease in TGFB1 expression (Fig.
320).
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4.4.3 NF-kB migration into nucleus

Although the stimuli has been off for overnight, the NF- «B still showed the nuclei
targeting. Fig. 33 shows the green-stained NF-kB distributed within the cytosol and
reaching the nucleus following PES (bright green as indicated by the arrows). By merging
the NF-xB and Hoechst-stained images, the nuclei in both PES groups appeared turquoise
in comparison with the light blue nuclei observed in the controls. The translocation of

NF-kB to the nucleus appeared more evident in the 300 s group than in the 10 s group.

nonPES 100mV mm™ 10s 100mV mm1300s

Fig. 33 PES promoted NF-kB translocation from cell cytoplasm to nucleus.

NF-xB

Hoechst

Following exposure to PES, cells were seeded on glass slides for immunofluorescence
analyses and then stained with primary anti-NF-kxB monoclonal antibody and FITC
secondary antibody, with the cell nucleus revealed by Hoechst (n = 4). Arrows show the
NF-kB (sharp green) in the nucleus and turquoise color in the merge images. Scale bar =

20um.

4.4.4 Cell migration and ERK pathway
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Fig. 34 demonstrates the relationship between the PES-accelerated cell migration and the
ERK pathway, as investigated using the in vitro cell monolayer wound model. Ten hours
after initial wounding, the cells under PES recorded smaller wound areas, mainly because
of the faster cell migration. Inhibiting the ERK pathway with PD98059 led to a
significantly reduced migration of the fibroblasts in each paired groups (66.2 + 0.5% vs.
72.8 £ 3.5% in noES pair, 61.2 = 4.1% vs. 71.0 £ 6.2% in 10s ES pair, 60.4 + 5.2% vs.
71.2 £ 4.3% in 300s ES pair), although the difference between PES and noES groups is

not significant.
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Fig. 34 In vitro PES cell migration mediated by the ERK signalling pathway.
Following PES exposure, dermal fibroblasts were seeded in 6-well plates. A slower
migration was observed in each ERK inhibition group corresponding to its own control

group (n=4).

4.4.5 Electrically stimulated fibroblasts maintained their myofibroblast phenotype

even after subculture.

To clarify whether the PES-activated fibroblasts continued to express high levels of stress
fibres after subculture, PES-activated cells were harvested and subcultured for 5 days
prior to analysis. QRT-PCR results reveal that the level of a-SMA mRNA in the PES
groups remained significantly higher than that in the controls (Fig. 35A). This finding is
supported by the elevated number of a-SMA-positive cells observed in culture (3.1 + 1.2%
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at noES vs. 11.6 + 4.4% at 10s 100mV mm™, 17.4 + 3.1% at 300s 100mV mm™) (Figs.
35B, 35C).
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Fig. 35 The effect of PES was maintained from mother to daughter cells. Following
PES, dermal fibroblasts were subcultured for 5 more days and were used either to extract
total RNA for gqRT-PCR (A), or to be reseeded on glass slides for o-SMA
immunocytochemistry staining (B). a-SMA-positive cells were counted and are presented
against the total number of cells (C). (a) non-ES; (b) 10 s 100mV mm™; (c) 300 s 100mV

mm’'. Scale bar = 100 pum.
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4.4.6 Electrically stimulated fibroblast phenotyping following in vivo

implementation

Fifteen days post-graft, histological analysis identified a cell-populated collagen scaffold
(Fig. 36A). IHC staining revealed that most of the cells present in the implant were HLA-
ABC-positive, confirming their human origin (Fig. 36B: a-c). The red fluorescence-
labelled elongated fibroblasts were not only found in the collagen implants but had also
migrated to the host tissue at the interface. Interestingly, many of the implanted
fibroblasts remained, expressing stress fibres as labelled by anti-a-SMA antibody (Fig.
36A, d-f). Fig. 35B shows the merged images, showing the co-localization of human
fibroblasts and a-SMA in either orange or yellow. To quantify these data, the HLA-ABC-
positive cells and both the HLA-ABC- and a-SMA-positive cells were counted in all of
the explants; this is summarized in Fig. 36C. A significant proportion of myofibroblasts
were recorded in the PES groups, with 70 £ 9.6% and 65 + 8.2% in the 300 s and 10 s

groups, respectively, compared to 24 £+ 5.8% in the control group.
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Fig. 36 Tissue analyses following in vivo implantation of PES-cell-populated collagen
scaffolds. Following PES, dermal fibroblasts were cultured for 2 days on a porous
collagen scaffold then subcutaneously implanted in nude mice for 15 days. Mason’s
trichrome stain shows cell distribution and the implant (I) in host tissue (H) (A; a, b, and
c). HLA-ABC staining was performed to ascertain the presence of human dermal
fibroblasts in the implant 15 days post-grafting (A; d, e, and f). Cells expressing a-SMA
in the implant are identified by immunostaining (A; g, h, and i). Overlaying the HLA-
ABC and a-SMA-positive cells enabled us to determine the grafted human fibroblasts
expressing myofibroblast phenotype (B; a, b, and ¢, bright yellow). This is confirmed by
the double stained cell counting (C) (n = 4). Scale bar = 100 um.

4.5 Discussion

TGEFBI has a variety of regulatory functions in cellular physiology and influences such

important processes as wound repair and development. This study provides insight
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regarding the involvement of TGFB1/ERK/NF-xB in the fibroblast-to-myofibroblast
transition under ES conditions as well as describes the potential use of ES-activated

fibroblasts for wound care strategies.

4.5.1 PES, the physical cue, activated TGFp1 expression

TGFB1 plays several important roles in wound healing by regulating cell proliferation [30]
and differentiation ', and affecting inflammation response °°, granulation tissue
generation >°, keratinocyte migration **, remodeling, and ECM production *°. TGFB1 was
suggested as improving wound healing in diabetic mice *°. While EF or ES has been

known to accelerate wound healing 37-40

, studies on EF and TGFB1 expression in human
cells remain very limited, particularly mechanistic studies. Our previous work unveiled
the activation of a-SMA and the Smad pathway in human dermal fibroblasts exposed to
PES *' and thus prompted us to explore the relationship between EF and TGFpI1
expression. The present study shows that PES increased TGFB1 expression, which may
further explain fibroblast-to-myofibroblast transition. Myofibroblasts may in fact contract
wound surfaces and potentially shorten the migration distance for keratinocytes. However,
the presence of myofibroblasts in the wound must be regulated to prevent their over-
activation which leads to fibrotic disease (e.g. keloid). Further investigations are

warranted to acquire confidence in terms of electric safety when used for wound healing

purposes.

4.5.2 TGFB1-ERK-NF-kB axis: Electrically stimulated myofibroblast differentiation

and cell memory

Studies on signaling pathways under ES are rare. Zhao et al. reported that
phosphatidylinositol-3-OH kinase-y and phosphatase and tensin homolog (PTEN)

controlled electrotaxis *. In our previous work, conductive polymer-mediated ES

44 45

activated fibroblast proliferation *, migration *, ECM gene activation *, and
transdifferentiation *. This wide range of effects may thus involve TGFB1 in fibroblast
activity and wound healing. Within the complex signaling network, we investigated the
TGFB1-ERK-NF-«xB axis and suggest that intracellular transduction may occur through
the typical Smad signaling pathway as well as the ERK1/2 signaling branch ***. As the

50, 51

major focus of this study regarded cellular survival and proliferation and because so
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many nuclear factors can be phosphorylated and translocated into the nucleus to interfere
with gene expression via different signaling pathways including NF-kB, Smad4, etc ***
. ,We chose NF-kB as the downstream target. While this axis has been confirmed in

: 55,56
other studies >

, none of these are associated with EF. The present study is the first to
demonstrate that PES activated human fibroblasts through TGFB1 expression and that
this activation involved P-ERK and NF-kB, although NF- kB seems not clearly
affirmative at 10s 100mV mm™ group. The ES effect was maintained even after cell
subculture by showing a higher number of myofibroblast phenotype, which suggests that
ES is indeed capable of modulating cell beheavior over a long period of time. This
finding is of importance in exploring the potential of ES-activated cells for use in wound

healing applications. Further studies are required at longer periods to confirm the efficacy

of ES in promoting wound healing.

4.5.3 In the view of tissue engineering and regenerative medicine: Potential of

transplanting electrically activated cells

During the wound healing process, fibroblasts/myofibroblasts in granulation tissue
interact with keratinocytes for better healing >’. Maintaining a myofibroblast phenotype
after as long as 15 days post-grafting of ES-differentiated fibroblasts may thus be
significant in wound closure. Indeed, through their capacity to express a-SMA proteins,
ES-differentiated fibroblasts may interact better with keratinocytes to promote greater
wound healing. The fact that ES-activated cells are capable of memorizing certain
acquired properties may have wider implications. For example, ES-activated autologous
cells may be transplanted back to the patient as a temporary source of growth factors and
cytokines to support the wound healing process. Safety issues such as phenotype stability
through the gene activation and protein production of ES-stimulated cells will obviously

require further study.

To sum up, the PES induced TGFBI1-ERK-NF-kB axis activation and relevant
physiological outcomes. PES triggered the cells into producing more TGFp1 which
propagated the message from the extracellular matrix into the cytoplasm and activated
ERK1/2. Activated NF-kB then migrated into the nucleus to target gene replication
related to a wide spectrum of growth factors and cytokines such as FGF ** % a-SMA,
TGFpB1, among others. These biomolecules further contributed to cell proliferation,

phenotype change, and angiogenesis, which are all important to wound healing. ES-
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induced Ca*" channel opening * and specific receptor activation *° are documented.
However, the influence of such voltage-gated ion channels on TGFB1 expression remain
unknown and thus additional mechanistic investigations should be performed to gain

further knowledge in this regard.

4.6 Conclusion

Human dermal fibroblasts respond to PES in a 3-dimensional scaffoldded and conductive
fabric. This study shows that PES upregulated the production of TGFf1 in human dermal
fibroblasts and that the transdifferentiation of dermal fibroblasts to myofibroblast
phenotype was regulated by TGFB1 through the TGFB1-ERK-NF-kB signalling pathway.
This study further demonstrates, for the first time, that this PES-induced phenotype
change was maintained after 5 days of in vitro cell expansion and 15 days post-grafting.
These findings thus highlight the feasibility of using electrically activated cells in wound
healing.
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5.1 General discussion

This thesis studied the mechanistic basis of the celluar response under PES by focussing
on human dermal fibroblasts in the context of skin wound healing. The author
synthesized a conductive fabric scaffold and established an electrical stimulation protocol
specifically optimized for this type of conductive substrate. In biological study, the author
tried to explain how PES improved cell proliferation and accelerated myofibroblast
transdifferentiation by investigating the key growth factors and signaling pathways. The
methodologies used in this thesis encompass material chemsitry, engineering, and cellular

and molecular biology, emphasizing the multidisciplinary characteristics of this thesis.

5.1.1 PPy-coated PET fabrics for electricity delivery

With the progresse, conductive polymeric materials have been continuously designed and
manufactured in such applications as energy, bioengineering, etc. For instance, flexible
conductive polymers may be used in future batteries **°. Conductive microelectrodes
modified with conductive polymer have been studied for brain signal recording *’. In
biomedical research, ES can be delivered as an EF either between electrodes or on the
surface of a current-carrying conductor. Electrodes in direct contact with culture medium
may have electrochemical reactions that produce cytotoxic products ***. As a result, some
labs performed the ES relevant experiments through salt bridge system. With the
discovery of organic conductive polymers, the methodologies for exposing cells to EF
were also expanded. The intrinsic fragile and britle property can be overcomed by
forming composites such as the PPy-PLLA composite. Also, surface grafting provides
another alternative to utilize materials of a variety of mechanical propterties as coating
substrates. By surface modification, conductive woven fabrics, nonwoven fabrics and
electronspun patches were manufactured. Previously, the conductive PLLA/PPy
composite membranes were produced in our lab and used for continuous DC exposures.
However, the rigidity of this type of membrane limits its application. In this study,
coating PPy on the surface of soft PET fabrics is a good idea because of easy processing,
the porous structure serving as cell growth scaffold, as well as the absence of electrode
reactions. In order to firmly coat PPy onto the surface of PET fabrics, the substrate
surface normally must be pre-treated by means of chemical activation or ionization, such
as phosphorylation or plasma treatment **-*”. The simple two-step method developed in
this thesis permits the formation of a thin layer of PPy on the surface of PET fibres

without any pre-treatment, and allows a firm attachment of PPy with sufficient
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conductivity. Should it be used in vivo, the thin layer may enable less inflammatory and
immune reaction while maintaining electrical property, because PPy is considered non-

biodegradable and is difficult to be removed from human body.

The conductivity of PPy decreases in an aqueous solution, which is particularly true when
the PPy coating layer is thin and conducting electricity. Dedoping takes place much faster
in a thin layer than in a thick composite membrane. In order to take the advantages of
fabrics such as flexibility, a new ES protocol must be established to avoid significant
dedoping. Taking advantage of the fast redoping phenomenon in thin layer of PPy, the
discontinuousES protocol has been designed to allow the redoping or recovery time for
conductivity. As found in this thesis, the two PES protocols (10s ES in a period of 1200s,
and 300s ES in a period of 600s) are the successful examples of using discontinuous ES
regimes. The PES regimes allow the conductivity lost during the active stimulation period
be recovered during the non-ES period due to redopping. As showed in our study, the
PPy-PET material was able to retain 80% of its initial conductivity after 24 h of PES in
culture medium, which means that the cells on surface of the PPy-PET fabric can receive
a relatively stable ES despite the vulnerable nature of PPy in aqueous environment (see

Chapter II).

5.1.2 PES modulated dermal fibroblast behaviours

In the process of wound healing, wound EF has an unique role on cell migration, the
initiation of wound repair. This phyical cue in the biological and physiological regulation
has been investigated for decades, or centruries. EF and EMF have already been applied
in the clinic, such as for bone non-union treatment **'. In the field of biophysics, ion
current has been known and investigated for decades, especially in the electrical
conduction system of heart and neuron. The interpretation to electrophysiological
processesneeds more contributions from structural biology and post-functional
verification. To mimic physiological phenomena and to unveil the hidden secrets

continuously generate curiosity in life science research.

Cell behaviours, including migration, growth, differentiation and apoptosis, determine the
functions of tissues and organs, which are subtly regulated by microenvironment
according to the needs of tissues and organs. ES is reportedly capable of influencing cell

behaviours in vitro, e.g., osteoblast mineralization, nerve stem cell differentiation, and
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keratinocyte migration ** >+

. In order to translate bioelectricity for wound care purpose,
the beneficial outcomes are essential to be proved prior to clinical application, which
could be achieved by precisely controlling ES parameters such as intensity and exposure
time. In the context of wound healing, fibroblasts play very important roles in ECM
deposition and the contraction of wound edge to close the wound "*'. That ES is able to
promote fibroblast growth has been proved previously using continuous ES. Chapter 11
extended that work to PES and conductive textile. In addition, PES was also showed to
increase the collective cell migration/monolayer wound healing (Chapter III), and to

mediate the transdifferentiation of fibroblasts to myofibroblasts (Chapter III, IV), as

presented in the followings.

5.1.2.1 PES enhanced collective cell migration

Cell migration in vitro may be interpreted as the proliferative potential or to dominate the
unoccupied region. It naturally reflects cell viability and needs energy support. In a well-
organized tissue, cell migration enables the tissue formation, maitenance, and
regeneration, which is spatio-temporally controlled by the cell communication system. To
verify the contribution from ES exposure, in the context of wound repair, fast cell
migration shortens time of granulation tissue formation and promotes wound closure. A
study of the collective epithelial migration on a microdesigned scaffold demonstrated the
formation of epithelial bridges within the migrating keratinocytes monolayers **. Zhao et

18
. In

al. reported the PI3Ky and PTEN signalling invovlement in cellular electrotaxis
wound repair or tissue regneration process, cell migration is a very common process
prior to granulation tissue formation. ES or EF has been reported to introduce cell
orientation and to accelerate cell migration ** *®. As shown in this thesis, the PES-
exposed fibroblasts re-seeded on a standard culture plate recorded a higher cell migration

F 3% This study acquired

speed; this may involve growth factor secretion such as FG
some preliminary data about growth factors and TGFp1 relevant signals. It was found that
the PES-exposed fibroblasts secreted high concentration of FGF2 and TGFp1. To verify
the participation of ERK signalling in monolayer cell migration, ERK inhibition was
found to decrease cell migration speed. Besides, It is likely that the high amount of a-
SMA in the PES-exposed fibroblasts, or the high number of contractile phenotypic
fibroblasts, contributed to the faster migration. Evidently, this remains a hypothesis and

requires further investigation.
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5.1.2.2 PES introduced differentiation

Dermal fibroblast transdifferentiates to myofibroblast to meet the needs of wound repair,
because myofibroblast deposites more ECM and imposes stronger mechnical force to
contract and close the wound. Normally this process is completed with the disappearance
of myofibroblast. This transition is regulated by the biological signals in granulation
tissue, such as TGFp. Our new finding is that ES as a physical cue can activate or modify
this transition. The fact that fibroblast to myofibroblast transition can be induced through
PES may open a new door to modulate this process. PES of both 50 and 100 mV/mm in
strength led to the upregulated production of a-SMA, proven at gene and protein levels.
Furthermore, longer time (300s) and higher intensity (100mV/mm) appeared to be more
effective. In addition, the greater expression of stress fibres was translated into higher
contractile force to a membrane gel, which mimicked an accelerated wound closure

process and implied the positive role of the ES activated fibroblasts in wound repair.

5.1.3 TGFp1 signalling pathways were involved in cell response to PES

The studies about the signalling pathways of electrically stimulated cells are very limited,
and the one dealing with ES-induced fibroblast-to-myofibroblast transition has not been
reported. While some work focused on ion channels ** and others on MAPK/ERK * and
PKC *, none of them investigated dermal fibroblasts. In cell development and linage
tracing research, TGFs holds a key position. Consequently, TGFB1 related signalling
regulations may partially describ how fibroblasts respond to PES. It is widely
acknowledged that TGFp enables cell fate change as well as proliferation. TGFB1, whose

synthesis is stimulated by mechanical, physical, and biochemical factors **’

, 1s widely
involved in the regulation of cell differentiations ranging from embryonic development to
tissue regeneration. Additionally, according to reports, TGFB1 exerts a leading function
in the healing of bone fracture by induction of ECM production and ossification **. In
cartilage tissue, TGFB1 promoted the proliferation of precusors or immature chondrocytes
and increased ECM production. Also, TGF1 participated the recruitment and phenotypic

regulation of macrophages °”

. In this study, a high concentration of TGFp1 in
extracellular environment was measured with ELISA assay and an upregulation of total
TGFp1 was revealed by Western blot in the PES-exposed (100mV/mm) fibroblasts. This
upregulation could contribute not only to the ECM production but also to the

inflammation enviroment at wound cavity. Because TGFB1 can transduce differential
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signal through Smad and non-Smad pathways, this work firstly revealed the involvement
of TGFB in the PES-induced fibroblast-to-myofibroblast differentiation, and then
prompted our study of the downstream signalling pathways (Chapter III, IV).

5.1.3.1 Smad signalling pathway

TGFpB/Smad signalling pathway is a typical axis that regulates patterning, bone formation,
and wound regeneration *'*"°. In the paradigm, TGFp firstly binds to its receptor, and
then its receptor phosphorylates Smad2, Smad3 in dermal fibroblast. Smad2/3 forms
dimer with Smad4 and translocates into nucleus. However, the PES induced Smad
involvement has not been reported before this work, not even mentionning the following
outcomes. In this study, the TGFp/Smad axis was found activated by PES and concerted
with fibroblast-to-myofibroblast transdifferentiation, which has promoted phosph-Smad2,
phosph-Smad3 and obviously Smad2/3 dimer nucleus translocation in concert with a-
SMA expression. The outcome of this signalling pathway activation may explain the
higher contractability of the PES-exposed fibroblasts and therefore is helpful in wound
closure and may benefit wound healing. In clinic setting, although some practioners have
already accepted ES or EMF as an alternative to treat chronic wounds, the statistic data
were still difficult to convince the main stream community because of the sample size and
the inconstant clinic outcomes probably caused by the diverse parameters such as ES
equiment, exposed voltage and time, wound information, etc. In orde to verify the
efficacy of ES in wound healing, a large sample size in vivo study should be performed,
firstly on animal and then on patients, and neccessarily, a stadardized protocol must be

adopted to ensure meaningful comparison among studies.

5.1.3.2 ERK signalling pathway

Non-canonical Smad pathways also play an important part in the regulation of TGFf
signal transduction. Among them, ERK signalling pathways are involved in cell survival,
growth, apoptosis, motility, differentiation and adhesion, and thus are an important player
in tissue regeneration, development, tumorgenesis, and wound healing ' "% 197 316:317,
This study revealed and quantified the higher activity of phosph-ERK1/2 and proved that
longer time (300s) and higher EF intensity (100 mV/mm) resulted in more phosph-
ERK1/2. The downstream executor was assigned to NF-kB that was found to migrate into

nucleus and to initiate target gene transcription in collaboration with other transcription
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factors. NF-xB usually participates in inflammation reaction and cellular stress response.
In our study, the novel extenstion of NF-kB in fibroblast suggested that ES might be an
external stress stimuli, which warrants appropriate investigation of ES in clinic treatment.
The axis of TGFB/ERK/NF-kB, herein, exerted regulatory functions for dermal

fibroblasts in response to ES and channelled beneficial feedback to wound repair.

5.1.4 The memory of PES effect

How long the ES effect can last in cells is a critical issue that determines how such
electrically stimulated cells will be used. In tissue engineering, cell-microenvironment
interactions are known very important in determining the final fate and behaviours of
transplanted cells. Researchers strive to figure out the factors influencing cell lineage,
hoping to apply the findings to design better controlled product *'***°. As documented,
researches attempted to control stem cell fate by the stiffness of scaffold and the structure

2! n this thesis, the simulated fibroblasts

of substrates (i.e. photodegradable hydrogel)
were found to retain their myofibroblast phenotype after 15 days implantation in nude

mice. This finding may represent a new way to manipulate cell fate.

In addition, the interaction between fibroblasts/myofibroblasts and keratinocytes is of

3 which also referred to growth factors'

paramount importance to skin formation
paracrine effect and the maintenance of dermis and epidermis structure. Given the lasting
effect of PES and the myofibroblast phenotype, the ES-activated autologous fibroblasts
may be transplanted back to the patient as a temporary source of growth factors and
cytokines to support skin wound healing, an approach that may be acceptable in
biomedical engineering. One issue needs additional care is that the myofibroblast
transdifferentiation should be well controlled because any uncontrolled fibrotic phenotype

may lead to disease such as keloid ***. Further studies are essential to guarantee the safety

of using ES stimulated cells in wound treatment.

5.2 Limitations and perspectives

In this thesis, the author tried to elucidate how dermal fibroblast responds to PES and
attempted to identify how such electrically activated cells may benefit wound repair.
However, there are still a lot of limitations in this study. Above all, the mimicked

physiological EF is not the same as that in human tissue that has 3 dimensional structure
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and much complex architecture. A wound EF might be or has been acknowledged
nowadays due to TEP that is generated by ionic potential, which might be different from
the exogenous EF. In addition, to bring PES to bedside requires enormous efforts
including large scale animal experiments and clinical trials. It should also mention that
the observed cellular responses could be interpreted differently based on different context.
The pathways studied in this thesis are limited considering the complexity of cell
signalling. Consequently, in the future, the mechanistic studies should be continued, for
example, about how calcium ions are involved in signalling pathways and in cell memory
because calcium ion is a key second messenger in signaling transduction and free ions are
affected by EF. Further in vivo experiment has to be accomplished for the accumulation
of the first-hand data with the purpose of applying ES to help wound healing. It requires
medical doctors to evaluate the effect of ES in terms of different forms, vectors and
protocols, which would provide the most valuable feedback to basic research. In addition,
a method of directly combing ES with woundcare may be realized via conductive wound
dressing, a new battlefield for engineers and material scientists. Technically, in order to
have precisely controllabe ES through conductive substrates or bandages, a new

technology of nanodesigning or microfabrication may be introduced.
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