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Abstract
Organic conductive polymers are emerging new materials for biomedical engineering. They offer

surface properties which are attractive for many biomedical applications, such as surface coatings

on metallic or biodegradable polymeric implants, tissue engineering scaffolds, implantable

electronic tissue stimulation devices and microelectromechanical systems for the manipulation of

single living cells in vitro, for example. Owing to the proven compatibility with tissues and cells,

conductive polypyrrole (PPy) has been intensively investigated for bone and neural stimulation

applications. A salient feature of PPy is its easy modification with bioactive molecules and

macromolecules, such as the extracellular matrix (ECM) components of animal tissues. This work

assessed the ECM components hyaluronic acid (HA) and chondrointin sulfate (CS) as dopants,

which we incorporated into the PPy during the syntheses by electrochemical and oxidative

chemical polymerization.

   Biopolymer doped PPys have been earlier reported to be good substrates for cell cultures.

Furthermore, preceding implantation studies have shown promising results. However, considering

clinical application and registration of PPy as a biomaterial in commercial cell culturing or tissue

engineering products, there are still many practical aspects requiring more attention, such as the

establishment of feasible synthetic routes, sterilizability, preservation of the electronic properties

during storage and during the incubation in physiological conditions, possible biodegradation

mechanisms, stability and biological elimination of the degradation products in vivo, for example.

Mass spectroscopy of the hydrolysis products of polylactide (PLA) fibers coated with layer of PPy,

suggested that the PPy was biostable in water at neutral pH. Electrical conductivity measurements

and Raman spectroscopy showed that the PPy chain was prone to de-doping, and hence the lost

its conductivity under biological conditions, but these effects were partly reversible by acid doping

and positively biased electrochemical potential. The electrochemical redox activity and

electromechanical actuation property of the biopolymer doped PPys was thoroughly studied. It was

shown that the biopolymer doped PPy had significant and reversible redox activity, which could be

potentially utilized in microelectromechanical stimulation of cells and implantable microscopic

actuators.

    Practical and reproducible polymerization protocols were developed during this work. We took

novel approaches and suggested a relatively simple “one-pot” chemical polymerization scheme,

avoiding the complications of biological functionalization using potentially toxic click-chemistry. The

developed methods were successfully applied in the deposition of electrically conductive,

biopolymer doped PPy coatings on polylactide (PLA) nonwoven tissue engineering scaffolds and

commercial poly(lactide-co-glycolide)- -tricalcium phosphate (PLGA- -TCP) bone fixation screws.
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   The physical properties and cell response of HA and CS doped PPys (PPyHA and PPyCS)

electrode coatings were investigated by atomic force microscopy (AFM) and electrochemical

methods. Drastically different behaviour of adipose stem cells (hASC) was found on the different

electrode coatings, highlighting the sensitity of the hASCs on the nanoscopic and microscopic

surface properties of the PPy substrate, such as surface roughness, elasticity and surface potential

distribution, factors which could be engineered during the synthesis and affected by external stimuli

during incubation in cell culture medium.

   In conclusion, the resuls of this thesis supported the use of PPy coatings in bone tissue

engineering. The electropolymerized films and also the chemically polymerized PPyHA and PPyCS

coatings on bioabsorbable polymer were highly compatible with hASCs, supported cell adhesion

and could be utilized in delivering direct electrical stimulation in vitro. There is also future potential

in designing permanently implantable scaffolds and microstimulation devices, but still further

insight into the biodegradation mechanism and biological elimination of PPy in vivo is needed.
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 Introduction1.
   Bioelectrical potentials and currents are fundamental driving forces acting in functional tissues

and cells. For example, neural and muscle tissues are built from excitable neural and muscles

cells, having their own developed mechanisms for detecting and transporting electrical signals and

responding to them appropriately, e.g. by the contraction of the skeletal muscle cells. The transport

of electrical signals within all types of cells is mediated by sodium (Na+), potassium (K+) and

calcium ions (Ca2+), driven by the changes of the intra- and extracellular ionic concentrations.

Membrane proteins, such as the Na/K-pump, Ca-channels and other transmembrane receptors

actively maintain the balanced concentration of ions and regulate the permeability of the cell

membrane. External stimulation of the cells, and the tissue, means actively affecting these protein

structures, either by mechanical excitation (Brown, 2000) or by external electromagnetic energy

(Adey, 1993). Electrical stimulation is commonly applied in cardiac pacemakers, electrical muscle-

and neural stimulators, etc. In the electrical engineering aspect, the extracellular volume and the

cell culture medium are inhomogeneous ionic conductors and the cell membranes are highly

electrically insulating. Transmembrane proteins, whose permeability to ions and molecules is

controllable by transmembrane potential difference, i.e. electrical stimulation, have a key role in

regulating the cell behaviour in excitable tissue (Newton et al., 1999).

    Bioelectricity is not restricted to excitable tissues. It is widely accepted that bioelectrical

phenomena are involved in embryonic development, organogenesis, healing of damaged tissues

and remodelling of bone. For example, Fukada and Yasuda (1957) reported the piezoelectric

generation of electrical potentials in mineralized bone. Later, it has been well established that

constant regeneration of the mineralized bone in vivo requires constant loading of the bone

mechanically (Carter, 1984), which in effect induces ionic (electrokinetic) currents and,

subsequently, stimulation of the osteoblast cells (Carvalho et al., 1994).  On the cellular level,

movement can be linked to the stimulation of the mechano- and voltage sensitive ion channels and

signalling proteins in the cell membrane (Spadaro, 1997). Hence, the external stimulation triggers

an ongoing cascade of intracellular biochemical reactions producing extracellular matrix (ECM)

components and signalling molecules directing the proliferative and the differentiation phases of

new, premature and undifferentiated cells.

   The fate of undifferentiated cells can be also manipulated by applying electrical current to cells in

vitro. For example, electrical stimulation (ES) has been successfully utilized in cardiac tissue

engineering (TE) in directing the fate of mesenchymal stem cells (MSCs) towards cardiac

myocytes in 2-dimensional and 3-dimensional cell cultures (Tandon et al., 2009). Furthermore,

stimulation of the cells by the application of capacitively coupled external AC and DC electrical

fields has been shown to both orient and induce the migration of cells (McGaig et al., 2005). These
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early studies have paved the way for the application of ES in the TE of connective tissues, such as

bone, cartilage and tendon. Recently, human adipose stems cells (hASCs) have been successfully

utilized in the TE of bone (Mesimäki et al., 2009). However, the clinical application of the methods

developed would require enhanced proliferation and differentiation phases in vitro. Hence, for

practical patient treatments there is a rationale for applying external ES to accelerate the in vitro

culturing of autologous hASCs. Furthermore, in favour of the external ES, the stimulus can be

considered a safer and less expensive alternative compared to the bioactive growth factors which

are commonly applied in TE.

   Stimulation current can be delivered to the cells by microelectrodes, typically made of platinum

metal or activated iridium oxide, offering large faradaic charge, and typically applied in the

stimulation or localized small volumes of neural tissue. Larger area micro-patterned electrodes of

indium tin oxide (McCullen et al., 2010) or macroscopic electrodes made of carbon rods (Tandon et

al., 2009) have been utilized in the stimulation of cell cultures. In 2D cultures the cells can be

attached directly onto the conductive polymer stimulation electrode (Shi et al., 2004; 2008a;

2008b), or on an insulating substrate, and stimulated through the ionic currents through the cell

culture medium (Tandon et al., 2009).  In 3D cell culture the cells are attached to a macroscopic

porous scaffold biomaterial and the electrical currents are applied from metallic electrodes large

enough to deliver current throughout the scaffold. Typically, the stimulation electrodes are isolated

from the cell culture medium and the scaffold by salt bridges (Sun et al., 2004; 2006).

   It is commonly recognized that the delivery of stimulation current is far more efficient for the

microelectrodes in the vicinity of the cells and tissue. This condition is rarely possible in stimulating

cells attached to a 3D scaffold by using planar electrode geometry, where the distance between

the electrodes and the cells can be millimetres. Hence, larger stimulation potentials are typically

utilized, which leads to various complications: In DC stimulation use, high electrode potentials

arise, leading to electrochemical reactions, such as electrolysis, degradation of cell culture medium

components and cell death (Stevenson et al., 2010; Gimsa et al., 2005). Therefore, in order to

alleviate these, AC- and biphasic pulsed DC currents, electrochemically stable, and low polarizable

electrodes have been suggested (Merrill et al., 2005). In addition, pulsed stimulation waveforms

allow control over the efficacy of electrical energy transfer by matching the frequency dependent

electrical properties of the stimulation cell and the tissue (Gimsa et al., 2006).

The cell culture medium itself has significant ionic conductivity, but commonly applied polymeric

scaffold materials, e.g. bioabsorbable polylactide (PLA) nonwoven are dielectrics. Hence, the 3D

stimulation currents are applied to the cell primarily by the cell culture medium. In contrast,

electrically conductive biomaterial will better target the stimulation current to the cells (Shi et al.

2004; Zhang et al. 2007). Conductive polymers, such as polypyrrole (PPy) containing biological

functionalization offer electrical conductivity combined with large faradaic charge capacity for the
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delivery of stable stimulation currents and attractive biological properties for the electrode-cell

interfacing. A good combination of electrical conductivity and interaction with the cells PPy has

been already applied in neural probes and cochlear implants (Richardson et al. 2009). These

studies pave the way for future application in TE.

Bioactive ECM components, hyaluronic acid (HA) and chondroitin sulfate (CS) have been utilized

as dopants for PPy (Collier et al., 2000; Cen et al., 2004; Serra Moreno et al., 2008). HA and CS

have been recently explored in bone tissue engineering (Wollenweber et al., 2006; Jha et al.,

2011). However, the properties of PPyHA and PPyCS biomaterials, such as their surface elastic

and electronic properties and surface topography in the nanoscopic scale, the stability of their

electronic conductivity in hydrolysis and sterilization, and their biodegradation have not yet been

thoroughly examined. The main the target of this thesis is to elucidate the roles of these, especially

in the perspectives of clinical TE and long term implantable devices. For example, to date, studies

concerning the stimulation of cells on PPy have been limited to cell culturing and electrical

stimulation on a single well plate environment (Shi et al. 2004; Zhang et al. 2007; Lee et al., 2009),

which is not practical for tissue engineering. Furthermore, potentially toxic reagents and

chemistries have been utilized in the chemical synthesis of PPy, which would not allow long term

implantation.

   Application of electrochemical microactuation by bulk expansion has been well established for

PPys containing hydrophobic molecular dopants (Smela and Gadegaard, 2001; Berdichevsky and

Lo, 2004; Higgins et al., 2009; Svennersten et al., 2011). This work has further explored the

actuation properties of biopolymer doped PPys, with the possible application of electromechanical

stimulation of cells in situ.  Such electrochemical actuation property would open up perspectives in

the use of the PPy in 2-dimensional cell culturing substrates, or even in the stimulation of 3-

dimensional tissue engineering scaffolds.

   There are numerous fundamental aspects regarding the practical use of biopolymer doped PPys

in tissue engineering on other implantable devices which still require more attention, such as the

availability of PPy material, processability, reproducible synthetic routes, sterilizability, stability of

the electronic properties during incubation, biostability of the PPy and the dopants, long term

toxicity, etc. For example, the chemical and the electrochemical routes for the syntheses of PPyHA

and PPyCS are currently not well established. In this work, conductive PPyHA and PPyCS

coatings have been electrochemically deposited on various 2D metallic stimulation electrode

susbtrates and chemically polymerized onto 3D bio-absorbable nonwoven scaffolds and bone

fixation screws. Simple and reproducible laboratory methods for the syntheses of PPyHA and

PPyCS, also applicable for production scale, and compatible for tissue engineering techniques

utilizing 24- multiwell plate cell cultures, have been developed. The surface properties and the

osteogenic differentiation of hASCs have been explored on 3D nonwoven scaffolds in vitro. To



4

demonstrate the performance of the chemically polymerized PPyCS coating, a 26 week preclinical

study on New Zealand rabbits has been conducted. Tissue reactions and the stability of PPyCS

coated bioabsorbable bone fixation screws were evaluated in vivo. The possible alternative

synthetic routes and current micro-patterning techniques have also been shortly reviewed.

2. Literature survey

2.1 Historical perspective

  PPy is a non-soluble black organic substance, generated by the chemical oxidation of

heterocyclic five-membered molecule pyrrole, a naturally occurring oily constituent of coal tar.

Polypyrrole in its amorphous and weakly electrically conductive form was first reported by Italian

chemists in 1916 (Angeli and Alessandri, 1916), who oxidized pyrrole by hydrogen peroxide. It was

reported in 1963 by Weiss and co-workers (McNeill et al. 1963) that polypyrrole generated by the

pyrolysis of tetraiodopyrrole is highly electrically conductive. Obvious to the researchers of today,

the observed high conductivity was due to the reasonably chosen polymerization conditions and

the fortunate discovery of iodine doping, but not by serendipity. Since 1963, extensive research on

the synthesis, new dopants, conduction mechanisms and characterization of polypyrrole materials

has dramatically improved their performance. Numerous applications where the electronic

conductivity, electrochemical charge storage or redox activity can be utilized have been proposed,

such as electrostatic discharge protection in textiles (ESD) (Pron et al., 1987), conductive textiles

(Gregory et al., 1989), supercapacitors (Rudge et al., 1994), lithium ion batteries (Naoi et al.,1987)

and microactuators for microrobotics and cell clinics (Smela, 1999; Jager et al.,1999; Jager et al.,

2002).

2.2 Electronic conduction in PPy

   Intrinsic electrical conductivity in conjugated polymer is a complex and still debated subject. The

mechanisms of charge transport in PPy are not in the focus of this dissertation, but a short

introduction on the subject is advantageous in understanding the behaviour of the material in

physiological electrolytes. It is widely agreed that intra-chain electronic charge carriers (polarons

and bipolaron), i.e. delocalized charged radical cations, are associated with the lattice distortion

caused by chain conjugation. The polaron lattice is illustrated in Figure 1. Inter-chain electronic

charge transport is likely caused by quantum mechanical hopping, e.g. Mott’s variable-range

hopping conduction mechanism (Yoon, et al., 1995) and/or via chemical crosslinks of PPy chains.

  Conceptually, the doped PPy chain is always linked to an anionic dopant molecule (An-). The

positive charge on the PPy chain (PPyn+) is electrically neutralized by the anionic dopant PPyn+An-.

The dopants are incorporated into a layered supramolecular structure of polypyrrole during

synthesis, rendering the materials both into the properties of the doped polypyrrole chains and the
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dopants.  Doping can be thought of as intercalation of dopant molecules, unrelated to interstitial

atomistic doping if inorganic semiconductors.  Furthermore, in fully doped PPy the amount of

dopant is high. Up to 30-50% per dry weight of the PPyn+An complex may consist of dopant

molecules. In fully doped polypyrrole, approximately one dopant molecule or anionic group per

three monomeric pyrrole units of the conjugated chain is inserted.

   Conductivity by ionic charge carriers is possible in PPy swollen by electrolyte solution (such as

physiological salt solution) or in the gel state. In weakly doped (neutral) PPy0, the ionic conductivity

may be the dominant mechanism of charge transport.

   Regardless of the synthetic route, PPys are not highly crystalline solids. However, early

diffraction studies (Geiss et al., 1983; Wernet et al., 1985) already showed that atomistically small

periodic structures or crystals “islands in an amorphous sea”, or at least local molecular order is

present in the solid state. The high electrical conductivity and mechanical properties are

predominantly due to the molecular order. It is widely known that the electronic properties of PPy

are anisotropic and that they vary in the nanoscopic domain, reflecting the nodular morphology

observed in SEM and AFM images, for example. Hence, engineering of the properties is possible

by affecting the material in the molecular level, that is by controlling the synthesis conditions

affecting the molecular weight and chain branching of PPy, applying substitute pyrrole monomers

and by applying functional dopants.

2.3 Commercial applications

Several industrial companies have developed products based on polypyrrole. Electrostatic

discharge control (ESD) coating and composites and electrochemical charge storage are by far the

most commonly studied applications. The Milliken Corporation has been a front runner in

conductive textile application in introducing polypyrrole coated polyamide, polyester and glass fiber

products (Gregory et al., 1989). At present, polypyrrole coated acrylic fibers are available from

Sterling Fibers, Inc. (Florida, US).

  Polypyrrole lithium ion batteries have been studied by BASF SE (Ludwigshafen am Rhein,

Germany) and VARTA AG (Ellwangen, Germany) already in the mid 80’s (Naarman, 1986;

Naegele and Bittihn, 1988). Those developments did not result in industrially successful products,

but the use of polypyrrole in batteries is still the subject of intensive research. The Matsushita

Electric Industrial Company, Ltd. (Osaka, Japan) has been developing from the early 90’s to the

present commercial solid electrolyte capacitors utilizing polypyrrole in Aluminium/MnO2.

  A limiting aspect in the widespread industrial use of polypyrrole is the lack of its processability, i.e.

the polymer cannot be easily dissolved or processed in melt state. Suppliers of polymerized

polypyrrole films, powders or dispersion for research purposes have been scarce. BASF has been

the main source of pyrrole and polypyrrole with the brand name Lutamer from 1988. At present,
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polypyrrole dispersions and composite powders with titanium dioxide and carbon black are

available in research quantities from Sigma-Aldrich.

  A recent interesting pre-commercial development in the biomedical materials sector is a block-

copolymer of polycaprolactone (PCL), and PPy is currently marketed with the brand name Biotron

PP-LM. This material is available in the Sigma-Aldrich catalog (accessed 14.11.2014).

2.4 Biomedical application in the research phase.

 Conducting polymers are attracting interest in tissue engineering application as they can deliver

electrical and electromechanical stimulation to cells. Of those PPy and poly(3,4-

ethylenedioxythiophene) (PEDOT) are the most investigated for biomedical applications owing to

their proven compatibility with tissues and cells (Guimard et al., 2007; Ravichandran et al., 2010;

Balint et al., 2014). PPy has been intensively investigated for bone (Serra Moreno et al., 2012;

Meng et al., 2011) and neural applications (Richardson et al., 2009) due to its easy modification

with bioactive molecules, which can be trapped and released by electrical signals (redox cycling)

and highly adjustable properties, such as surface charge and topography (Gelmi et al., 2010;

Gilmore et al., 2009; Serra Moreno et al., 2008). In addition, PPy has been applied as coatings for

osseointegration in titanium implants (Di Giglio et al., 2001) owing to the surface properties

mimicking more biological surfaces than hard ceramic or metallic ones. Furthermore, there are

applications in a vast number of biosensors (Ates, 2013), drug delivery systems (Wang X et al.,

2008) and actuators (Liu et al., 2009; Jager et al., 2002).

  Although an organic polymer surface offers obvious advantages, the inherent biostability of the

PPy chain has limited the applications in biodegradable implants. Therefore, bioerodible and

potentially biodegradable alternating copolymers of pyrrole and acid-substituted pyrroles (Zelikin et

al., 2002), pyrryl-thiophene copolymers with trimeric electrically active oligomers linked to

hydrolytically degradable ester linkages and aliphatic linkers (Rivers et al., 2002), and more

recently, PT quarterthiophene polyesters or adipic acid (Guimard et al., 2009), have been

developed and suggested for implantation. However, their electrical properties have not been

comparable to high polymeric PPys. Furthermore, the biochemical pathways of potentially toxic

degradation products containing trimeric and quatromeric pyrroles and thiophenes may be of

concern.

2.5 Electromechanical microactuation

Electromechanical microactuators based on PPy have been extensively studied (Smela, 1999;

Jager et al., 1999; Temmer, et al., 2012; Gaihre et al., 2012). Dimensional changes of electro-

polymerized PPyDBS on a metallized polymer film (Au/PET) film have been transferred to the large

bending movement of bilayer or trilayer actuators (Smela, 1999; Jager et al., 1999). Bending

mechanisms have been applied in miniatyrized microfingers, lifting plates, microrobots, closable
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microvials and valves operating in biological electrolytes (Jager et al., 1999, 2002). Bulk expansion

of PPyDBS has been utilized in microvalves (Berdichevsky and Lo, 2004) and recently in

electromechanical stimulation of epithelial cells utilizing micropatterned PPyDBS on silicon

(Svennersten et al., 2011). Typically, the full range of motion in the devices can be seen in

approximately one volt potential range (e.g. -0.8 V vs. +0.2 V vs. Ag/AgCl), where the CV of the

PPyDBS shows that the full oxidation and reduction charge has been transferred during the

electrochemical cycle.

  The biological compatibility of DBS dopant has been well established in short term studies, also in

our study where we utilized PPyDBS as a bridging layer underneath a PPyHA-CNT film (P1, 2010).

DBS is known to slowly leach out of the PPy film. Furthermore, PPyDBS has a relatively

hydrophobic surface with no apparent biological functionality. Therefore, it is anticipated that better

response in cell culturing or permanent implantation would be achievable by PPys with biological

active dopants, e.g. PPyHA and PPyCS, and other polymeric dopants, such as PSS. However, the

electromechanical (bulk) expansion of these materials has not been thoroughly investigated.

  The speed of operation of the electrochemically driven actuator is dependent on the diffusion of

the charge carriers (see section 1.2) in the PPy chain and the diffusion of the electrolyte ions, alkali

metal ions (Na+), and their hydration water during the redox cycling. Hence, the necessary but not

sufficient properties for a material actuating by bulk expansion are as follows (i) moderate redox

activity and electronic (polaron) conductivity in the doped state, comparable to highly doped PPys,

(ii) bulkiness or total immobility of the anionic dopant, (iii) sufficient hydrophilicity to allow fast

ion/water ingress and outgress (Smela and Gadegaard, 2001; Bay et al., 2001; 2002a; 2002b).

The sensitivity of the actuation on the choice of hydrophilic and immobile PSS dopant is illustrated

in the following study by Higgins et al. (2009). They report on visualizing the actuation of ultrathin

PPyPSS films in 0.05 M NaPSS electrolyte by electrochemical AFM (EC-AFM). PPyPSS film

thickness was varied over 3 orders of magnitude from the micrometer to the nanometer range and

actuation height measured as a function of the applied potential and scan rate. They found 100-

350% increase in strain and strain rate when the film thickness was reduced below 100 nm.

However, the attained strains (2.6% at scan rate 50 mV/s) were quite modest compared to studies

concerning PPyDBS (Smela, 1999; Jager et al., 1999, 2002). EC-AFM measurements on PPyDBS

have yielded different results, showing that an optimal thickness with 36% strain was 1.5 µm.

Expansion was significantly reduced either side of this optimal thickness to 15-20% for the studied

150 nm and 3 m thick films (Smela and Gadegaard, 2001).

2.6 Motivation for the tissue engineering applications of PPy

  The range of elastic moduli of synthetic organic polymers can be designed to match with moduli

of the biological hard and soft tissues, from the properties of cortical bone (10 GPa range) to
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natural soft hydrogels (<1 MPa range). This is to some extent also possible for polypyrrole due to

the very distinguishing features of conductive polymer syntheses utilizing anionic polymers, the

polymeric dopants. These dopants form ordered supramolecular structures (supramolecular

complexes) with the polypyrrole chains (see Figure 1) (Armes et al., 1991; Genies et al., 1993).

Polymeric dopants and surfactants, such as polystyrene sulfonate, typically have significant

influence on the microscopic morphology (Fonner et al., 2008) and electrochemical charge storage

properties (Baker et al., 1991) of polypyrrole. The morphology of the solid state material might

reflect the micelle structure of the polymerization medium, in generating nanorods, nanospheres or

nanofibers (Antony et al., 2010). Incorporation of bioactive glycosaminoglycan (GAG) polymers

such as hyaluronic acid (HA) and chondroitin sulphate (CS) into the polypyrrole material will result

in novel materials having surface properties of both polypyrrole, i.e. intense color and electrical

conductivity, and the hydrophilic character and surface biochemical functionality of the two GAGs.

CS and HA are the two abundant GAG components in the proteoglycans of the extracellular matrix

(ECM) of animal tissues (Mikami and Kitagawa, 2013). The HA and CS polymer structures are

depicted in Figure 2A and 2B, respectively.

Both CS and HA have their role in the remodelling and mineralization of bone matrix and they

have been reported to support osteogenic differentiation of MSCs in vitro within various scaffolds

modified with these GAGs (Wollenweber et al., 2006; Jha et al., 2011).

  The possibility of applying the functionality during simple synthesis, without applying complicated

click-chemistry and potentially toxic reagents, is very attractive for biological applications. It is also

a unique feature of conductive polymers. For these reasons the biopolymer doping of polypyrrole is

today the subject of active research, including this work.

2.7 Electrochemical synthesis

  Basic principle. In a traditional three electrode electrochemical cell, pyrrole is readily

polymerized and deposited onto the working electrode. The onset of the polymerization is typically

seen at oxidizing electrochemical potential above +0.55 to 0.6 V vs. Ag/AgCl reference electrode,

which is the oxidation potential of the pyrrole monomer in water. The deposited film has an

electrical conductivity in the range 10-10000 S/m, attributable to the electronic conductivity along

the conjugated pyrrole units along the 2-5 couplings of the pyrrole ring (see Figure 1). The

electropolymerized PPy is a cross-linked (e.g. by 3-4 carbon couplings), insoluble material and the

majority of the material has random head-to-tail tacticity (Genies et al., 1983).

  The exact mechanism of the polymerization has been studied already by Diaz and co-workers.

Their proposed mechanism is still currently the most accepted model of the complex reaction

scheme. It has eight individual reaction steps and proceeds via a radical-radical coupling

mechanism. The deposition of PPy film starts from discrete points, which then begin to fuse into a
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coherent film. The resulting film has typically a microscopically nodular “cauliflower” structure which

implies that the mechanical and electrical properties vary significantly in the microscopic domain

(Genies et al., 1983).

  Synthetic variables. It is now widely recognized that the properties of conductive films are

dependent on the polymerization conditions, for example the substrate material, nucleophilicity of

the solvent(s), dopant and/or the surfactant, acidity of the dopant and the pH of the reaction

medium (Heinze et al., 2010).

    For example, the acididity of the dopant anion has an effect on the polymer growth, evidenced

by a hallmark study on a series of carboxylate anions doped PPys. Lower conductivity of the PPy

was observed for the higher basicity of the anion due to reduced interactions between the positive

charges of the PPy chain and the anions. In contrast, anion acidity led to an increase in the

conductivity. Secondly, anion nucleophilicity interfered with the reaction by increasing the formation

of soluble products (Kuwabata et al., 1988).

Figure 1. Schematic presentation of the PPy-dopant complex. (A) Pyrrole monomer and indexing
of the carbon atoms. (B) Neutral PPy chain. (C) Doped PPy chain. The dopant anion (A-) is located
between stacked pyrrole rings in every third position of the conjugated PPy chain.  The unit cell
and crystallographic axes are marked by a, b and c.

   Reproducible syntheses require the purity of the monomer. For example, removal of colored

dimeric and oligomeric species from the monomer by vacuum distillation is essential. Due to the

monomer oxidation by atmospheric oxygen, colored mers are generated into the monomer

reservoir during long term storage. Oxygen should be eliminated from the polymerization reactions

as it reacts with the monomer with a similar mechanism as other nucleophiles (Wallace et al.,

1997). Optimization of the electrochemical potential applied or the current density on the substrate
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should be done as substrates have different polarization overpotential and affinities for the

deposited polymers (Zhou et al., 2002). In general, choosing the synthesis conditions must be

carefully done, as in the two most extreme cases polypyrrole can form a very well adhered, uniform

and dense film, or the polymer might not precipitate at all on a given electrode surface. Pyrrole

oxidation with non-compatible substrate and/or ill-designed synthesis will result in the generation of

low molecular weight soluble oligomers into the polymerization medium, which has been clearly

demonstrated in the experiments carried out in the current work.

   In a typical setup the polymerization is carried out in water, acetonitrile/water mixture, propylene

carbonate or ionic liquid solvents in the presence of organic sulfonic or carboxylic acid dopants and

working electrode potential > +0.52 V (vs. Ag/AgCl) (Wallace et al., 1997). Stability of the solvent

limits the polymerization potential window, which in the case of aqueous medium is limited to

electrolysis of water (+1.26 V vs. Ag/AgCl). The nature of the working electrode surface is largely

responsible for the initial rate of monomer oxidation, then subsequently the oligomerization of

pyrrole and finally the precipitation of the polymer by the mechanism originically suggested by Diaz

et al. (1981).

Structure of the electropolymerized PPy. Early electron diffraction studies (Geiss et al., 1993)

and wide angle/small angle x-ray diffraction (WAXS/SAXS) studies (Wernet et al., 1983) implied

that electropolymerized polypyrrole films typically have some degree of molecular order, either

local order in the atomistic domain (Figure 1C, crystallographic axis c) or more microscopically

(observable by WAXS or electron diffraction) preferred orientation of the polypyrrole chains

indicated by sharp WAXS peaks and/or SAXS peaks. However, the molecular order is dependent

on the size and structure of the dopants. For example, PPys doped by small inorganic anions

(chloride, sulphate, etc.) show only very broad diffraction peaks and are generally reported

“amorphous”, whereas larger organic anions presenting having cyclic structures (toluene and

camphor sulfonates, etc.) may induce significant molecular stacking (crystallographic a-b plane,

Fig.1C) in the plane parallel to the electrode surface (Wernet et al., 1983). In general, molecular

order has a positive impact on the mechanical and electrical properties of the material.

Role of the dopants. Acidity and hydrophilicity and size of the dopant molecules also play a key

role in the organization of the materials on the electrode surface and in the bulk, as those factors

may contribute to the coordination of the dopant mole on the electrode and the molecular packing

of the materials (Figure 1). Protonation (Zhou and Heinze, 1999) and the oxidation potential

(Wallace et al., 1997) of the pyrrole monomer in the nucleophilic solvents will be important in

determining the rate of polymerization, as they directly affect the formation of reactive pyrrole

dimers (Zhou and Heinze, 1999). Under efficient polymerization conduction the deposited film

thickness can be estimated from the electrical charge Qpol transferred in the electrochemical cell.
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For the galvanostatic polymerization of PPyDBS on Au substrate taken as an example, a linear

relation has been verified for 0-1000 nm films (53  Qpol – 153) nm, Qpol [mC/cm2] (Smela, 1999).

Microelectrode substrates. Polymerizing on µ-electrodes the local current densities are

typically higher than on larger area electrodes. This is due to the enhancement of the electric field

near the edges of the electrodes. The electric filed effects induce enhancement in the rate of the

mass transport to and from the electroactive center of the polymerization, which may unexpectedly

cause increased difficulty in obtaining a polymeric deposit (Wallace et al., 1997). In contrast, on

large area substrates, the depletion of the monomers and dopants from the reaction active centers

may become important limiting factor for the rate of polymerization.

Engineering the adhesion of the PPy film. Bridging PPyPSS layers has been utilized to

improve the surface morphology and better mechanical and electrical properties of PPyHA films on

ITO. Bilayer PPyPSS/PPyHA films were found promising as electrically conductive cell culture

substrates substrates for vascular tissue engineering. (Collier et al., 2000)

Mechanical actuation in electropolymerized PPy. PPy microactuators are unique designs

generated by controlled electropolymerization. The devices generate force and movement (linear

of bending) by dimensional change of PPy in electrolytes. In these devices the adhesion of the

polymer on substrate (typically Au or platinum metal) is critical. Submicron PPyDBS films on Au

have been previously applied as bilayer microactuators operated in physiological fluids by

oxidation-reduction cycling (Jager et al., 1999; Pei and Inganäs, 1992). In electrochemical cycling,

delamination of the polypyrrole is often seen because of the large dimensional changes of the PPy

film. Up to 30% swelling perpendicular to the plane of the substrate has been certain in four

submicron thick electropolymerized films (Jager et al., 1999; P1, 2010). The volume change is

believed to be mediated by the ingress and outgress of hydrated small ions from electrolyte

solutions. The hydrated ions are diffusing in the intra-chain space, inducing swelling perpendicular

to the PPy chain (Fig. 1C, crystallographic axis c) (Bay et al., 2001). Additionally, the PPy chain will

undergo a less significant dimensional change in the conjucated carbon-carbon bonds upon

polaron lattice formation (see Figure 1B and 1C, crystallographic axes a).
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Figure 2. 2D molecular structure of the polymeric dopants (A) HA and (B) CS. (C) 3D schematic
presentation of a possible insertion of the polymeric dopant (CS) between PPy chains. The size of
the dopants molecule may change the intra-chain interaction in PPy, affecting the mechanical and
electrical properties of the material. Furthermore, the surface properties such as hydrophilicity of
the dopants are incorporated into the PPy.

  The reported Au/PPy microactuator designs have invariably involved hydrophobic dopants

carrying sulfonic acid functionality (DBS or trifluorosulfonimide TFSI) (Smela, 1999; Wu Y et al.,

2006).  Mechanical actuation of biopolymer doped PPys is discussed further in section 5.3.

2.8 Polymerization by chemical oxidants in liquid phase

  Analogous to electropolymerization, the pyrrole ring is easily oxidized and polymerized by various

oxidizing agents, such as Fe3+, Cu2+, Ce4+, Cr6+, Mn7+ salts, peroxydisulfates, iodine, organic

peroxides, hydrogen peroxide with catalytic amount of Fe3+, quinones and enzymes, for example

(Rodriquez et al., 1997). The polymerization reactor will only result in highly conductive material

when the concentration of the oxidant is in a suitable regime (Blinova et al., 2007). This

concentration range is dependent on the oxidation potential of the oxidant, but is typically high

compared to the concentration of the monomer. In practice, roughly 2.3:1 oxidant/monomer ratio
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for one-electron oxidants is feasible. For example, 0.5 M to 2 M Fe3+ ions and 0.1 M to 0.2 M

peroxydisulfate are typically utilized in the polymerization of 0.05M to 0.1 M pyrrole monomer in

water. Hence, one crucial parameter in designing the syntheses is the solubility of the oxidant(s) in

stoichiometric amounts.

   Chemically synthesized materials have similar electrical properties to the electropolymerized

PPys. However, electron spin resonance (ESR) studies have shown that chemically oxidized

polymers are typically highly branched, rather that fully crosslinked (Wallace et al., 1997).

Nevertheless, the polymers usually do not have true solubility in aqueous solvent. Solubility, or at

least “nanoscopic dispersion” or PPy chains in organic solvents have been reported by numerous

reseachers, invariably by applying organic sulfonic acids, such as DBS, as dopants. These bulky

molecules reduce the intra-chain interactions of PPy chains (Oh et al., 2001). An important

advance in processability was taken when high molecular PPys soluble in alcohol solvents were

reported (Jang et al., 2002). 1-2 wt/vol-% solubility was induced by 2-(ethylhexyl sulfosuccinate)

sodium salt Na(DEHS) dopant.  However, the films cast from ethanol were only moderately

conductive (10-2 S/m). To underline the successful synthesis of soluble high polymer, they

measured the “first world record” molecular weight of PPy (Mw 32500 Da by GPC). In general,

reports of the molecular weights of conjugated (doped) PPy chains should be cautiously

interpreted, as the doping of the chain renders it highly rigid and the properties are dependent on

the environment (e.g. oxygen, ionic strength) of the solvent, for example.

  Another important practical difference in chemical and electrochemical polymerization method is

that oxidant species are typically associated with the dopant. For example, the Fe3+-ion and the

counteranions of the oxidants (FeCl3, FeTSA etc.) will be incorporated as co-dopants or complexed

with the dopants (Wallace et al., 1997; DeArmitt and Armes, 1993; Li and Pickup, 1999). Based on

the author’s experiences and discussions with other investigators (Albers, 2010), the residue of

ferrous ion is hard, if not impossible, to eliminate completely from the doped polymer. This is an

obvious complication in designing a biocompatible material. Hence, to summarize the fundamental

practical differences between the chemical and electrochemical, (1) due to the oxidant, the

chemical polymerization has fewer free experimental variables compared to electrochemical

methods and (2) in contrast to chemical methods, the properties of the electropolymerized material

can be tailored by choosing polymerization conditions, but the deposited insoluble film is

essentially non-processable after the synthesis.

    Polymerizations are typically carried out in low temperatures (0 to +5 C) and in inert atmosphere

(Rodriquez et al., 1997; Wallace et al., 199). By far the most common oxidants applied in aqueous

polymerization are FeCl3 and peroxydisulfates. In fact, rather high conductivities, up to 20000 S/m,

have been achieved by simple FeCl3 oxidation in aqueous solution (Machida et al., 1989).

However, the resulting PPyCl powder has inferior mechanical properties, stability in air and stability
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against de-doping in physiological salt solution (Fonner et al., 2008), due to the mobility and

leaching of the chloride ions. Furthermore, better mechanical properties have been attained by

bulkier dopants, such as p-toluene sulfonic acid (p-TSA) (Zhao et al., 1998; Fonner et al., 2008) or

dodecylbenzene sulfonic acid (DBSA) (Bay et al., 2002). These presumably reduce the inter-chain

interactions of the rigid PPy chains, and may induce molecular order by stacking with the pyrrole-

ring (Figure 1), in analogy to the well known phenyl-stacking in polyaniline (Ikkala et al., 1997).

Further improvement in the mechanical properties can be attained by using polymeric dopants and

co-dopants (Lee et al., 2010), as their macromolecular structure directly contributes with the

mechanical properties of the molecular PPy-dopant complex.

   Ammonium-, sodium- or potassium peroxydisulfate (APS, NPS and KPS) oxidations in micellar

PSS and DBS emulsion result in stabilized colloidal materials (PPyPSS and PPyDBS,

respectively). The latter can be readily applied as dispersions in coatings, for example. As

hypothesized above, the colloid particles probably consist of PPy particles which are partially

doped by the sulfonate anions and partially by the sulphate anion of the oxidant (DeArmitt and

Armes, 1993)

  The conductivity of dried PPyPSS films is moderate (1-10 S/cm) and the stability in air and in

liquids greatly enhanced. Peroxydisulfate oxidants are often preferred over multivalent oxidizing

ions (e.g. Fe+3) when polyanions are utilized as dopants or surfactants. This is due to the potential

of the multivalent ions to complex with polyanions (DeArmitt and Armes, 1993).

  Ferric ions have an appropriately mild reduction potential (Fe3+ Fe2+ E0 =0.77 V) to allow some

control over the polymerization rate, as compared to peroxydisulfates (e.g. ammonium

peroxydisulfate APS) (S2O8
-2- +2H++2e- 2HSO4

- , E0 =2.1 V). Peroxydisulfates, which are preferred

over the ferric oxidants in the dispersion polymerization, are strong oxidants inducing more side

reactions and oxidation during the synthesis and hence products with lower conductivity (Wei et al.,

2011; Han and Armes, 2003).

  Templated polymerization has been done successfully also on polymeric colloids, which appear

non-functional in doping.  Colloids act as steric stabilizers for the PPy chains and stable PPy-

nanoparticle dispersions have been generated. Such procedures have been successful with

polyvinyl alcohol (PVA) (Armes and Aldissi, 1991a; Jang et al., 2002), polyvinyl pyridine PVP

(Armes and Aldissi, 1990), polyethylene oxide (PEO) (Armes and Aldissi, 1991b), polymerizations

in wood based polysaccharides templates such as xylan, carboxymethyl cellulose (CMC), and

nanocellulose fibers (NCF) have also been demonstrated recently (Sasso et al., 2008, 2010)

  Chemical polymerization is a feasible method for depositing PPy coatings on complex shaped

and porous solid substrates. In contrast to electropolymerizations, the substrate material can be

also electrically non-conductive, such as a plastic film or a textile fiber. In the simplest approach
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the surface is immersed into a polymerization path and some of the PPy will be precipitated on the

surface. However, very few substrates have affininity towards the monomer or PPy to achieve

good adhesion or mechanical durability of the coating. A better approach is polymerizing the PPy

in situ. This means the polymerization reaction will be confined or enhanced on the substrate layer,

forming a thin composite layer with the substrate polymer (see section 1.9).

  Carbon materials such as graphite, glassy carbon, nanotubes, graphene and graphene oxide are

good substrates for PPy polymerization. Compatibility stems from the chemical similarity of these

material groups. Both carbon and CPs consist of aromatic or heterocyclic rings, which in analogy to

naturally occurring graphitic carbon, have a tendency to form molecular stacks with chemically

similar molecules such as pyrroles (Chitta and D'Souza, 2008). PPy among other CPs easily form

composites with carbon materials. Carbon nanomaterials carrying negatively charged carboxylate

groups can be readily incorporated into PPy as dopants or co-dopants with surfactant anions

(Chen et al., 2000; P1, 2010).

2.9 In situ polymerization on material interphases

   Polymerization in situ is defined as a process occurring inside a host material or confined to the

surface layer of the host material. The difference with template polymerization described in the

preceding section is that the substrate or the host should be solid, typically slightly swollen by the

reagents and/or reaction solvent (De Jesus et al., 1997; Shenoy et al., 2002).

   In situ polymerization of PPy has been successfully done on suspended solid inorganic and

polymeric particles, polymer fibers, film, textiles, 3D shaped devices, etc. The host surface may

have micro- and nanoporosity, or it can be smooth. In situ polymerization offers several benefits

over conventional mixing of materials or the coating of a host surface by polymer dispersion, etc.

Firstly, the resulting mechanical properties of the in situ composite are superior – typically, most of

the properties of the host are preserved and transferred to the composite, for example the surface

confined conductive PPy coating. Secondly, the reaction is confined to the composite (surface)

where the reagents are concentrated. For example, the monomer and/or the oxidant solution can

be sprayed on the surfaces or the coated object can be successively dipped into the solutions.

Therefore, it is not necessary to have condition for homogeneous and well mixed polymerization or

a large reaction vessel where the solid host was then immersed. This in turn may require fewer

reagents and less waste material should be generated during the polymerization. (Shenoy et al.,

2001a; 2001b; 2002).

   Oxidative in situ polymerization of PPy within a surface of a polymer host (fiber, film, rod, etc.)

leads in many cases to superior properties and enhances the mechanical durability of the PPy

coating. In situ polymerization can be realized with different strategies. 1) First impregnate the host

with the monomer and a solvent capable of swelling the host. Secondly, introduce the dopant and
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the oxidant to initiate the polymerization reaction. 2) Reversing the order of introducing the reagent

may be beneficial in certain cases, for example when the oxidant was more easily immobilized on

the host surface. However, only with appropriately chosen solvent mixtures and concentration of

reagents will the polymerization take place in situ. Whether this is possible is also dependent on

the substrate polymer. For example, substrates that are swollen by the monomer are good

substrates, particularly good examples being polyamide 6 fiber (Harlin et al., 2005), polyvinyl

chloride (PVC) (Nakata and Kise, 1993) polyvinyl alcohol (PVA) (Pron et al., 1987) and

polyurethanes (Wang X et al., 2008; Sahoo et al., 2005). Porous beta-cyclodextrin (CD) host has

been demonstrated in the fabrication of core-shell structured PPy nano- and microspheres (Shang

et al., 2012). It has been suggested that pyrrole monomer could be shielded against air oxygen in

the pores and cavities of CD (Braun et al. 2005). Hence, synthetic strategies utilizing a separate

impregnation step for hydrophobic monomer into a protecting host matrix are justified in many

ways.

   In situ polymerized biodegradable polyester composites suitable for cell culture applications have

been recently demonstrated by several research groups.  Polylactic acid /glycolic acid copolymer

(PLGA) fiber mesh was coated by PPy doped with para-toluene sulfonic acid (p-TSA) and

polymerized in situ onto the electrospun fiber (Lee et al., 2009). Yu and co-workers (Yu et al.,

2011)  fabricated dual multi-porous poly L-lactic acid / PPy (PLLA/PPy) composite micro/nano fiber

films by combining electrospinning of microporous PLLA with successive in situ polymerization of

PPy doped by sulphuric acid. Hollow sub-micron PPy fibers “fluffy-PPy” were fabricated by

electrospinning of a PLLA template and successive in situ polymerization of thin PPyCl layer,

followed by solvent extraction (Jin et al., 2012). Mixing of PPy particles polymerized in emulsion or

dispersion and successive mixing with the host has been demonstrated (Shi et al., 2004). In mixing

the PPy and the bulk of the bioabsorbable matrix polymer the percolation for electrical conductivity

is high compared to surface coatings: the theoretical loading for electrical percolation is >16 vol-%

for spherical particles, whereas 2-10 vol-% of the coating, depending on the dimensions of the host

(e.g. fiber, film) being typically sufficient. Hence, the coating by in situ polymerization of the PPy is

attractive, especially if permanent implantation with bioabsorbable polymers is considered.

  The examplified in situ polymerized structures could have been very difficult to fabricate by any

other strategy. From the application point of view, some improvement in bringing true biological

functionality could have been desirable. The functionality brought by biomolecules is precisely in

the focus of the current work.

2.10 Alternative routes for conductive polymers

  Organic vapor phase deposition (OPVD) or vapor phase polymerization is a potential coating

method for reagents that can be vaporized or sublimed. Pyrrole monomer has a boiling point +150

C at normal pressure. Therefore, only moderate heating and reduced pressure are needed for
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efficient mass transfer in the vapor phase. In a well-designed reactor it is possible to apply

controlled concentrations of pyrrole on surfaces for in situ reactive coatings, for example. A limited

number of oxidants are available for polymerization in moderate conditions and vapor phase

polymerization typically involves involatile ferric oxidants pre-dispersed in the host matrix (Winter-

Jensen et al., 2004; Ueno et al., 1988; Yin et al.,2001) or patterned by ink-jet printing (Cho et al.,

2010).  The use of elemental iodine oxidant has several advantages over ferric oxidants (Shenoy

et al., 2004). For example, elemental Iodine can be applied in normal pressures (at >100 kPa) as it

sublimes and has reactivity and oxidation potential suitable for the generation of high quality PPy

films. In addition, iodine is inexpensive and can be completely exchanged by re-doping with other

dopant.  However, iodine has been only reported as a volatile dopant in plasma assisted deposition

(Goktas et al., 2009). The major drawback in using vapor phase polymerization is the need for

highly sophisticated deposition reactors and the limited number of volatile oxidant precursors.

   For biomedical applications, another feasible approach is the use of supercritical CO2 (scCO2)

solvent in PPy polymerization. CO2 is an inert solvent for pyrrole and thus applicable. The solvent

itself leaves no residues (it is vaporized upon relieving the pressure), thus potentially improving the

microbiological properties and reducing the soluble organic contamination of the host materials.

  The processing conditions are above the critical point of CO2 (Tc=+31.1 C  and  pc =7.38 MPa).

Hence, pressure vessels and batch operations are utilized.  Pyrrole monomer has significant

solubility and known phase behaviour in scCO2 (Kulik et al., 2008). However, soluble oxidants are

scarce, as significant solubility of potential molecules is limited to non-polar (oily) aliphatic, fluorine-

or siloxane- containing compounds, carbonyl compounds, or those having volatility. Iodine has

been utilized in polymerization in the polystyrene host (Shenoy et al., 2004). Thus far the attempts

to find alternative well soluble oxidants have been unsuccessful. Compounds having the chemical

structure described in the above list combined with high acidity of the dopant anion, such as Ferric

salt of trifluoromethane sulfonic acid (Fe(TFMSI)3) have been tested, but an ethanol co-solvent has

been necessary to achieve sufficient concentrations of the oxidant (Shenoy, et al., 2001b).

Complexation of ferric ions with a non-soluble host, such as sulfonated crosslinked polystyrene, is

proven to be a feasible approach to overcome oxidant solubility issues (unpublished data, Pelto

and Kulik, 2007).

2.11 Patterning of PPy microstructures

   Patterning of PPy on electrically insulating and conductive substrates is of great practical interest

in cell culturing platform, for example. Micropatterning by radiation assisted polymerization and

etching have been demonstrated utilizing several techniques: photochemically initiated

polymerization has been reported by Segawa and co-workers. They demonstrated VIS laser light

activated deposition of PPyCl, applying ruthenium bipyridine photosensitizer and a cobalt complex
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[Co+3Cl(NH3)5]2+ sacrificial oxidant. However, the electrical properties of the materials produced

were inferior to the PPyCl prepared by the standard chemical or electrochemical methods. In

another study, a nafion membrane substrate was impregnated with reagents, and it was possible

to generate fine 10 µm patterns through a photomask (Segawa et al., 1989). The same ideas have

been extended to paper and glassy carbon surfaces by the use of a Cu2+ -complex and p-

nitrobenzyl bromide sacrificial oxidant (Kern and Sauvage, 1989). The biocompatibilities of the

photochemically generated materials were not assessed, but the photoinitiators used raise some

concern for any application in long term contact with cells and tissues.

  Choi and Park (Choi and Park, 2006) introduced a versatile method to fabricate microstructures of

conducting PPy. They prepared polymer patterns as an insulating template on ITO glass using

PDMS soft-imprint technique, forming templates for polymeric microstructures. In order to expose

selectively the bare ITO, the residual layer of polymer patterns on ITO was removed with reactive

ion etching (RIE). Electropolymerization of PPy was conducted using the patterned ITO as an

electrode. 2D/3D microstructures of PPy were fabricated with 1 µm resolution.

  RIE was also applied successfully in the manufacturing of organic field-effect transistors (OFETs)

(Cui et al., 2003). OFETs were fabricated by spin coating thin films and subsequently reactive ion

etching (RIE) of poly(3,4-ethylene dioxythiophene) doped with PSS  (PEDOT:PSS). The patterning

with RIE technique utilized an aluminum thin film mask. Direct laser ablation of conductive PPy and

the laser assisted processing of insulating films of precursor polymers or composites into

conducting patterns have been successfully applied by Bargon and Baumann (1993). More

recently, the microstructuring of polypyrrole was demonstrated by maskless direct femtosecond

laser ablation (Lee K et al., 2012).

2.12 Degradation of polypyrrole by ionizing radiation

The behaviour of conductive polymer under ionizing radiation has been a less studied subject,

probably due to the limited access of research groups to radiation sources. Sterilization by gamma

irradiation has in many cases become a standard for biomedical implants, surpassing chemical

sterilization by ethylene oxide (EO) gas and steam autoclaving. Gamma sterilization is a suitable

method for materials having reasonable stability under the high radiation doses utilized. Previous

preclinical work on a steerable vascular stent and microanatomosis connector devices based on

PPy, performed at Micromuscle AB in Sweden (Jager et al., 2010) demonstrated good stability of

the PPy in EO sterization. However, due to the potential toxicity of EO residues, gamma

sterilization should be the preferred method for permanently implantable tissue engineering

scaffolds, and polymeric implants in general.

  It is well known that most polymeric materials undergo chemical and physical changes, such as

chain scission and crosslinking when radiated with high energetic photons. The effects are dose
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dependent and the mechanisms are quite different to those observed by attack of reactive

chemicals. In the case of electrically conductive polymers the changes of the electronic conjugation

length, i.e. the electronic delocalization charge of the polaron lattice, become critical. In the most

comprehensive study to date, Kane and co-workers (Kane et al., 2010) studied the mechanism of

radiation induced decay of electrical conductivity in polyaniline (PANi) and poly(3,4-

ethylenedioxythiophene) (PEDOT), which are polymers structurally related to PPy, PAni and

PEDOT films when exposed to gamma radiation in both air and deuterium environments. Tritium

gas exposures combined with Raman and UV/VIS spectroscopy of gamma irradiated samples

were applied to reveal de-protonation, which is known to be a significant mechanism of

conductivity loss in PAni. Furthermore, the oxidation of both conductive polymers during gamma

irradiation was investigated. They concluded that chain scission via free radical formation and

chain cross-linking were most likely the two dominant mechanisms for the measured conductivity

changes. Their data showed that 105 Gy equivalent total dose of gamma rays in air was the point

at which the measured surface conductivity began to gradually decrease, finally reducing by 3-5

orders of magnitude compared to the original.

  In earlier studies a far less significant reduction of the conductivity, induced by gamma rays in

vacuum, was reported for PAni, polythiophene (PT) and PPy. PPy had retained about 50% of its

original conductivity up to doses 5 105 Gy. At low 2 103 Gy dose the PPy conductivity was two-fold

increased compared to the original, suggesting that significant gamma radiation induced doping of

PPy (Wolszchak et al., 1995; Ercan et al., 1995).

2.13 Stability of biopolymer doped polypyrroles in air and in physiological fluid
environment

Stability and oxidation of polypyrrole chain in fluids. Reasonable stability properties in a cell

culture environment are highly desirable. All materials undergo reversible and irreversible chemical

changes when immersed into a biological environment. The rate and extent of those in PPy has

been reported by early investigators. The PPy chain is prone to attack by oxygen and nucleophilic

attack by –OH radicals. Schlenoff and Xu (1992) highlighted the gradual over-oxidation of the PPy

chain upon electrochemical anodic oxidation. The onset of (nearly) reversible insertion of –OH

groups to the 4-carbon of the pyrrole ring occurred at electrochemical potential of about +0.5 V vs.

saturated calomel electrode (SCE). At potential in excess of +0.7 V vs. SCE the hydroxyl groups

were further oxidized to carbonyl groups as evidenced by FTIR spectra. This resulted in

irreversible degradation of the electrical conductivity and mechanical properties of PPy. Hence, the

+0.7 V vs. SCE oxidation potential is the long term stability limit for PPy chains. Continued

electrochemical (over)oxidation will result in breaking of the polymer into oxidized cyclic

degradation products such as maleimide and succinimide (Park et al., 1993). Both compounds are

biologically active, water soluble and reactive, linking covalently with proteins. Hence, the
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generation of the compounds is highly undesirable under any conditions during cell culturing or

implantation.

De-doping of PPy. Loss of electrical conductivity is observed when PPy is immersed into

physiological electrolyte solution (Serra Moreno and Panero, 2012; Fonner et al. 2008). If the

material is kept within the electrochemical stability window (roughly -0.3 V to +0.5 V vs. Ag/AgCl),

the anticipated mechanism of losing the electrical conductivity is de-doping by gradual reduction of

the PPy chain associated with dopant leaching. Dopant leaching is a process which is driven by

the ion concentration differences of the PPy and the surrounding electrolyte solution. As described

earlier, the PPy may contain 30-50 wt-% dopant molecules and a few wt-% water, which leads to

ion concentrations far exceeding the physiological ion concentration (0.15 M). Hence, there is

typically a dramatic concentration gradient of ionic species across the PPy-electrolyte solution

interphase. For smaller anions the dopant leaching is faster due to the higher mobility of ions. De-

doping is fast in de-ionined water. This is particularly noticeable when washing PPyCl with pure

water. It is also largely reversible by re-doping, which can realised simply by rinsing with acidic

dopant, hydrochloric acid, for example. Dopant leaching cannot be completely eliminated but is

significantly reduced when high concentrations of electrolytes are used to stabilize the dopant in

the PPy.

   One illustrative example of salt stabilization is the PPy based electrochemical charge storage

device based on concentrated 2 M sodium chloride (NaCl) aqueous electrolyte, aka the “salt and

paper battery” developed at Ångström laboratory in Uppsala University (Nyström et al., 2009). In

the construction the PPyCl was polymerized on nanocellulose fibers (NFC) in suspension. The

NCF was derived from green algae. The device can be repeatedly charged and recharged in either

neutral pH 2-3 M NaCl (aq.), or in salt solution acidified by 0.01 M HCl. This device has a very

stable operation for several thousands of cycles in 0 to +0.8 V (vs. Ag/AgCl) potential window.

  Dopant leaching is less significant in PPys doped by polymeric immobile dopants, such as PSS.

This is manifested also by the more stable electrical conductivity of the PPyPSS compared to PPy-

pTS or PPyCl immersed in phosphate buffer solution at pH 7.4 (Fonner et al., 2008).

  Stability of the HA and CS. HA is scissioned by ionizing radiation during gamma sterilization in

solid state (Armand et al., 1975). In solution or gel state, chemical cross-linking reactions may

dominate. For example, HA hydrogels have been fabricated by applying gamma rays (>15 kGy

dose) to HA/CS aqueous solutions (Zhao et al., 2015).

  Kim et al. (2008) reported that 2-90 kGy gamma irradiation resulted in a linear decrease of the

MW of HA in water solution. Yellowing of the HA was observed, correlating with UV spectral

changes, which indicated the formation of carbon double bonds. FTIR spectral changes in the

range 1700–1750 cm 1 were associated with the formation of carboxylic acid. Furthermore, some
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evidence of the formation of pyrancarboxylic acid was found. It is anticipated that changes in the

functional groups will permanently change the specific biological functionality of the HA.

  Polymerization of pyrrole by electrochemical or chemical oxidation occurs best in acidic pH

around 2. Furthermore, as the chemical polymerization utilizing FeCl3 or peroxydisulfate oxidant

progresses, the pH of the medium is constantly decreasing because hydrochloric or sulphuric acid

are liberated from the oxidants, respectively. The lowering of pH may occur homogeneously in a

stirred reactor, or locally, for example at the positive anode during electropolymerization or at the

confined reaction initiated by an oxidant on the surface. The chemical environment in the reactors

is both highly oxidizing, acidic and containing abundant reactive molecules and radicals (-OH,

oxygen, chloride, etc.). Hence, most biomolecules will undergo degradation in polymerization

conditions.

   Polysaccharides, such as HA (Figure 3A) are easily hydrolysed in vitro by singlet oxygen,

dichloride- and hydroxyl radicals (Stern et al., 2007), acid hydrolysis and by mechanical chain

scissoning by ultrasonic energy (Gura et al., 1998). HA is, in fact, a name for a diverse group of

structurally similar polymers (containing D-glucoronic acid and D-N acetylglucosamine, see figure

2A) that typically have giant molecular weight (Mw > 1 MDa) and originate from various biosynthetic

routes. In addition, the HA molecule has a secondary structure based on ionic interactions in the

physiological environment. For these reasons the characterization of native HAs, e.g. the

determination of molecular weight, is complex. Biologically active HA in vivo is  in  the  form  of

degraded and well soluble oligomeric material (Collier et al., 2000).

   CS is closely related to HA, having N-acetylgalactosamine and glucuronic acid mono-

saccharides, unsulfated, sulfated once, or sulfated twice in the hydroxyls at the 4 and 6 positions of

the N-acetyl-galactosamine (Figure 3B). The bio-elimination mechanisms and the stability of CS

may be dependent on the degree of sulfonation. However, it is anticipated that the degradation

mechanisms of CS by crosslinking and depolymerization are similar to HA.

  Collier et al. (2000) studied thin PPyHA electropolymerized films and probed the presence of

biologically active HA using a HA-binding protein and showed that HA was present at 3-4 days

during incubation in the medium. They discussed the mechanisms by which the HA was

incorporated into the PPyHA and how it was eliminated during incubation. High viscosity of the

polymerization solution and a very slow polymerization rate were observed, which suggest that the

HA was indeed incorporated as a high molecular weight polymer and mostly hydrolysed during the

incubation. Yet, it was presumed that the MW of HA polymer was decreasing also during the

synthesis of PPyHA.



22

2.14 Cell-surface interactions

  Surface roughness. It is widely accepted that the surface roughness of biomaterials, whether

metallic, ceramic or polymeric, is one of the key parameters explaining the cell-surface interactions

in vitro and in vivo. Therefore, considerable research effort has been put into the subject. The

subject has been traditionally treated from the viewpoint of either nanoscopic or microscopic

phenomena. However, it should be appreciated that both aspects are relevant, as the cell-surface

interaction is typically mediated by the plasma proteins adsorbed and their interactions with the cell

surface adhesion proteins. Individual proteins have sizes in nanometers. Cells have sizes from a

few microns to tens of microns. Many functional (protein) structures of adhering cells are confined

to the elastic and plastic cell membrane.  Hence, both the nanometer and the micrometer domains

are relevant for the adhering cell.

  Figure 3 illustrates the lateral length scales of a realistic rough surface (PPyHA) compared to the

the size of a single hASC (10 to tens of microns) and an AFM probe. The surface roughness of the

macrocopiclly smooth biomaterial surface is typically in the range 20-50 nm (RMS). As illustrated,

the surface properties of the PPyHA vary significantly within the area covered by a single cell

attached.

Figure 3. Illustration of the lateral length scale of a realistic rough surface (PPyHA) and an adipose
stem cell (hASC) and an AFM cantilever and the tip. Surface properties may vary significantly
within the area covered by a single cell. The z-range (50 nm) of the AFM image is greatly
magnified in proportion to the AFM tip and the cell. Reprinted with permission from Pelto et al.,
Langmuir 29:20: 6099 – 6108. Copyright (2013) American Chemical Society.

The microroughness is due to the surface features that have vertical or lateral dimensions in the

micron domain. Such features are typically, but not without exception, observable by optical

microscope or SEM. Stylus profilometers are the most commonly applied instruments for
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quantitative and fast measurement of the commonly applied roughness parameters, such as Ra

and Rq. Stylus profilometers are equipped with a fast scanning tip with adjustable vertical force on

the sample. Vertical resolution of the measurement is a few Ångströms. The lateral resolution of

any mechanical probe is limited by the shape of the tip; for profilometers the radius of curvature is

typically a few microns. Hence, stylus profilometers are best suited for probing the roughness on

significantly larger areas (say, 100 times) than AFM.

    Fonner et al. (2000) have attempted to correlate the surface roughness (measured using a

stylus profilometer) of differently doped electropolymerized PPy film polymerized on the ITO and

gold substrates, with the choice of the dopant ion, and the resulting PPy film thickness. Cell

viability studies using PC-12 and Schwann cells were conducted to elucidate the roles of these

factors. They noticed differences in the macroscopic uniformity, but no significant differences in

the surface nanoroughness parameters of the coatings (PPyCl, PPyTSA and PPyPSS) were

reported. Qualitatively, PPyCl was reported to have the highest microroughness. TSA and PSS

doped materials had significantly higher uniformity, lower surface roughness, and also better

viability of the cells compared to PPyCl. The differences in the film morphology were explained by

the different nucleation and growth mechanisms.

   The atomic force microscope (AFM) is also a mechanical probe. However, there are significant

differences in the operation and the data generated. The AFM scans very slowly compared to

profilometers but it utilizes a sharp probing tip (tip radius of a few nanometers) and a vertical

resolution of a few picometers. Hence, AFM is truly capable of detecting roughness in the nano

domain. The AFM is normally focused on significantly smaller surface areas (1 µm2 to a maximum

10000 µm2) than profilometers. Therefore, roughness parameters derived from Stylus profiler and

AFM are poorly comparable, but do complement each other.

  The data presented in this thesis work is generated by AFM. Representative AFM data is

collected by choosing the analysed areas based on optical microscope images of the sample

surface near the probing cantilever/tip.

  The AFM images of various PPy surfaces (Barisci et al., 2000; Gelmi et al., 2010; Silk et al.,

1998a, 1998b; Mabrouk, 2005; P3, 2013) clearly reveal the “cauliflower” or globular fine surface

features which are not as clearly presented by any other surface probing technique. An obvious

advantage of AFM over SEM in studying biomaterial surface is that images can be taken and

roughness studied on surfaces immersed in liquids such as aqueous buffer solutions mimicking the

physiological environment. The observed surface features and properties of PPy, such as

roughness and elasticity, are different under ambient air and immersion in electrolyte, particularly

soft PPyHA and PPyCS surfaces absorbing significant amounts of water and salt (P4, 2014).
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  AFM tip condition, i.e. sharpness of the probe or contamination from the surface, may easily

convolute with the surface topography, inducing imaging artefacts. This is particularly true for soft

samples, e.g. PPyHA films, for which suitable AFM measuring parameters (imaging mode, tip,

contact force, etc.) are not easily found. Still, for roughness analysis, conventional contact AFM

should be preferred over the non-contact mode (dynamic tip AFM). This can be justified by the

simpler feedback system and easy calibration of topographic height data.

  The “cauliflower” morphologies seen are generally accepted to be the manifestation of the

nucleation and growth mechanism of the PPy deposition (Genies et al., 1983; Armes et al., 1991a).

Analysis of the size distribution of the globular structures of the electropolymerized PPy surface

reveals typically two distinct peaks. These typical sizes of the nodules tend to vary as film

thickness increases (Silk et al., 1998a). Chemical polymerization results in similar appearance of

the morphology. In dispersion or emulsion polymerization of pyrrole the primary particle generation

is usually nucleated in sub-micron in surfactant stabilized monomer droplets or surfactant micelles

(Armes et al., 1991b). In chemical surface polymerization (or in situ polymerization) on insulating

polymer substrate the nucleation and growth mechanisms are determined by the compatibility of

the substrate and the deposited PPy. If the compatibility is poor, the PPy will be deposited on the

surface as particles and aggregates resembling those generated in the bulk of the solution. If the

polymerization is confined in the swollen surface layer of the substrate, the PPy will form a polymer

mixture, even an interpenetrating network of polymeric phases (Harlin et al., 2005). In this case the

appearance of the very thin outermost PPy surface strongly reflects the surface topography of the

substrate (P2, 2012).

  Surface roughness on polymer surfaces has a well-established role in cell adhesion on polymers.

It is also well known that surface roughness is linked to the surface energy (hydrophilicity) of

polymers. A general trend present in the literature is that increased submicron roughness, at least

to a certain extent, will promote cell adhesion (Wan Y et al., 2005; Hallab et al., 2001; Miller et al.,

2004; Biggs et al., 2009), presumably at least partly due to the increased surface area for protein

adsorption. On the other hand, microscopic features on the surface offer mechanical cues for the

cell attachment and spreading even after the surface has been first covered by the plasma proteins

to form the culture medium. This implication is supported by the results of Gittens et al. (2011). A

combination of micro-/submicro-scale surface roughness with a high density of nanoscale

structures on oxidized titanium resulted in an additive, if not synergistic effect, on cell differentiation

evidenced by various osteogenic markers.

  On practical biomaterial surfaces is it seldom possible to completely deconvolute the distinct

significance or nano- and microroughness. Hence, we are forced to interpret the surface

topographical information through averaging parameters (Ra and Rq). We can hypothesize that

both the universal nanoroughness and the microscopic protrusions should have their roles in cell
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adhesion on the studied PPyHA and PPyCS surfaces. Different cell lines should also have variable

responses to specific surface roughness.

  Serra Moreno et al. have studied the effects of synthesis parameters of CS (CS-4) (2008), HA

and Heparin doped PPy (2009), including the effect of their surface roughness, on osteoblast

adhesion and proliferation. Their findings suggest that smooth surfaces allow the best adhesion of

osteoblasts on electropolymerized films. Molino et al. (2012) utilized AFM and EC-QCM to show

the adsorption of the model proteins, bovine serum albumin (BSA) and fibronectin (FN), onto PPy

doped with dextran sulphate (PPyDS) as a function of DS loading and surface roughness. BSA

adsorption was enhanced on rougher surfaces (>40 nm RMS) above what could be explained by

the increase in surface area alone. The surface roughness was modulated by the loading of DS in

the PPyDS film. Higher surface roughness was observed in PPyDS films polymerized with the

least amount (0.2 mg/ml) of DS in the polymerization medium. The study also highlighted the

simultaneous role of redox state, i.e. the charging of the PPyDS on the FN adsorption.

  Surface roughness is certainly not the single master parameter determining the behaviour of cells

on biomaterials. Surface energy, which can be thought to include the combined roles of the density

of surface functional groups (hydroxyl, carboxyl, amine etc.), and the specific surface area (through

nano/micron topography), have been known to contribute (Wan Y, 2005; Discher et al., 2005;

Dubiel et al., 2011). The processes on biomaterial surfaces are designed to mimick the natural

environment of cells in vivo. Hence, for a given biomaterial in vitro the adhesion is cell specific and

strongly dependent on the culture conditions, such as the component of the cell culture medium

(serum proteins, growth factors, etc.).

     On practical biomaterial surfaces is it seldom possible to completely deconvolute the distinct

significance or nano- and micro-roughness. Making an over-simplification, researchers are mostly

interpreting the surface topographical information through averaging parameters (Ra and Rq). We

can hypothesize that both the universal nanoroughness and the microscopic protrusions should

have their convoluted roles in cell adhesion on the studied PPyHA and PPyCS surfaces.

   The excess surface charge and surface elasticity have also been considered significant factors in

explaining protein adsorption, cell attachment and adhesion on conductive polymer surface (Gelmi

et al., 2010; 2012; 2013a, 2013b; Wan et al., 2009; Molino et al., 2012; P3, 2013). The roles of

other factors will be discussed in the next sections.

  Surface elasticity. Several studies, as reviewed by Wong et al. (2004), have highlighted the

capability of cells to probe the (visco)elasticity of the 2D substrate surface or a 3D matrix. This is

the intrinsic mechanism by which the cells build tissues. In fact, many primary cells are viable only

when attached to a substrate, preferably mimicking their natural host tissue. Cell adhesion proteins

anchor to ligands (serum proteins) on the surface. The forces are transmitted from the extracellular
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space to the cytoskeleton through focal adhesion protein complexes, which subsequently trigger

intracellular responses. The proposed mechanism on how cells probe elasticity is by constantly

anchoring and pulling on their surroundings (Engler et al., 2006; Discher et al., 2005).

    Engler and co-workers prepared series of polymer gel samples having slightly different elastic

moduli but similar surface chemistry, and study the spreading and adhesion of primary cells and

aortic smooth muscle cells (Engler et al., 2004). They found significantly enhanced spreading and

adhesion on collagen coated crosslinked polyacrylamide (PAAm) gels having their elastic moduli

designed to match with the biological tissue samples. Furthermore, layer-by-layer microfilms of

poly(L-lysine)/hyaluronic acid showed equivalent trends.

   Cell proliferation, surface marker expression and motile phenotype in amniotic fluid-derived stem

cells have been recently shown to correlate with substrate elasticity (Skardal et al., 2012). In a

comprehensive study Engler et al. (2006) found that mesenchymal stem cells (MSCs) specified

their lineages and committed to phenotypes with extreme sensitivity to tissue level elasticity:  for

example, soft gel matrices that mimic the brain were found neurogenic, stiffer matrices that mimick

muscle tissue were myogenic, and comparatively rigid matrices mimicking collagenous bone were

osteogenic. Reprogramming of these lineages was possible during the initial week in culture, with

the addition of bioactive factors, but after several weeks in culture, the cells committed to the

lineage specified by matrix elasticity.

   Hence, the elasticity of the substrate may partly override the biochemical cues from the medium,

especially during the later phases of cell culture. For any cell attachment to occur, the substrate

should contain suitable ligands for serum proteins (if present during the incubation). Protein

adsorption processes do not generally require only certain surface elasticity, but rather the

combination of elastic properties with suitable surface chemistry and surface charge (Dubiel et al.,

2011). Therefore, an optimized substrate for cell culture should have well balanced elasticity and

surface functionality, such as recently demonstrated by Kumar et al. (2013) for hematopoietic stem

and progenitor cells on polyvinyl alcohol (PVA) and itaconic acid (IA) (PVA-IA) dopolymer

hydrogels, grafted with fibronectin (FN) and the hematopoetic connecting segment-1 motif or the

FN.

   Surface elasticity mapping done with nanometer lateral resolution of AFM tip is a well-established

method (Engler et al., 2006; Domke and Radmacher, 1998). The mapping comprises the collection

of individual AFM force-distance (F-D) curves on each pixel of the image and subsequent fitting of

the compliant part of F-D data to elastic contact model. The simple Hertz contact model (Hertz,

1882) has been used to characterize the elastic moduli of various PPy surfaces (Gelmi et al., 2012;

P3, 2013). Several more advanced viscoelastic contact models have been developed (Butt et al.,

2005), and they are used for characterization of very soft structures, down to the elastic moduli of a
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single cell membrane (Helenius et al., 2008). Additional information on tip-sample adhesion energy

and indentation of the tip to the sample is automatically collected by the AFM software during the

elasticity mapping. The elasticity and adhesion data can be superimposed on the scanned AFM

images or fluorescence microscope images of the sample, such as a biomaterial or a single cell.

These features are provided in commercial AFM systems (Ludwig et al., 2008).

  Surface charge and potential. Electrical double layer forces, strong van der Waals interactions

and steric forces are present in colloidal aqueous systems, including biomaterial surfaces. Hence,

the physical interactions between the biomaterial, plasma proteins and surface receptors of living

cells are clearly attributable to the electrostatic charges and/or hydrated polymers on their

surfaces. The importance of the electrostatic forces on adhesion of proteins has been well-stated

in the the literature (Lubarsky et al., 2005; Hartvig et al., 2011; Takahashi et al., 2000; Asthagiri

and Lenhoff, 1997; Zhou et al., 2003). Lubarsky et al. (2005) have shown that electrical double

layer forces drive human serum albumin adsorption more efficiently onto non-oxidized and less

negatively charged tissue culture polystyrene plates in PBS. The charge distribution within the

protein molecules has been linked to adsorption (Hartvig et al., 2011; Takahashi et al., 2000;

Asthagiri and Lenhoff, 1997). Most negatively charged segments in polysaccharide molecules have

been linked to adsorption by Etteleie et al. (2012), who highlighted the electrostatic

attraction/repulsion forces. Furthermore, ionic interactions between the electrolyte and the solvated

proteins (Takahashi et al., 2000) and the pH (Zhou et al., 2003) of the biological systems have

been suggested to contribute to the adsorption.

    Some previous studies have addressed the surface charge and surface potential of PPy and

correlated the charge with protein adsorption. Zhang and Bai (2003) reported strong dependence

of the surface -potentials of chloride-doped polypyrrole (PPyCl) particles on the solution pH. They

also noted that the point of zero -potential was dependent on the previous acid/based treatments

of the PPyCl sample. Some authors (Salto et al., 2008; Wan et al., 2005; Gumus et al., 2010) have

investigated the adsorption of model proteins on charged conductive polymer surfaces. Few

studies have addressed the adsorption of plasma proteins on PPy surfaces (Smith and Knowles,

1991; Molino et al. 2012). Molino et al. (2012) reported that the electrochemical state of the PPyDS

was affecting the FN adsorption, with the application of an oxidizing (+300 mV vs. “Dry-Ref, World

Precision, standard potential not reported) or reducing (-300 mV) potential impacting both the mass

and viscoelasticity of the surface-bound protein layer. The indication of the study was that

increased hydrophilicity of PPyDS, associated with DS loading and positive electrochemical

potential was both enhancing the FN adsorption and changing the viscoelastic properties of the FN

ad-layer, presumably changing the FN conformation towards a more biologically active open

conformation. Although the role of the surface charge has been well established, there are no
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studies attempting to correlate the distribution of surface charge density on the PPy surface to the

adsorption of plasma proteins and the attachment of cells.

  Scanning probe techniques have been utilized in the imaging of the surface potential distribution

of dense polythiobiphene films (PBT) using AFM and Kelvin force probe microscopy (KFPM)

(O’Neil et al., 2007; Semenikin et al., 1997) and of dense PPyTS films using AFM and electrostatic

force microscopy (EFM) (Barisci et al., 2000). It has been observed that the nanoscale nodular

morphology correlated with the inhomogeneties of the surface potential (Barisci et al., 2000) and

the viscoelastic properties (Gelmi et al., 2013) of the conductive polymers.

   However, the surface charge information from the AFM and KFPM is representative of the

surface charge condition in air. Surface charge measurements in fluid are by far more complicated

than electrostatic measurements conducted in air. Furthermore, the interpretation of data acquired

in the fluid phase may be further complicated simply because the numerical results given by

different analytical techniques are simply not comparable. Force-distance curve measurements

using AFM fluid yield local information on the effective surface charges/potentials between the

electrical potential of the AFM tip and of the solid surface under investigation. The information is in

nanoscale, as the AFM tip radius of curvature is a few nanometers.

Ions from the electrolyte solution form electrical double layers on the sample and on the AFM tip

spontaneously. The thicknesses of the double layers are functions of the ionic concentration of the

electrolyte solution, described by the Debye-Hückel law (Figure 4, equation 3). For example, in

physiological NaCl (aq.) with concentration 0.15 M the Debye length (1/ ) characterizing the

thickness is about 0.76 nm, which is in the same range as the possible steric forces experienced

by the AFM in the vicinity of soft polymeric surface. Therefore, we have used a low concentration

of salt (0.005M) applied in order to be able to project the electrostatic interactions to long distances

where they can be distinguished from hydration and steric forces.

As there is no universally applicable theory available linking the electrochemical charge and the

effective surface charge and potential (Wang and Bard, 2001), relevant information should be

extracted using a probe extending to the solid surface, i.e. penetrating the double layer, such as an

AFM tip of a colloid probe. Subsequently, fitting the data into a double layer interaction model

(DLVO model, named after Derjaguin, Landau, Verdey and Overbeek) will give insight into the

surface electrostatic interactions.

Surface potentials are typically calculated from approximated solutions of nonlinear Poisson

equation describing the (screened) electrostatics of the electrical double layer repulsion. The

principle of measurement is very different compared to the commonly applied measurements of -

potential, the potential difference between the double-layer at the location of the ionic slipping

plane relative to a point in the bulk fluid away from the interface. Traditionally, -potential has been
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effective in explaining the stability of colloid dispersions, but give very little insight into the charge

at the solid surfaces.

Both parameters have been used to describe the attachment of charged biopolymers and cells

on biomaterials. However, neither parameter can be directly deduced from the electrochemical

(bulk or surface) charge injected into the biomaterial (e.g. potential of the PPyHA in an

electrochemical cell) and/or the properties of the electrolyte. The picture is even more complicated

for polyelectrolyte surfaces, which may absorb significant amounts of the ions and water, making

the definition of the solid surface elusive. This is problematic in the analysis of the AFM F-D data,

as the fitting of the data is based on setting the surface to “zero distance”, either automatically by

software, or manually, as illustrated in Figure 4, which presents the approaching F-D curve of a

AFM tip on PPyHA.  In the Publication 3 we have tested two DLVO models suggested by Onshima

(1998) (equation 1) and Hull and Kitchener (1969) (equation 2) in nonlinear data fitting the AFM

force curves.

In the calculation of surface potential, R is the AFM tip radius,  is the inverse if the Debye

screening length of the electrolyte, e is the electronic charge, is the electrical permittivity of the

electrolyte, kT is the Boltzmann coefficient, ci is the concentration of component i the solution, Zi  is

the valence of the component i, D is the shortest distance between the tip and the surface , T and

S are the potential of the tip and the sample, respectively.
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Figure 4. Data fitting (equations 1 and 2) of the approaching part of the AFM force-distance curve.
PPyHA surface. Solid line: a single exponential model (Ohshima, 1998). Dashed line: nonlinear
model presenting the breaking of the double layer repulsion (Hull and Kitchener, 1969). Tip
potential -200 mV. Electrolyte NaCl 0.005 M (aq.). Debye length 4.3 nm (eq.3). Reprinted with
permission from Pelto et al., Langmuir 29:20:6099–6108. Copyright (2013) American Chemical
Society.
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 Aims of this study3.
   The evolution of the research of this dissertation can be reasoned by the progress in the field

during the time of study and the generation of important new results. The starting point of the

thesis work was Publication 1, aiming to demonstrate the reversible electroactivity of the materials,

in which we discovered that the electropolymerized composites of PPy, HA and multi-walled

carbon nanotubes (CNT), i.e. PPyHA-CNT biomaterial on titanium substrate showed equal or

better cell attachment, viability and proliferation of human derived adipose stem cells (hASC)

compared to the reference polylactide (PLA) disk. The early results suggested that the PPyHA-

CNT showed much potential as a 2D cell culturing substrate for hASC. Since the material was also

found reasonably conductive and showed marked redox electroactivity, it could be potentially

utilized in the direct electrical and mechanical stimulation of cells, either in 3D tissue engineering

scaffolds or AC microstimulation electrodes. Our first findings were also supported by related

reports from other academic research groups currently working on the biological applications of

conductive polymers, such as PPy, polyaniline (PANI) and polythiophenes (PT).

    However, there were important practical aspects requiring more attention, such as the

availability of the reproducible synthetic routes, sterilizability, electronic properties during

incubation, biostability of the PPy and the dopants, in vitro stability and performance. For example,

the chemical and the electrochemical routes for the syntheses of PPyHA and PPyCS surfaces had

to be established for each study. Gaining more insight into these specific issues has been the

leading guideline of the progression of the laboratory experiments, publications and the target of

this thesis work.

   In the series of publications 1-4 we have developed practical and reproducible PPy synthesis

protocols for bone tissue engineering. We have taken novel approaches in suggesting a relatively

simple chemical polymerization scheme for biopolymer doped PPy. The second aim has been to

develop direct “one-pot” deposition of thin electrically conductive coatings on PLA nonwoven tissue

engineering scaffold material [P2], avoiding the complication of biological functionalization using

click chemistry, for example. The potential of different PPyHA and PPyCS electrode coatings on

large area metallic 2D electro-stimulation electrodes for cell cultures have been investigated. The

third aim of the work, as reported in Publication 4, was to find practical ways to apply the 2D PPy

substrates in electrical stimulation of hASCs in the standard 24 well-plate cell culturing

environment in the adult stem cell group, led by Dr. Susanna Miettinen at the University of

Tampere.

   Fundamental understanding of the surface physicochemical properties relevant to biological

application was quite limited at the time of the first publication (2010).  Our collaborator, Professor

Gordon Wallace’s group in Wollongong Australia, has been active in this field. Since 2010, several
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important journal articles related to cell biological applications PPy have been published, for

example Higgins et al. (2012), Gelmi et al. (2010), (2012), (2013) and Molino et al. (2012).

Elucidation of the role of the surface properties, such as surface charges, elasticity and

nanotopography on the hASC attachment has been the most ambitious scientific, fourth objective

of this dissertation. Joint research reported in Publication 3 has been devoted to this subject.

    Ultimately, in Publication 5 we have extended the developed PPy coating strategies to a

commercial bioabsorbable bone polymer-ceramic composite fixation screw (ActivaScrew™ TCP,

Bioretec, Tampere, Finland) and implanted PPy-coated screws in New Zealand rabbits.  Our 6

month preclinical study (P5, submitted) was to our knowledge one of the largest implantation

studies (Jiang et al., 2002; Wang et al., 2004; Jager et al., 2010) ever carried out for PPy-

biomaterials, and was a necessary demonstration of the preformance of PPyCS material in

inducing favourable tissue reactions in bone and systemic toxicity. Furthermore, the study was one

of the first in probing the erosion and degradation of chemically polymerized PPyCS in vivo,  a

subject which is currently poorly understood. Gaining more understanding of this was the fifth

target of this doctoral thesis.

4. Experimental procedures

4.1 Synthesis of the test materials

4.1.1 Electropolymerization of PPyHA and PPyCS

   Polymerizations on microelectrodes and large area electrodes have been conducted in two- and

standard three-electrode configurations, utilizing potentiostat to deliver the constant potential

(potentiostatic) or constant current (galvanostatic) for the electrochemical oxidation of Pyrrole. In all

setups the inert counter electrode utilized was a platinum mesh having a geometric surface area

significantly larger (3-electrode setup), or equal (2-electrode setup) to the area of the working

electrode onto which the PPy was deposited. In the 3-electrode setup the potential of the working

electrode was set and measured against a standard reference electrode, either Ag/AgCl in

saturated KCl (+197 mV vs. standard hydrogen electrode SHE) or saturated calomel electrode

(SCE) (+241 mV vs. SHE). In the 2-electrode setup the potential in the electrochemical cell is the

measured difference between the counter and working electrodes.

  We conducted electropolymerizations on various substrates: Titanium foil (P1), sputter-coated

gold polyethylene-naphthalate film (PEN/Au), films with 50 nm Au-coating (P4), AT-cut 5MHz Au

coated QCM crystals (P1), inter-digitated Au-microelectrodes on silicon (µ-Au/Si) (P1) and indium

tin oxide on polyethylene terephtalate (PET/ITO) (P2). The specification of the substrates,

successful polymerization conditions, experimental procedures for the characterization and the
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most important experimental results based on the samples are summarized in the upper part of

Table 1.
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Table 1. All PPy samples studied. The various functional dopants are identified in the footnote.

Substrate Polymerization
method

Studied
PPy/dopant

Scope, results and
characterization
methods

Reference

Electropolymerized  PPy

Titanium foil, t= 0.1 mm, A=
18 mm2, Ti 99.6+%,
activated by RCA (SC-1)
(Goodfellow Cambridge Ltd)

3-electrode
potentiostatic, +0.9 V
vs. Ag/AgCl,
11 C/cm2,
0.3-0.6  mA/cm2

PPyHA1-CNT2

onto PPyDBS
adhesion layer

hASC attachment and
viability , PPyHA layer
thickness tPPy>10 µm,
Ti/PPyDBS/PPyHA-CNT
electrodes attached to
t=1mm /D10 mm PLA disk

Figure 5A

[P1]

AT-cut 5MHz Au coated
QCM crystals A = 1.37 cm2

(Jiaxing Jingkong Electronic
Co., Ltd., China)

3-electrode
potentiostatic,
+0.9 V vs. Ag/AgCl,
100 mC/cm2,
0.2-0.4 mA/cm2

PPyHA1,
PPyHA-CNT2

PPyDBS
(adhesion layer)

EC-QCM: swelling 4%,
shear modulus 100 kPa
(PPyHA), tPPy = 210 nm
(AFM)

reversible redox activity by
in-situ Raman
spectroscopy (PPyHA-
CNT),  tPPy = 410 nm

Figure 5B

[P1]

Inter-digitated Au-
microelectrodes (5 µm) on
silicon, A  0.5 mm2  (VTT,
Finland)

3-electrode
galvanostatic,
j=1-2 mA/cm2

PPyDBS,
PPyHA1,
PPyHA-CNT

EC-AFM, out-of plane
nanoactuation of PPyHA
by swelling 19-22% for
well-adhering samples
tPPy = 200-400 nm

Figure 5C

[P1]

Sputter-coated polyethylene-
naphtalate film (PEN)/Au
films (125 µm Dupont
Teonex®), with 50 nm Au-
coating (VTT, Finland)

2-electrode,
potentiostatic,
+1.0 V vs. Ag/AgCl,
300 mC/cm2,
0.2-0.3 mA/cm2

PPyHA3

PPyCS4

Viability,attachment,
proliferation and
osteogenic differentiation
of hASC on PPys,
electrical stimulation in 2D
geometry, AFM,
tPPy = 600-800 nm

Figure 5D

[P4]

Sputtered-coated
polyethylene-terephtalate
(PET)/ ITO films, cat
no.668559 Aldrich, 45
surface resistance

2-electrode,
potentiostatic,
+0.9 V - 1.0 V vs.
Ag/AgCl,
500 mC/cm2,
0.1-0.15 mA/cm2

PPyHA5 hASC attachment in
charged films, KFPM, force
mapping AFM, Raman
spectroscopy
tPPy = 600-800 nm

Figure 5D

[P3]

Chemically polymerized PPy

PLA nonwoven fiber mesh
(fiber diameter 10-20 µm
and 40 µm),
(TUT/Biomedical
engineering)

interfacial chemical
polymerization in
aqueous solvent on
PLA scaffold swollen
by EtOH

PPyHA3

PPyCS4

proliferation and
osteogenic differentiation
of hASC under electrical
stimulation in 3D geometry,
hydrolysis of PLA/PPy,
impedance spectroscopy,
SEM, AFM, tPPy = 1-2 µm

Figure 6B

[P2]

PLGA-tricalcium phosphate
screw (ActivaScrew™ TCP,
Bioretec, Tampere, Finland)

Interfacial chemical
polymerization in
mixed EtOH/water
solvent

PPyCS4 Pre-clinical study,
improved screws implanted
in rabbit femur, tPPy > 2 µm

Figure 6A

[P5]

1) Bacterial derived HA sodium salt from Streptococcus equi  (Fluka), Mw >300000 Da
2) Nanocyl 3151 oxidized multiwalled carbon nanotubes (Nanocyl S.A., Sambreville, Belgium)
3) Bacterial derived HA from Streptococcus equi (Sigma-Aldrich, 53747), Mw = 1630000 MDa
4) CS-A from bovine trachea (Sigma-Aldrich, C9819)
5) HA from human umbilical cord (Sigma, H1876)
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Characteristic of electropolymerization substrates studies. Figure 5 depicts the various

substates for the PPy electropolymerization. Already these substrates have significantly different

characteristics in the electropolymerization of PPy. The differences in the substrates stem from

several aspects: Au, Ti and ITO have a different surface chemistry, hydrophobic character,

electrical conductivity, surface roughness, and geometric surface area, for example. Titanium

metal surface carries a passivated electrically insulating oxide layer which must be chemically

treated (e.g. RCA etching) for successful deposition of PPyHA.  Properly cleaned noble metal

surfaces can be readily coated without activation, but the polymerization conditions are different

according to the hydrophobicity of the dopant used. We have utilized both potentiostatic and

galvanostatic polymerization methods in the electropolymerizations. These methods yield

significantly different rates of polymerization and characteristics of the PPy films, as highlighted by

the following examples.  We polymerized PPy films doped with hydrophilic polymeric dopants such

as HA and CS (see figure 2) utilizing the potentiostatic method. Adherent films were successfully

deposited on ITO, but virtually no PPy was deposited on the sputtered Au µ-electrodes (P1).  A

larger area Au could be readily coated with PPyHA, but the adhesion of the films was poor (P1 and

P4).  Hence, to achieve a significant deposition rate and adhesion on the Au µ-electrodes it was

necessary to apply the galvanostatic polymerization method and to first deposit a more

hydrophobic bridging PPy dodecyl benzene sulfonate (PPyDBS) film (P1). Subsequently, the

polymerization of the HA doped and nanotube doped PPy was significantly enhanced on the

PPyDBS/Au compared to the bare Au (P1).

Supporting electrolyte. The polymerization media containing HA or CS (or the corresponding

sodium salt) as the electrolyte and the pyrrole monomer have low DC conductivity compared to low

molecular weight organic acid salts, for example TS or DBS. Hence, the current during the

polymerization of PPyHA and PPyCS is limited, typically one order or magnitude lower than for the

more mobile electrolytes referred to. Another complication arises when the dopant has very high

molecular weight (HA) and tends to form gel and accumulate onto the working electrode. These

factors altogether slow down significantly the rate of PPy deposition on both micro- and large area

electrode subtrates. The rate can be enhanced by adding a supporting electrolyte. In the

supporting information submitted with Publication 3, we have addressed this issue by adding a KCl

supporting electrolyte into the electropolymerization of PPyHA: potentiostatic polymerization of

PPyHA (0.2 M Py and 0.2 mg/ml HA) onto 1.5 cm2 ITO substrate without the supporting electrolyte

was carried out: +900 mV vs. Ag/AgCl, current density j = 0.07 mA/cm2, Qpol = 0.5 C/cm2.

Subsequently, the same polymerization charge Qpol =  0.5  C/cm2 was applied, this time with the

supporting KCl electrolyte in galvanostatic deposition (0.03 M KCl, 0.42 mA/cm2,) and in the

potentiostatic deposition (0.2 M KCl, 0.42 mA/cm2). Cyclic voltammograms (CV) of the samples

were recorded in 0.1 M KCl electrolyte. Hence, all the samples had been in contact with chloride
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ions and electrochemically reduced/oxidized several times. Before elemental analyses by X-ray

fluorescence (XRF) all the samples were rinsed with copious amounts of Millipore water and dried

in air. All PPyHA films were slightly brown, soft and extremely hydrophilic (water contact angle >5

degrees), indicating that a significant amount of HA was present in the films. The rate of

polymerization, as indicated by the rate of charge transfer dQ/dt, was significantly higher for the

samples prepared in the presence of KCl supporting electrolyte. The chloride peak intensities were

17, 5 and 288 kc/s for samples polymerized without the supporting electrolyte, in the presence of

0.03 M KCl and in the presence of 0.2 M KCl, respectively. Although not highlighted in the

manuscripts, the results indicate that the supporting KCl electrolyte may be beneficial in the

polymerization of PPyHA. Chloride ions are inserted to the PPyHA at the latest during the

immersion into Cl-containing electrolyte, possibly forming PPyCl. However, the hydrophilic nature

of PPyHA is retained during the synthesis, and during the incubation in physiological salt solutions

(saline, PBS, cell culturing medium containing serum, etc.).

Figure 5. Substrates for the electropolymerization. The active electrode areas are marked with
dashed red lines. In the electrostimulation setup (D) the sputter-coated conductive substrates (Au
or ITO) were attached to bottomless multiwall plates by medical grade silicone rubber glue. PPy
was deposited on the 24 circular areas simultaneously (marked #4 in the D). Platinum mesh was
utilized as the (upper) counter electrode in the synthesis.
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4.1.2 Chemical oxidative polymerization of PPy

PLA nonwoven scaffold. Polylactide fibers and non-woven scaffolds were supplied by Tampere

University of Technology. The manufacturing of PLA (poly-96L/4D-lactide with inherent viscosity of

2.1 dl g-1, PURAC Biochem BV, Gorinchem, The Netherlands) nonwoven scaffolds is reported

elsewhere (Ellä et al., 2007).

  Prior to the polymerization, CS-A from bovine trachea (Sigma-Aldrich, C9819) and APS (Sigma–

Aldrich) were dissolved separately in distilled water. CS and APS solutions were combined and

pyrrole immediately added under vigorous stirring. The sample was placed into the polymerization

bath, containing 0.036 M pyrrole, 0.1 M oxidant ammonium peroxydisulfate and 1 mg/mL

chondroitin sulphate. The PLA nonwoven and the PPyCS coated scaffolds are depicted in Figure 6

A.

 The non-woven scaffolds were pre-treated in ethanol before the polymerization. This was done in

order to allow better absorption of the pyrrole monomer to the surface layer. The polymerization

time in the non-stirrer reactor was 150 s. After the polymerization, the samples were rinsed

thoroughly with water and dried in air. The samples were sterilized by gamma irradiation (BBF

Sterilisationsservice GmbH, Kernen, Germany) with an irradiation dose of >25 kGy.

PLGA- -TCP-composite screws (ActivaScrew™ TCP, Bioretec, Tampere, Finland), 2 mm in

diameter and 10 mm in length were coated with black PPyCS coating (Fig. 6B). The thickness of

the PPyCS coating was approximately 5 µm, with a significant variation within the screw. The

screws had an x-ray positive marker made of pure -tricalcium phosphate inserted in the tip of the

screws. Ferric chloride was used as an oxidant and CS as a counter ion. First, batches of 15

screws were soaked in pyrrole (1.3 M) monomer solution in ethanol for 60 minutes, and

subsequently transferred into freshly prepared FeCl3 (0.5 M) aqueous solution containing 1 mg/ml

CS-A. The screws were placed in a stainless steel mesh cage during the 15 min polymerization

time. Magnetic stirring was applied during the polymerization. The reaction was quenched by

moving the cage to distilled water. The screws were carefully rinsed with deionized water in

ultrasonic path and dried in air. The surface resistance of the screws was <10 k .  Gamma

radiation of 17.5-26 kGy (Gamma-Service Produktbestrahlung GmbH, Radeberg, Germany) was

used for sterilization of the screws before their implantation in a rabbit femur.



38

Figure 6. (A) PLA nowwoven scaffold coated with coated with the black PPyCS and (B) PLGA
ActivaScrew™ TCP (Bioretec).

4.2 Fluid AFM

Surface roughness measurement. The PPyHA and PPyCS films studied in Publication 4 were

polymerized onto Au/PET. The films were imaged in Dulbecco’s phosphate-buffered saline (PBS;

Lonza Biowhittaker, Switzerland). The imaging was done in contact mode using Park Systems XE-

100 AFM (Park Systems, Suwon, Korea). Silicon nitride probes HYDRA-6R100N (Applied

Nanostructures, Inc., Santa Clara, USA), with a nominal force constant 0.28 Nm-1 and a tip radius

of curvature < 8 nm were applied. Areas of 20 x 20 µm2 were scanned at 7 and 20 nN force set

points for PPyHA and PPyCS surfaces, respectively. Images of 12 x 12 µm2 were acquired with a

scan speed of 1 Hz. Surface roughness analysis was done on the raw 512 x 512 pixel data. Ra

values for a total of 10 randomly chosen 4 x 4 µm2 sub-areas were calculated using Park Systems

XEI 1.7.5 image analysis software. AFM image data (section 4.1) was 4th order plane fitted to

show the nanoscale details of the PPy–HA and PPy–CS surfaces.

Surface elasticity, -adhesion and -charge - AFM force-distance curves of PPyHA films were

acquired using an Asylum MPF-3D AFM in force volume mode. All measurements were done in

dilute 0.005M NaCl electrolyte in an open measurement cell at room temperature. Silver wire was

used as a pseudo reference electrode in those experiments with a biased AFM tip.

Characterization of the surface charge was done using biased (-200 mV) or neutral (0 mV) gold-

coated silicon nitride tips OBL (Olympus Corp., Tokyo, Japan). The spring constant of the OBL

cantilever was determined to be 0.020 N/m by the Sader method (Sader et al., 1999), and the

cantilever sensitivity in the electrolyte was measured from the slope of the recorded force curves.

Negative or zero bias voltage kept the tip-sample interaction in the repulsive regime indicating

negative surface charge of PPyHA. The negative surface charge was confirmed by initial testing

with both positive and negative bias on the tip, of which only the negative bias resulted in repulsive

interaction. A maximum applied force of 0.7 nN was kept constant for the individual curves, which
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were obtained at a scan rate of 300 nm/s. 32x32 force curve maps were collected for both the

neutral (0 mV) and negatively biased (-200 mV) tip.

The surface elasticity was measured using platinum-iridium coated pyramidal silicon tips

ANSCM-PC (Applied Nanostructures Inc., Santa Clara, CA, USA). A maximum applied force of 1-

1.5 nN was kept constant for the individual curves, which were obtained at a scan rate of 300 nm/s.

64x64force curve maps were collected with a neutral (0 mV) tip. The spring constant of the

ANSCM-PC cantilever was determined to be 0.034 N/m by the Sader method (Sader et al., 1999)

and the cantilever sensitivity in the electrolyte was measured from the slope of the recorded force

curves. The force curves were converted to force versus indentation curves and fitted with the

Hertz Model (Hertz, 1882) to quantify Young’s modulus. The analysis procedure was carried out

using Asylum AFM Software (Igor Pro, Wavemetrics) and according to previously described

methods (Higgins et al., 2012).

In total, 20 representative force curves taken from the nodule region of the uncharged

and charged film and utilizing the -200 mV biased tip, were fitted to two simple double

layer electrostatic force models, the linear model suggested by Onshima (1998) and the

nonlinear model by Hull and Kitchener (1969), (see section 1.13 for details).  Zero-distance

was set manually and the data fitting done utilizing the nonlinear data fitting tools provided

in the Origin Pro (Originlab Corporation, Northampton, MA, USA), version 8.

4.3 Kelvin force probe microscopy (KFPM)

   KFPM images curves were acquired using an Asylum MPF-3D AFM. For the KFPM analysis the

dried PPyHA samples were first immersed in dilute 0.005 M NaCl electrolyte. Subsequently, the

samples were either charged (+200 mV vs. Ag/AgCl) or shortcut to the Ag-pseudo-reference

electrode (0 mV vs. Ag). The samples were carefully rinsed to remove any salt solution and left to

dry under ambient conditions.

4.4 Raman spectroscopy

In situ Raman spectroscopy. In Publication 1 the approximately 400 nm thick sample was

polymerized on 1.36 cm2 Au-coated At-cut QCM crystal. The Raman spectra of the PPyHA-CNT

were measured in situ during electrochemical cycling of the 0.1M NaCl solution. The potential was

continuously cycled between +200 mV and -1000 mV vs. Ag/AgCl at scan rate 5 mV/s. Each

recording of the spectrum took 4 seconds. Therefore, each spectrum was averaged over 20 mV

potential range.

   The free liquid surface was covered with microscopic cover slide to minimize interference from

the liquid-air surface. The spectra were measured using  Horiba Jobin Yvon Labram HR micro-
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Raman spectrometer (Horiba, Kyoto, Japan): 632.8 nm laser, 1200 lines/mm diffraction grating,

180 degrees scattering angle and through 50x objective lens.

De-doping of PPyHA. The same spectrometer was used in studying the de-doping of the dry

PPyHA samples (Section 4.2). All samples were deposited by potentiostatic electropolymerization

(Table 1) on ITO substrates, rinsed with PBS, air-dried and gamma sterilized (20 kGy radiation

dose). The samples were categorized into four groups (Table 2). De-doping and Raman

spectroscopy were done after subsequent transport of the samples from Finland to Australia.

Group I and III were subjected to a 2 day pre-incubation period in the maintenance medium.

All Groups I-IV were immersed in PBS for 48 hours. Groups III and IV were subjected to +200 mV

(vs. Ag/AgCl) electrochemical charging during the immersion in PBS for 48 h. After the 48 hour

period in PBS, all samples were taken off from the the PBS, wiped dry and the Raman spectra

recorded.

Table 2. Treatments and de-doping conditions before collecting Raman spectra.

Group treatment after the
electropolymerization

de-doping conditions
during the test

electrochemical
charging

I pre-incubated in maintenance
medium 48h

immersion in PBS 48 h none (open circuit)

II rinsing with PBS immersion in PBS 48 h none (open circuit)

III pre-incubated in maintenance
medium 48h

immersion in PBS 48 h charging at
+200 mV

IV rinsing with PBS immersion in PBS 48 h charging at
+200 mV

4.5 Electrospray ionization mass spectroscopy (ESI-MS)

  The hydrolysis products of PPyHA-PLA fibers incubated in pure water were studied by ESI-MS

[P2]. Gamma sterilized, non-coated PLA and PPyCS coated samples were hydrolyzed for 30 days

at +60°C in 1.0 mL water. The water solvent was utilized because the ESI-MS method is not

directly applicable for samples containing salts. The hydrolyzed samples were analyzed with a

single quadrupole Perkin Elmer SQ 300-electrospray mass spectrometry (MS) system

(PerkinElmer, Massachusetts, USA) in the positive ion mode. The drying gas (nitrogen)

temperature was set at +175 °C and the drying gas flow rate at 8 L/min. The capillary exit voltage

was varied between 60 V and 200 V to screen the onset of cracking of the PLA oligomers. The MS

was operated in scan mode (mass range 200–1000) and dwell time was set at 0.1 ms. Briefly, the

(hydrolysis) solution was filtered through 0.45 m PTFE filter, 0.5 mL methanol was added to the

mixture (water/MeOH 2:1 v/v) and the sample injected by syringe pump into the mass

spectrometer at a flow rate of 5 L/min.
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4.6 Quartz crystal microbalance under electrochemical control (EC-QCM)

  QCM technique was applied to detect the mass changes and viscoelastic properties during

electrochemical cycling.  The QCM probe was immersed in 0.2M NaCl solution containing Ag/AgCl

reference electrode and platinum mesh counter electrode. The potential of the sample was

controlled by a potentiostat. A viscoelastic model (Bahrami-Samani et al., 2008) was used to

calculate the shear modulus and volume change of the material. The PPyHA-CNT films were

electropolymerized on the Au-coated QCM crystals with an active area of 1.37 cm2. Potentiostatic

polymerization method was used (+0.9 V vs. Ag/AgCl). The deposited PPyHA-CNT and PPyHA

films on the QCM crystals were characterized directly after the synthesis. SRS QCM200 (Stanford

Research Systems) with AT-cut 5 MHz Au-coated crystals were used. The QCM probe was

immersed in 0.2M NaCl solution containing Ag/AgCl reference electrode and platinum mesh

counter electrode. The potential of the sample was controlled by BAS CV-27 potentiostat

(Bioanalytical Sciences, West Lafayette, IN).  The raw data signals (frequency and admittance)

recorded from the QCM were converted to polymer film thickness and shear modulus using a

solver program reported in a PhD Thesis (Bahrami-Samani, 2007). The density of PPyHA film was

assumed constant (1.3 g/cm3). The solver utilizes a viscoelastic material model capable of

handling QCM data beyond the limitations of the well known Sauerbrey equation (Sauerbrey,

1959). Viscoelastic models are commonly applied for soft materials, such as polymeric hydrogels

(Bandey et al., 1999). The SRS200 is equipped with a capacitance cancellation system. The CV

signals and the raw data signals from the SRS QCM200 were recorded using Maclab 4/e DAQ

system (AD Instruments Ltd, Dunedin, New Zealand).

4.7 Two and three dimensional cell culturing platforms

  Electrical stimulation of Mesenchymal stem cells (Jha et al., 2011; Hwang et al., 2012; Kim et al.,

2009) and hASCs (McCullen et al., 2010; Hammerick et al., 2010) have recently attracted attention

due to reports of enhanced osteogenic differentiation in vitro. In tissue engineering this could bring

new perspectives for the practical protocols of cell culture; for example, in enabling a culture

condition avoiding growth factors.

  In publications 4 and 2 we have built and utilized platforms for the 2- and 3-dimensional (2D) (3D)

electrical stimulation of hACSs, respectively (Figure 7 A-C). The platform enabled cell stimulation

condition was similar to the related previous work reported in planar (2D) geometry (McCullen et

al., 2010; Hammerick et al., 2010; Kim et al., 2009; Tandon et al., 2010, 2012; Ercan and Webster,

2010) and 3D geometry utilizing dielectric substrates for cell culture (Sun et al., 2007; Hwang et al.

2012;  Bolin et al., 2009). As distinct from previous studies, our platform utilizes electrically

conductive PPy-PLA tissue engineering substrate with 3D-stimulation in multiwall plate culturing.
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  The top and the bottom electrodes were sputter-coated polyethylene-naphthalate (PEN) /Au films

(125 µm Dupont Teonex®, with 50 nm Au-coating applied by VTT, Finland). The scaffolds were

placed in custom made bottomless 24-well plates (Greiner Bio-One GmbH, Frickenhausen,

Germany). The two electrodes were in galvanic contact with the cell culture medium in each well

(Fig. 7A and 7B).  The cell impedance in DMEM was approximately 15  (see Table 2).

  The single bottom electrode covering all the 24 wells was attached to the well plate with

biomedical grade Silastic® Q7-4720 liquid silicone rubber. The top electrodes were bent strips of

PEN/Au-film, partly extending to the cell culture medium, electronically connected in parallel (Fig.

7A and 7B, indicated by number 1). The electrode surface area was approximately 1 cm2 for the

top- and approximately 1.5 cm2 for the bottom electrode in each well.

  In the 2D stimulation the bottom electrode (Figure 7B, indicated by number 2) was coated with

PPy on the areas exposed to the wells, i.e. the circular areas indicated by dashed line in Fig. 7C.

Cells were attached to and stimulated on the PPy, as indicated by the 4 in Fig. 7B.

  In the 3D stimulation the hASCs were attached to PPy-coated scaffolds (section 6.1), which were

placed under mild compression between the Au-electrodes, as indicated by number 4 in Fig. 7C.

Hence the scaffolds were in physical contact with both the top and bottom Au-electrodes.

  According to impedance spectroscopy (Table 2), the low frequency impedance of a test cell

(planar TiN) was significantly reduced by introducing scaffolds. This was also observed for the

PLA, which is a dielectric. The reason for this could not be evidenced, but it could be hypothesized

that the ionic conductivity of the electrical double layer on hydrated PLA played a role. As

anticipated, the PLA-PPy scaffold induced the most significant decrease in impedance. At 10 kHz

the properties of the DMEM started to dominate. However, at 10 kHz the PPy coated scaffold had

significantly lower impedance compared to the medium.

  ASCs were exposed to millisecond symmetric biphasic DC voltage pulses, illustrated in Figure

7D. Stimulation waveforms were generated by AFG 3010B (Tektronix Inc., Beaverton, USA) and

the stimulation signal was supplied by a laboratory voltage amplifier (VTT, Finland). The amplifier

system did not have charge compensation.
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Figure 7. Platforms for (A) 2D- and (B) 3D-electrical stimulation of hACSs. The system was utilized
in delivering biphasic pulsed DC voltage stimulation (D) for the cell, simultaneously in each well of
the 24 multiwell plate (C). Adapted from Pelto et al. (2012) Tissue Engineering A. 19:7-8: 882–892.

Table 2. Summary of impedance spectroscopic data measured in DMEM and the corresponding
constant phase element analyses. HP 4192A impedance analyser, excitation voltage sinusoidal 50
mVp-p.

Sample Z cell at 1 Hz
( )

Z cell  at 10 kHz ( ) CPE capacitance
( F)

ideality coeff.

PEN/Au/film 240000 15 2 0.97

TiN 83000 17 20 0.94

TiN/ PLA scaffold 13000 26 20 0.90

TiN/ PLA-PPy
scaffold

1700 12 14 0.83
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4.8 Cell culture

  All the cell work was done at the University of Tampere, adult stem cells group.

  For the cell study in Publication 3, the attachment and viability of thin PPyHA films on ITO were

studied using Live/Dead staining (Invitrogen) at 3 h time points. The viable cells (green

fluorescence) and dead cells (red fluorescence) were examined using a fluorescence microscope.

Five representative optical images of the cells were analysed to measure the surface area of the

individual cells using i-Solution Lite image acquisition and measuring software (IMT i-Solutions

Inc.).

  In Publication 4 the differences between various HA and CS dopants were examined, in

combination with 2D electrical stimulation. For the testing, the PPy films were grown on Au-

substrates (see section 3.1 for details). In Publication 2, we reported the viability and early

osteogenic differentiation of hASCs in 3D cultures of electrically stimulated PPyCS coated with

PLA nonwoven scaffolds. In both studies, the cell attachment and viability were assessed by

live/dead staining (Molecular Probes, Eugene, USA).

  Cell proliferation was studied with CyQuant Cell Proliferation Assay Kit (Molecular Probes).

Osteogenic differentiation was assessed by alkaline phosphatase (ALP) activity, which was

determined using an ALP Kit (Sigma-Aldrich).

4.9 Pre-clinical study

  For the pre-clinical study reported in Publication 5, the biocompatibility and osteogenic induction

of PPyCS coated bioabsorbable polymer composite bone fixation screws (ActivaScrew™ TCP,

Bioretec, Tampere, Finland) were implanted into New Zealand white rabbits for a duration of 26

weeks. Uncoated bioabsorbable polymer composite screws and commercially available stainless

steel cortical screws were inplanted as references.

  The systemic effects were evaluated from food and water consumption, body weight, body

temperature, clinical signs, blood samples, internal organs weights, and histological examination.

Local effects were studied from bone tissue and surrounding soft tissue histology. New bone

formation was evaluated by micro-computed tomography (µ-CT), torsion test and tetracycline

labelling. Hard tissue histology was conducted from the tetracycline-labelled samples. After

examining the tetracycline fluorescence lines of the slices, toluidine blue (ZiYi Chemical Ltd,

Shanghai, China) was added on the slices for 15 min.
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5. Results

5.1 Surface properties of PPyHA and PPyCS

Surface roughness. Figure 8 depicts contact AFM images of PPyHA (A) and PPyCS (B) and

individual scan line profiles (below the AFM images, marked red and green) acquired in PBS (P4,

2014). The surface topographies are similar to the PPys reported earlier for electropolymerized

films (Armes et al, 1999b, Barisci et al., 2000; Gelmi et al., 2010; Silk et al., 1998a, 1998b;

Mabrouk, 2005; P3, 2013). Both PPyHA and PPyCS surfaces present approximately 100 nm high

protruded islands breaking the otherwise uniform (Rq 25nm) surface nanotopography. The surface

roughness and the film thickness of the PPyHA were in the same range as for the films studied

inPublication 3 (Table 1).

Figure 8. Contact AFM image of (A) PPyHA and (B) PPyCS surfaces in PBS. The individual scan
line profiles are presented.  Both surfaces have the same surface roughness (Rq=25 nm).

   Surface Charge in air. Figure 9 presents the KFPM height and surface potential images of the

as-grown (A and B) and the +200 mV vs. Ag/AgCl electrochemically charged (C and D) PPyHA

films.

KFPM topography images (left) and surface potential maps (right) of uncharged (+0 mV) (A and

B) and charged (+200 mV) (C and D) PPy-HA are presented inFigure 9. The surface roughness

values of the uncharged and charged films were 8.9 nm and 9.4 nm, respectively, indicating that

the surface roughness was not significantly affected by the electrochemical charging. The surface

potential images in figures 9B and 9D display average variations of 4.38 mV RMS and 2.91 mV

RMS for the uncharged and charged films, respectively. The surface potential image of the

uncharged (+0 mV) film showed phase separation in surface potential. More negative potentials
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(darker regions in Fig. 9B) correlated with the nodule structures, while areas of more positive

surface potential correlated with the peripheries of the nodules (brighter regions in Fig. 3B). In

contrast, the surface potential of the charged films showed a more uniform distribution of the

surface potential with no clear correlation with the topography (Fig. 9D). Previous observations in

the surface potential (Barisci et al., 2000; Semenikin et al., 1996), conduction current (Gelmi et al.,

2013) and AFM phase signals (Gelmi et al., 2010), showing that the application of a positive

electrochemical potential largely removes this phase separation, are in accordance with the

observations. Previous studies and our study support the presence of more crystalline, heavily

doped and electrically conductive parts of the PPyHA in the nodules, similar to organized and rigid

PPys, such as PPyTS (Gelmi et al., 2010).

Figure 9. Kelvin force probe microscopy. (A and B) Corresponding height (8.9 nm RMS) and
surface potential images (4.38 mV RMS) for the uncharged PPy-HA film. (C and D) For the same
film, corresponding height (9.4 nm RMS) and surface potential images (2.91 mV RMS) after
charging (+200 mV). Reprinted with permission from Pelto et al., Langmuir 29:20: 6099 – 6108.
Copyright (2013) American Chemical Society.

Surface charge in fluid. Force maps for the uncharged and charged samples with no potential

bias applied to the tip and obtained in 5 mM NaCl are shown in Figures 10A-D and 11A-D,

respectively. For the uncharged sample, the topography image gave an RMS (average) surface
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roughness of 23.7 nm (surface area, 1.23 µm2) (Fig. 10A). Each pixel in the topography image

represents a single force curve, which correlates with a specific x-y position on the film. The inset

in Figure 10B shows two force curves taken on a nodule structure (position 1) and the periphery of

the nodules (position 2) from the marked region (red square) in the topography image. These force

curves were recorded with unbiased tip (tip potential 0 mV). Neither of the curves exhibited

adhesion, but the slope of their contact regions differed (Figure 10B). The slope of the contact

region in the force curves for the nodule structure (solid line) was steeper compared to the nodule

periphery (dashed line), indicating that former had a higher stiffness. Figure 10C of the adhesion

map, which is also overlaid on a 3-dimensional topography image in Figure 10D, showed low

adhesion (RMS average, 45 pN) between the tip and polymer and no correlation with the surface

topography.

In comparison, the charged sample showed the same morphology and similar RMS (average)

roughness of 29.2 nm (surface area, 1.28µm2) (Fig. 11A), indicating that the charging of the film

did not have a significant effect in the surface topography. Individual force curves on the nodules

(position 1, inset from the marked region in Fig. 11A) showed no adhesion (Fig. 11B, solid curve),

but in this case adhesion was observed at the nodule periphery. This was clearly observed in the

adhesion maps (Fig. 11C) and adhesion overlay with the topography (Fig. 11D), which showed

significantly greater adhesion (RMS 634 pN) that strongly correlated with regions of only the

nodule peripheries.

Figure 10. Uncharged Film – (A) Height image (23.7 nm RMS) obtained from the force map. (B)
Representative curves taken from the different regions (inset) of the film. Curves 1 and 2 are taken
from nodules and peripheries, respectively. (C) Adhesion map. (D) 3-D image of adhesion map
overlaid on topography. (A-D) Tip potential 0 mV. (E) Representative approach curves and the
retracting curves on the nodules. (F) The approach curves and the retraction curves on the
peripheries of the nodules. Tip potential -200 mV in 0.005M NaCl (aq) electrolyte. (E and F) Tip
potential -200 mV. Reprinted with permission from Pelto et al., Langmuir 29:20: 6099 – 6108.
Copyright (2013) American Chemical Society.
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Figure 11. Charged Film – (A) Height image (29.2 nm RMS) obtained from the force map. (B)
Representative curves taken from the different regions (inset) of the film. Curves 1 and 2 are taken
from nodules and peripheries, respectively. (C) Adhesion map. (D) 3-D image of adhesion map
overlaid on topography. (A-D) Tip potential 0 mV. (E) Representative approach curves and the
retracting curves on the nodules. (F) The approach curves and the retraction curves on the
peripheries of the nodules. Tip potential -200 mV in 0.005M NaCl (aq) electrolyte. (E and F) Tip
potential -200 mV. Reprinted with permission from Pelto et al., Langmuir 29:20: 6099 – 6108.
Copyright (2013) American Chemical Society.

Compared to the previous force maps recorded with a non-biased tip, an applied bias to the tip

enabled further insight into the interaction forces, particularly electrostatic repulsion and adhesion.

Figure 10E and 10F  and 11E and 11F present in total 20 representative force curves for the

uncharged (0 mV) and charged (+200 mV) PPy-HA surfaces, respectively, obtained from force

maps taken in 5 mM NaCl with a bias of -200 mV applied to the AFM tip. A low concentration of

salt was applied in order to be able to project the electrostatic interactions to long distances (the

calculated Debye double layer thickness 4.3 nm) where they can be distinguished from shorter

range hydration and steric forces.

Force curves were selected either from the nodules (Figure 10E and 11E) or from the

peripheries of the nodules (Figure 10F and 10F). For the uncharged surfaces, a repulsive

interaction upon approach and no adhesion were observed on the nodules, whereas, in contrast,

an increased ‘snap-in’ or small-range attractive force upon approach and adhesion of  350 pN

RMS were observed in the peripheries. The observed repulsive interactions for both the nodules

and their peripheries are due to electrostatic forces. We suggest that the small range attractive

forces occurring only on the peripheries contribute to the observed adhesion (Fig. 10F and 11F).

When the film was charged (+200 mV), small-range attractive forces upon approach and increased

adhesion appeared on the nodules (Fig. 11E) and remained on the nodule peripheries. The
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appearance of small-range attractive forces on the nodule areas again correlates with adhesion at

these locations. Furthermore, the effect of charging on the surface potential in the KFPM images

and above surface forces is clearly more pronounced at the nodule regions. Occasionally, multiple,

small-range attractive forces were observed on the charged films, indicating that some of these

interactions were attributable to the tip penetrating the sample surface. Indeed, the observed low

elastic modulus of these films makes them susceptible to penetration by the AFM tip, which may

contribute to the adhesion. The presence of these multiple ‘snap-ins’, however, makes the analysis

somewhat more difficult due to the fact that small-range attractive forces also arise due to the

break-up of the double layer repulsion and subsequent effect of the attractive (van der Waals)

force experienced by the tip in the proximity of the surface. The presence of increased attractive

forces and decreased electrostatic repulsion on the nodules of charged surfaces compared to

uncharged ones can additionally result in increased adhesion. It is therefore possible to elucidate

the fundamental surface forces that play a role in the nanoscale and molecular interactions at

these polymer surfaces in liquid.

Surface potential. The linear DLVO model comprising a single exponential function fitted

reasonably well to the data (non-weighted 2, R>0.96) using the two parameter (surface potential

and Debye length) model, and the fitted curves were consistent with the theoretical Debye length

of the 0.005M NaCl(aq) electrolyte (4.3 nm). Long range repulsion forces of the order of 10-100 pN

were present in all analysed curves and were attributable to double layer electrostatics of a slightly

negatively charged surface and negatively charged AFM tip (-200 mV). For example, the quantified

surface potential was in the range of -5 mV to – 50 mV for the films. Initial qualitative observations

showed that the repulsive forces were weaker for the charged films compared to the uncharged

ones, as expected due to the application of a positive bias (+200 mV) to these surfaces and

quantitatively supported by the data fitting to the force curves. From the DLVO fitting, it was

confirmed that the nodules of the charged film were significantly more positive than the nodules of

the uncharged film (p < 0.001 at significance level of 0.05) but there was no significant difference in

the estimated surface potentials of the peripheries of the uncharged and charged films (p = 0.11 at

significance level of 0.05). When comparing differences across the polymer surfaces, the

estimated surface potential of the nodules was slightly but not significantly more positive than that

of the peripheries of the uncharged surfaces (p = 0.086 at significance level of 0.05). In contrast,

the estimated surface potential of the nodules was significantly higher than that of the peripheries

(p < 0.001 at significance level of 0.05) for the charged films.

It is noted that the nonlinear DLVO model (eq.2), which is more appropriate for higher surface

potentials (> ±50 mV), did not fit the data as well as the linear model and hence showed larger

error in the calculated surface potential values. The obvious drawback in applying the nonlinear

model was the difficulty in setting the zero-distance to the experimental data (section 7.2). Fitting
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the data to the nonlinear DLVO model systematically predicted 10 - 25 mV more negative surface

potential, both on the nodules and on the peripheries. Nonetheless, the general trends were

identical to the linear model.

  Surface elasticity. Figure 12 depicts the AFM surface elasticity mapping of different charged

PPyHA films. Asylum MPF-3D AFM system in force volume mode was applied. The elastic

modulus in 64x64 pixels was overlayed on the topographic image. Calibration of the AFM probe

(gold coated silicon nitride tip, OBL Olympus Corp, Tokyo Japan) was done utilizing the Sader

method (Sader et al., 1999).

  Using this setup, we examined simultaneously the effects of the charged state of PPyHA on

elastic moduli, roughness, tip adhesion and correlated the AFM data with a cell attachment study

(section 5.4). For the AFM experiments, the charged and uncharged samples were identically

prepared, with the charged samples being subjected to the application of +200 mV versus Ag/AgCl

(0.005 M NaCl) in the AFM electrochemical cell shortly before the AFM scan. Elastic modulus was

derived by fitting F-D data into the Hertz contact model. The surface roughness of the films was

23.7 nm and 29.2 nm (RMS) and the elastic moduli 2.3 MPa and 5.3 MPa (RMS) for the uncharged

and charged films, respectively. Thus, the surface roughness was not changed significantly by

applying the charging potential. However, the charged sample had higher elastic modulus, the

difference being clearly noticeable but not dramatic. The elastic moduli estimated from the AFM

analysis were low compared to previously reported values for conductive polymers (30-1000 MPa)

(Gelmi et al., 2010).

Figure 12. Surface elasticity mapping overlayed on surface topography. (A) As synthesized (B)
Electrochemically charged PPyHA films on ITO.  The surface roughness of the films was 23.7 nm
and 29.2 nm (RMS) and the elastic moduli 2.3 MPa and 5.3 MPa (RMS) for (A) and (B),
respectively. Reprinted with permission from Pelto et al., Langmuir 29:20: 6099 – 6108. Copyright
(2013) American Chemical Society.
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   The shear modulus of PPyHA-CNT films, derived from QCM data, was reported in Publication 1.

The observed frequency shift occurring during the redox cycle was approximately 60 Hz and the

corresponding change in the admittance signal was 4 . From these figures we calculated the

shear modulus (G) of the film that was estimated to be in the order of 100 kPa (elastic modulus

250 kPa), which is higher than that of a typical hydrogel but lower than that of highly organised

conducting polymers. Given the substantial differences between the materials and test conditions

in publications 1 and 3, the low modulus derived by QCM is in qualitative agreement with the

values derived by AFM for the PPyHA.

Figure 13. Electrochemical quartz crystal microbalance data for electropolymerized PPyHA-CNT
film on Au coated QCM crystal. A viscoelastic model was used to calculate the shear modulus.
Reprinted with permission from Pelto et al., Journal of Biomedical Materials Research Part A 93:
3:1056–1067. Copyright (2010) John Wiley and Sons.

5.2 Stability of biopolymer doped PPys

  DC conductivity of the gamma sterilized samples. the conductivity of the chemically

polymerized and sterilized PPyHA and PPyCS scaffolds and the electro-polymerized PPy films

with gamma radiation doses 2.0-2.5 105 Gy (P1-P5) are in agreement with the earlier results of

Wolszczak et al. (1995). The radiation induced loss in the conductivity was 40-50%, which is in the

same range with the loss observed during long term storage in air atmosphere. However, it is

noteworthy that the reported loss in conductivity is sensititive to the radiation dose and dose rate

(Wolszczak et al., 1995; Ercan et al., 1995), which should be carefully controlled.

   De-doping and hydrolysis of PPyCS coated PLA fiber scaffold. Figure 14E shows the DC-

resistance of PPyCS coated PLA nonwoven scaffolds (10-15 µm filament diameter) after ISO-

15814:1999(E) standard hydrolysis test and water rinsing in each time point (1d, 2d, 7d).

Conductivity has been measured from taking 20 individual PLA-PPyCS fibers into a bundle,



52

making electrical contact by copper electrodes and using a multimeter in 2-electrode setup for the

measurement. The measurements were done on rinsed and air-dried samples.

  SEM images of the sample at day 0 are shown in Figure 14A-D. The average layer thickness of

PPyCS was roughly 2-3 microns (inset image in 14D). The PPyCS sample was not coated with the

typically applied sputter coated Au for the SEM imaging. The PLA sample has been coated by 50

nm Au because of the heavy electric charging of insulating PLA under the SEM. The uncoated melt

spun PLA fibers have a nanoscopically very smooth (Rq<30 nm by AFM) and hydrophobic surface.

PPyCS coating renders the surface superhydrophilicity and nanoscopic roughness (Rq>100 nm).

The PPyCS coated samples were intensely greenish-black-colored and the PPy coating had initial

electrical conductivity of estimated 50 S/m. In this test the measured DC conductivity of the PLA-

PPyCS nonwoven decreased almost two decades during the first 24 hours of the hydrolysis test

(Figure 14E). However, as it turned out, 5-10% the original conductivity was reversible by re-

doping with diluted HCl. Hence, the loss of conductivity was partly explained by de-doping in the

standard test (pH 7.4).

Figure 14. (A and B) SEM images of PLA fibers without sputtered gold layer. (C and D) PLA-
PPyCS scaffold with 20 nm gold coating. At 3 kV acceleration voltage, the PPy-coated PLA
scaffold could be readily imaged, but the electrically insulating PLA scaffold could not be imaged
without a thin coating layer (typically gold or carbon) due to heavy electrostatic charging. Adapted
from Pelto et al. (2012) Tissue Engineering A 19:7-8:882–892.

   Figure 15 presents SEM and non-contact AFM images of the 40-50 µm thick PLA-PPyCS fibers

after 0 d, 10 d and 20 d hydrolysis in the standard hydrolysis test. Significant cracking of the PPy

coating has occurred already at day 3. The severity of the cracking is constantly increasing during

the hydrolysis test. It has most probably occurred during the handling of the specimen, and

associated with the loss of mechanical properties and/or the compromised adhesion of the PPy
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layer during the incubation. At day 0 the PPy layer was very firmly adhered to the fiber. At days 6

and 10 the PPyCS layer still had morphology similar to the sample at the start of the test. However,

the morphology has changed significantly by day 20.  The conductivity of the sample has

decreased significantly at day 20, which is evidenced by the electrostatic charging of the sample

under SEM. The AFM analyses show that the surface roughness has also dropped significantly,

from 120 nm (Ra) at day 0 to 30 nm (Ra) at day 20.

   However, at day 20 the mechanical properties of the PPyCS fiber were at their original level

(Hiltunen and Pelto, 2009). Hence, the changes observed by SEM are confined to the surface

layer. The initial wetting and hydrolysis of the PLA fiber may partly explain the cracking of the

PPyCS coating. The smoothening of the PPyCS is largely attributable to the changes in the highest

PPy-nodules, indicated in yellow in the AFM images in Figure 15. Some dark colored PPy-particles

were detected from the incubation medium during the test. However, the amounts were not

significant enough to fully explain the smoothening of the fiber surface.  Hence, the presumable

origin of the changes is related to the re-organization and dimensional changes of PPyCS nodules

during the hydrolysis test.

Figure 15. SEM and AFM images and surface roughness of the PLA-PPyCS fiber during the 20
day hydrolysis test. The scales of the AFM images are varied for clarity: 500 nm, 400 nm and 100
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nm for the samples at 0 d, 10 d and 20 d, respectively. Adapted from Pelto et al. (2012) Tissue
Engineering A 19:7-8:882–892.

   The mass spectra of the PLA and PLA-PPyCS sample in the m/z ratio in the range 200-700 are

shown in Figure 16. Based on the layer thickness in Figure 14D, the PLA-PPyCS sample

contained an estimated 10 wt-% of the PPyCS. The spectra for the PLA are remarkably similar.

Hence, the water hydrolysis of the PLA is largely unaffected by the PPyCS coating. The spectra

contain peaks of PLA oligomers (2-7 mers), the highest peak representing the pentamer, and the

corresponding Na- peaks (Andersson et al., 2010). No significant peaks associated with potential

PPy or CS degradation products such as oxidized pyrrole oligomers or oligosaccharides were

found in the studied m/z range. Degradation products with m/z <200 were not assessed. However,

UV/VIS spectra of the hydrolysis test solutions did not indicate the presence of low molecular

weight aromatic compounds (such as pyrrole, pyrrole di- or trimers, maleimide, succiimide etc.) in

the water hydrolysed samples. Our data suggests that the PPy chain is at least not depolymerized

or fragmented in the water hydrolysis test. More data would be required to show the stability of the

PPy chain in a more complex hydrolysis test, during in vitro culturing in the presence of bioactive

components, not to mention conditions in vivo.

Figure 16. Mass spectra of the PLA and PLA-PPyCS hydrolysis sample. Adapted from Pelto et al.
(2012) Tissue Engineering A 19:7-8:882–892.
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   De-doping of electropolymerized PPyHA films studied in Publication 3 was assessed by

Raman spectroscopy. Figure 17 presents the Raman spectra and the peak assignment of the

PPyHA samples categorized into groups (I-IV, Table 2), according to pre-incubation and charging

conditions. The spectra hve been normalized by the peak at 933 cm-1.  The oxidation (doping)

state of the PPy chain can be assessed by examining the intensities of the peaks associated with

the polaron lattice, e.g. the peaks at 933 cm-1 (1), 988 cm-1 (2), 1050 cm-1 (3) and the position of the

C=C stretching peak at 1605 cm-1 (10) (Santos et al., 2007).

  All spectra are typical of doped PPy (Santos et al., 2007; P1, 2010). The spectral changes

observed for the samples are similar the changes observed in situ during electrochemical cycling.

Hence, they are due to the de-doping on the PPy chain.  Groups III and IV (electrochemically

charged during the pre-treatment/pre-incubation) show largely similar spectra, where the relative

intensitities of the polaron peaks have not changed significantly. In contrast, the samples

fromgroups I and II (no charging) have significantly different spectral features compared to groups

III and IV, such as characteristic changes in the intensity of the peak at 988 cm-1(2)  and the

change in position of the 1605 cm-1(10) peak. These changes are attributable to the reduction of

the PPy chain, i.e. the gradual change of the bipolaron (PPy2+) - to polaron (PPy+), and to the

neutral PPy0 chain (Santos et al., 2007). Hence, the highly conductive bipolaron lattice can be

stabilized in PBS (pH 7.4) by applying +200 mV external potential. The pre-incubation period has

also contributed to the de-doping, as evidenced by the relative spectral changes in the intensities

at peaks no. 1 versus 2 and no. 8 and 9 versus no. 10.

Figure 17. Raman spectra and peak assignment of PPyHA films. Pre-incubation and charging
during incubation can be associated with spectral changes related to de-doping.
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Hydrolysis of CS in acidic polymerization medium – The viscometric studies conducted in our

laboratory suggested that CS (CS-A from shark skin) was significantly affected by acid hydrolysis

in an oxidative (0.1 M APS) environment mimicking the pyrrole polymerization conditions. Briefly,

APS oxidant was activated by introducing isopropyl alcohol as an oxidizable reagent into solution

containing 2-5 mg/ml CS in PBS. The pH of the CS solution was decreasing steadily within a few

hours by the liberation of sulphuric acid. The corresponding decrease in the specific viscosity was

from 0.4 to 0.2 dl/g. Omiting the dependence on the CS conformation on the pH and ionic strength

of the buffered solution, this corresponds to a significant decrease in the molecular mass of the

CS. (Pelto and Hiltunen, 2011).

5.3 Electro-mechanical actuation in nanometer scale

   In Publication 1 we have addressed the nanoscopic bulk expansion of sub-micron thick PPyHA in

physiological electrolytes. Although the biological functionality of PPyHA has been reported, the

electroactivity of this material has been doubtful. For example, the electrical DC electrical

conductivity was at least 1-2 orders of magnitude lower than PPyDBS (Collier et al., 2000; P3,

2013) with hydrogel like elastic properties far from the organized and densely packed PPys (P1,

2010). In order to enhance the conductivity and to increase the mechanical strength and elastic

modulus, we have incorporated CNTs into the material (PPyHA-CNT).

    Figure 18 shows the AFM scanning over PPyHA (A) (Qpol = 40 mC/cm2) and PPyHA-CNT (Fig.

18D) (40 mC/cm2) grown on an interdigitated array of Au on silicon. The thicknesses of the PPyHA

and PPyHA-CNT films were 220 nm and 450 nm respectively, reflecting also the different growth

rates utilizing these “weak electrolyte” dopants. The HA and HA-CNT doped samples were grown

onto a PPyDBS bridging layer (20 mC/cm2), having a thickness of 150 nm, as confirmed by AFM

scanning. The Au electrodes have 3 µm line width (indicated by dashed white lines) and height of

150 nm. Due to field enhancement on the edges of the Au-eletrodes, the PPy tends to grow also

laterally outside the electrode area (Figure 18A and 18D). After acquiring the topography images

(18A and 18D), the slow scan axis (Y) was turned off and the potential of the Au electroding cycled

by potentiostat (Veeco Multimode AFM built-in system) between -0.9 V and +0.1 V vs. Ag/AgCl

(scan rate 50 mV/s). Hence, the AFM was set scanning along a single line (indicated by the red

line in A). The height of a single point was measured from the image showing the scanned line

profile during electrochemical cycling (inset image in 18A). The height and the CV of 6 successive

electrochemical cycles are shown for PPyHA (18B and 18C) and for PPyHA-CNT (18E and 18F),

respectively. The dotted lines in the CVs (C and F) are the CV of the PPyDBS bridging layer.
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Figure 18. Bulk expansion of PPyHA (220 nm) and PPyHA-CNT (450 nm) films, grown on
PPyDBS bridging layer (150 nm) probed by AFM scanning during electrochemical cycling. The
multilayer materials exhibited reversible 100 nm actuation. Adapted with permission from Pelto et
al., Journal of Biomedical Materials Research Part A 93:3:1056–1067. Copyright (2010) John Wiley
and Sons.

  Bulk expansion and the redox activity of the PPyHA and PPyHA-CNT films are clearly presented

by the data. The CV show stability after the first cycle, which shows an extremely large reduction

peak. The anticipated oxidation and reduction peaks of PPyHA are at -0.3 V and -0.4 V (vs.

Ag/AgCl) (P1). The second reduction peaks at -0.65 V to -0.7 V (vs. Ag/AgCl) are presumably not

attibutable to the PPyHA but are related to the electrochemistry of the metal substrate or the

PPyDBS.

  The multilayer materials show reversible 100 nm actuation. Although not shown directly here, the

actuation is presumably partly due to the PPyHA and PPyHA-CNT. The estimated reversible

actuations of the multilayer films are 22% and 19% for the PPyHA and PPyHA-CNT, respectively.

These are lower values than measured for the 150 nm PPyDBS films of this study showing 80 nm

actuation (27%), and in the preceeding studies (Smela and Gadegaard, 2001), but they are clearly

in a relevant range to be applied in electromechanical stimulation devices.
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5.4 Cell attachment and viability

Early cell attachment on charged PPyHA was reported for the samples investigated in

Publication 3. The spreading of hASCs on non-preincubated (19A and 19B), pre-incubated (19C

and 19D) and either charged (19B and 19D) or uncharged (19A and 19C) PPyHA surfaces are

presented in the representative optical images (Fig. 19 A-D, top left panel). The majority of hASCs

were uniformly adhered at the 3 hour time point on the surfaces of the charged samples. However,

hASCs seeded on non-charged PPy-HA surfaces were unevenly spread and many cells were

incompletely attached.

The combined effect of pre-incubation and charging resulted in a 215% increase of the hASC

surface area compared to non-pre-incubated and non-charged control (Fig. 19E). The viability of

the hASCs was not significantly affected by charging or the pre-incubation of the PPy surfaces, as

indicated by live/dead images (Fig 1A-D, bottom left panel).

The main result from these observations is that the charged surfaces, even those not exposed to

serum proteins for longer incubation times in cell culture medium, promoted cell adhesion more

than the uncharged samples treated under the same conditions. Hence, the application of a

positive bias of +200 mV was beneficial in promoting cell adhesion. A possible reason has been

either increased adsorption of serum proteins (e.g. fibronectin, vitronectin) during pre-incubation,

and/or immediately upon cell seeding and settling over 3 hrs, or direct electrostatic interactions

with the cell membrane. The effect of pre-incubation on cell attachment was not as clear as the

effect of charging, although pre-incubation seemed also to facilitate cell adhesion to the polymer.
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Figure 19. Left: Spreading of hASCs on non-preincubated (A and B), pre-incubated (C and D),
and either charged (B and D) and uncharged (A and C) PPyHA surface at 3h. Scale bars 100 µm.
Left/Bottom: corresponding live/dead images, scale bar 500 µm. Right: (E) Average surface area
of the hASCs at 3h, measured from 5 representative optical microscope images.  Reprinted with
permission from Pelto et al., Langmuir 29:20:6099–6108. Copyright (2013) American Chemical
Society.

   Human ASC 2D culture on PPyHA and PPyCS. In Publication 4 the osteogenic induction of HA

and CS dopants was evaluated for hASCs 2D cultures. This was a study preliminary to the 3D cell

culturing (Publication 2) and the pre-clinical study (Publication 5). Human ASCs formed a

homogenous cell monolayer on PPyCS surfaces (Figure 20 A-D), whereas, in contrast, on PPyHA

the cells clustered into small spheroid structures and had poor attachment on the surface (Figure

20 E-H).  On days 7 and 14, PPyCS supported hASC proliferation significantly more compared to

PPyHA and the polystyrene (PS) tissue culture plate (TCP) (Figure 20 I and J). Moreover, PPyCS

as well as biphasic electrical current stimulation (BEC) seemed to trigger mineralization of the

matrix (data presented in P4), though a large variation of data for the ASCs derived from different

patients was evident.

E
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Figure 20. Live/dead images from ASCs on PPyCS (A-D), PPyHA (E-H) polymerized on Au/PET
film. BEC stimulation was applied on the samples A, B, G and H. PS tissue culture plate was used
as a positive control (I-J).  Scale bar 500 µm. Reprinted with permission from Björninen et al.,
Annals of Biomedical Engineering 42:9:1889–1900. Copyright (2014) Springer.

   Human ASC 3D culture on PPyCS coated PLA nonwoven scaffold. Live/dead images in

Figure 21A show that the majority of hASCs were viable and spread homogenously in both PLA

and PLA-PPyCS scaffolds with and without electrical stimulation (ES) on day 14. By qualitative

estimation, the number of hASCs was higher in PLA-PPyCS scaffolds than in plain PLA scaffolds

at all timepoints. The ES did not seem to have an effect on cell viability or cell number (Figure

21B).

   ALP activity of hASCs was higher in the stimulated PLA-PPyCS scaffolds than in the PLA

scaffolds at 7 and 14 days (Figure 21C).  However, due to the large variation between the donors,

no significant differences in the ALP activities were found between groups.
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Figure 21. (A) Live/Dead images of PLA and PPyCS-PLA scaffolds with and without electrical
stimulation. Scale bar 500 µm, (B) relative DNA amount and (C) relative ALP activity. Statistical
significance (p < 0.05) between PLA and PPyCS-PLA groups at different time points is indicated by
. The confidence bounds (p) for statistical significance between time points are indicated by “ “ -

marking. Adapted from Pelto et al. (2012) Tissue Engineering A 19:7-8:882–892.
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5.5 Tissue reactions

   Figure 22 presents the hard tissue histology samples labelled by toluidine blue (the samples from

the tetracycline labelling) in week 12. The uncoated screws and the PPyCS coated samples are

depicted in A and B, respectively. New bone (NB) formation is indicated by the red arrows. Based

on fluorescence from the tetracycline labelling, a significantly higher number of osteoblasts and

chondroblast were present on the PPyCS coated surface. Moreover, enhanced mineralization was

indicated by micro-CT imaging (reported in Publication 5).

   The PPyCS coating is indicated by the black arrows in B’. According to Figure 22 (at week 12),

the PPyCS is appearing as diffuse black band, suggesting disintegration and erosion. In week 26,

only traces of PPyCS were found in the hard tissue histology. The cracking and erosion of the

PPyCS coating was associated with the degradation of the PLGA-TCP screw. However,

macrophages or other cells indicating inflammation were not found in the histology. Hence, the

PPy elimination was taking place with some other mechanism, presumably by erosion as small

nanoscopic particles, as suggested in previous implantation studies (Wang Z et al., 2007; Shi, et

al., 2004).

Figure 22. Toluidine blue staining 12 weeks after implantation for hard tissue samples. (a)
Uncoated screw (scale bar 500 m). (a’) Magnification of the interface between the uncoated
screw and bone revealed a thin detectable new bone (NB) band (scale bar 100 m). (b) Coated
screws (scale bar 500 m). (b’) Magnification of the interface between the coated screw and bone
(scale bar 100 m). NB was clearly detectable as indicated by a thick band on the surface. PPy
coating appears as a black band. (MC: marrow cavity, M: PLGA and -TCP, T: pure -TCP).
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6. Discussion

6.1 Electroactivity and the surface properties of biocompatible PPyHA and PPyHA-
CNT electropolymerized films

   In Publication 1 the electronic-, viscoelastic- and nanoscopic actuator properties of biopolymer

HA doped PPys with and without oxidized multi-walled carbon nanotube co-dopant additive

(PPyHA and PPyHA-CNT) materials were studied. Furthermore, cell attachment and viability were

assessed. Bulk expansion of 22% and 19% and reversible redox activity were observed in both

submicron thick PPyHA films and PPyHA-CNT films grown on Au, respectively. However, the

reversible swelling, which was attributable to cation ingress during the electrochemical reduction at

-0.45 V (vs. Ag/AgCl),  was critically dependent on the adhesion of the film, which could be

augmented by applying a hydrophilic PPyDBS bridging layer between the Au substrate and the

PPyHA or the PPyHA-CNT film. The level of bulk expansion is significant but slightly lower than

reported earlier for PPyDBS/Au films (Smela, 1999; Jager et al., 1999), but clearly applicable in

electromechanical nanoactuators. The materials were superhydrophilic, with water contact angles

lower than 10 degrees. Furthermore, owing to the hydrogel like properties of the HA dopant, the

materials are very soft, with a shear modulus of about 100 kPa. The shear modulus of the PPyHA

generated by electropolymerization was significantly lower than previously reported for PPy films

(Gelmi et al., 2010). The discrepancy can be explained by the synthesis conditions, e.g. by the

deposition potential and the properties of the high molecular weight HA dopants, which may also

be reflected in the differences in the cell attachment observed in Publications 1 and 4.

   CNTs render the surface of the otherwise very smooth PPyHA (Ra 8-9 nm) polymer significantly

rougher (Ra 80-85 nm). AFM images clearly show that the bundle-like morphology of CNTs is

manifested in the PPyHA-CNT. The CNTs are throughout covered by a uniform layer of electrically

active PPyHA polymer. The electroactivity and doping of the PPy chain is evidenced by the Raman

spectra of the composite (Publication 1) and the PPyHA (Figure 17). The important role of the

CNTs is in enhancing the electrical conductivity of the PPyHA, particularly in the reduced state.

The possible toxicity of the CNTs in long term implantable devices may be debated, but clearly

they offer an efficient way of engineering the conductivity and the electroactivity of the PPyHA in

electrode coatings, as later demonstrated in molecularly imprinted biosensors (Xing, et al., 2012).

   During the 8 days cell culture with the PPyHA-CNT films on titanium substrate, as reported in

Publication 1, hASCs showed equal or better viability and proliferation compared to the reference

PLA. Hence, no indications of acute toxicity were found. This result clearly showed that the HA and

multi-walled and oxidized CNT co-dopants hold potential in PPy electrode coating. The cell

attachment was significantly better than reported for the electropolymerized PPyHA films in

Publication 4. The observed differences cannot be explanained by the single characterized
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physical property of the PPyHA-CNT material of the cell culture conditions, but they are likely due

to multiple factors related to the properties of the HA dopant.

   Although it was not demonstrated in this thesis, a micropatterned and possibly interdigitated

array of PPyHA, with or without the CNT co-dopant, could be utilized as a cell culture substrate

offering a unique 2D platform for cell culture capable of microelectromechanical stimulation within

approximately one volt potential window, for delivery of stimulation current, redox activated drug

delivery, cell sorting, and offering cell-biosensor interphase, for example.

6.2 Hydrolytic stability of PPyCS in hASC in vitro

   In Publication 2 the hydrolytic stability of PLA nonwoven scaffolds coated with chemically

polymerized micrometer thick PPyCS coating was studied with a standard hydrolysis test. The

physical changes of the coating were imaged by SEM and AFM and the de-doping assessed by

DC conductivity of the hydrolysed samples. The appearance of the PPyCS coating reflected the

surface texture of the PLA fibers, which indicates that the PPyCS had very good adhesion and was

partly anchored to the PLA by a surface confined (in situ) polymerization. The larger PPyCS

particles observed on the surface gradually disappeared on hydrolysis. This was due to the

reorganization of the dopants in the PPy layer, swelling of the PLA fiber surface, or the erosion of

the PPyCS particles. Indeed, the de-doping of the PPyCS was evident by decreased DC

conductivity, observed already during the first days of incubation. Some evidence of chloride

insertion into PPyHA was reported in the supporting information of Publication 3. Hence, it could be

hypothesized that the observed changes in the PPyCS might be due to the hydrolysis and leaching

of the CS dopant, associated with partial ion exchange to chloride ions. In general, the mechanical

integrity of the substrate has a crucial role in macroscopic degradation, such as erosion or

detachment of the coating. However, this was not the dominant factor in explaining the degradation

of the PPyCS coating or the changes in its surface properties during the short hydrolysis study

conducted, as the macroscopic tensile properties of the PLA fibers were not significantly changed

during 20 days of incubation.

   The coating process was based on a simple interfacial polymerization scheme, avoiding multiple

and complex process steps, chemical crosslinking or potentially toxic click-chemistry, which is

typically applied in biological activation treatments. Due to the one-pot synthetic method, it is

arguable how much of the CS dopants were incorporated into the PPy, and whether the bioactivity

of the CS (or HA) was affected by the syntheses. An earlier study by Collier et al. (2000) on

electropolymerized PPyHA addressed the issue and demonstrated that the HA-binding protein was

actively functioning on the PPyHA for several days during the incubation. Hydrolysis was evident,

but the hydrophilic and cell binding property was maintained in the electropolymerized film. Hence,

it could be anticipated that the HA and CS dopants remain bioactive, although partly hydrolysed.
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This is the likely the case in the electropolymerized PPyHA and PPyCS films of Publications 1,3

and 4, and also presumed for the chemically polymerized films of publications 2 and 5 utilizing CS

and HA dopants and chemical oxidant (APS).

    The degradation products of PLA-PPyCS arising in pure water were analysed by ESI-MS. The

hydrolysis of PLA in pure water was not significantly affected by the PPyCS coating, as evidenced

by the nearly identical mass spectra of the PPyCS coated and non-coated samples. Nor could any

degradation products attributable to the PPy chain or CS be identified. The spectra contained

peaks attributable to the Na-adducts of lactic acid oligomers (3 to 14 monomer units), similar to the

peaks described earlier by Andersson et al. (2010).

   The performance of PPyCS coated PLA nonwoven scaffolds were evaluated in osteogenic hACS

culture. Human ASCs were seeded into the scaffolds and the scaffolds incubated in osteogenic

medium or in DMEM, with and without the 3D electrical stimulation delivered by Au electrodes,

which were in contact with the scaffolds. The electrical stimulation using 1 Hz and 100 Hz biphasic

millisecond long pulsed DC waveforms (±200 mV) was continued for 14 days. With and without the

applied stimulus the PPyCS coated scaffolds significantly enhanced hASC proliferation compared

to the uncoated reference PLA scaffolds. In addition, early osteogenic differentiation was

consistently more enhanced in the PPyCS coated stimulated and non-stimulated scaffolds. The

electrical stimulation by the two chosen, relatively low amplitude biphasic pulsed voltage

millisecond long waveforms did not have a statistically significant effect on hASC proliferation or

differentiation on days 1, 7 and 14. However, mineralization was significantly enhanced in the

electrically stimulated group at day 7 and 14. The results of the electrical stimulation experiments

had a characteristically large variability between the cell lines from the different donors. Looking at

the trends, it could be argued that the electrical stimulation could have affected the early

proliferative and differentiation phase. The effects may have been masked by the choice of the

days for the determination of ALP activity, the amount of DNA and to the great variation between

the cell lines of different donors. In conclusion, the data presented in Publication 2 supports the

future potential of the electrically conductive PPyCS-coated PLA scaffolds in bone tissue

engineering.

6.3 Electrical conductivity in hydrolysed PPyCS and PPyHA

In Publication 2, a significantly higher AC conductivity of the PPyCS coated scaffolds, as

compared to PLA immersed in PBS, was confirmed by EIS at 24h. At 48h the conductivity was

about 50% of the original (unpublished data), which is in accordance with the recent data by Serra

Moreno and Panero (2012), who followed the changes in the EIS spectra of ClO4
-1 –ion, CS-A and

heparin (Hep) doped PPys upon aging for 10 days in PBS. They also found significant differences

in the stability of the PPy films according the size of the dopant and the synthesis conditions.
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    DC conductivity measurements on hydrolysed and air-dried PPyCS samples showed a marked

decrease in conductivity during the 2 first days of incubation. Until day 10 the DC conductivity of

the PPyCS had decreased about two orders of magnitude, from 100 to 1 S/m. Hence, at day 10

the conductivity had dropped to the same conductivity range reported for the ionic conductivity cell

culture medium, which is 1.29 S/m for a standard medium, measured at 1 kHz frequency. It is

noteworthy that the DC conductivity of ionic electrolyte solution can not be accurately measured

due to the build-up of an electrical double layer, whereas in contrast the conductivity of PPy is well

measurable at low frequencies down to DC, which are relevant in the BEC stimulation. The

decrease in conductivity is attributable to de-doping in the pH 7.4 cell culture medium and to the

de-doping during water rinsing prior to the measurements. About 5-10% of the original DC

conductivity could be restored by HCl re-doping, which highlights the pH sensitivity of the

conductivity.

   The continuous hydration of the PPyCS films is likely to occur during the first days of incubation,

which is likely reflected in the observed changes of the surface properties. Hence, it is presumable

that the rate of change of the electrical properties is higher during that period. Similar trends have

been reported for electropolymerized PPyCS and PPyPSS, studied by EIS (Serra Moreno and

Panero, 2012), and by conductivity measurements (Fonner et al., 2008). In contrast to Publication

2, the cited studies found only one order of magnitude decrease in the conductivity during the 7

days of incubation. The greater extent of conductivity loss in the PPyCS coated PLA non-woven

scaffold can be explained by several factors: the thin PPyCS layer is anchored to the PLA polymer,

which is prone to slow swelling, dimensional changes, hydrolysis and, possibly, rupture during the

incubation in PBS. Furthermore, the electrical connections between the individual fibers and

between the fibers and measurement electrodes are likely to be compromised by the the hydration,

rinsing and drying of the scaffolds before the DC conductity measurement. At day 20 the PPyCS

coating had undergone irreversible changes, as evidenced by the electrostatic charging under

SEM and confirmed by the reduced surface roughness observed in the AFM images.

6.4 The role of surface charge on early cell attachment

   The AFM work reported in Publication 3 showed that the application of a relatively small potential

bias potential of +200 mV to a PPyHA film on ITO has a large effect on the early attachment and

spreading of hASCs. The majority of hASCs were uniformly adhered at the 3 h time point on

charged sample surfaces, whereas the cells seeded on noncharged PPyHA surfaces were

unevenly spread, and many cells were not well adhered. The enhancement was significant with

and without a pre-incubation period in the cell culture medium containing plasma proteins. Pre-

incubation alone had statistically equal significance in enhancing cell attachment. The data

suggests that the attachment of hASCs to the PPyHA surface may occur directly, without specific

binding to the plasma proteins, such as fibronectin, vitronectin and albumin, present on the
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surface. Correlating to the data published by Molino et al. (2012), who found enhanced adsorption

of fibronectin and bovine serum albumin onto slightly positively biased PPyDS, it can be argued

that the cell attachment of hASCs does not need specific surface binding sites, but rather the

suitable distribution and polarity of the surface charge in the nanoscale. Adsorption of plasma

proteins, whose dimensions are in the nanoscale, is likewise enhanced by uniform positive surface

charge (Lubarsky et al. 2005; Molino et al. 2012).

6.5 Correlation between surface charge, roughness and cell adhesion

   KPFM and AFM force mapping were utilized to elucidate the effects of charging on surface

properties, including the topography, modulus, surface potential, and adhesion, with the intention

of correlating these properties with the hASCs cell adhesion. Charging did not have a significant

effect on the topography of the studied thin PPyHA films. Charging only slightly increased the

modulus but did significantly alter the surface potential and adhesion forces acting between the

AFM tip and polymer. AFM force measurements with a negatively biased tip ( 200 mV) showed

that prior to charging of the PPyHA films, short-range attractive forces and adhesion were

restricted to the nodule peripheries but appeared on the nodules and uniformly across the film

upon charging. As expected, the charging of the films increased the surface potential, as shown by

both KPFM and DLVO analysis of the force curves, which had the effect of also decreasing the

magnitude of the electrostatic repulsion between the tip and polymer.

   Hence, it looks evident that the uniformity of the surface features, such as roughness and the

electrical potential/charge of the biopolymer in the nanoscopic domain are critically important

factors in the first phases of the cell attachment, i.e. the attachment of adhesion proteins. Although

not shown experimentally here, it can be hypothesized that the driving force for the protein

adsorption is the physical size and lateral distribution of properties related of the surface features.

To allow efficient adsorption, these should be matching with the the charged domains of the

absorbing proteins. The chain conformation of the proteins on the ad-layer can be altered by the

surface charge (Molino et al. 2012; Hartvig et al., 2011; Takahashi et al., 2000; Asthagiri and

Lenhoff, 1997; Zhou et al., 2003). Analogically, the mobile proteins on the cell membrane, which

also have their electrical charges distributed in the nanometer domain, may experience the surface

features, but the plasticity of the cell membrane allows the integrins and other adhesion proteins to

probe for attractive sites for adhesion.

   In Publication 4 it was demonstrated that clustering and detachment of hASCs was promoted on

PPyHA. This was not in accordance with the observations in Publication 1.  Later in Publication 3 it

was shown that the cell adhesion was not only dependent on the surface chemistry but also on the

surface charging conditions. Hence, although not demonstrated in Publication 4, we anticipate that

the hACS attachment on PPyHA could be modulated by applying an appropriate (positive) bias
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potential on the PPyHA. Since the HA itself has few binding sites for adhesion proteins, the PPyHA

could facilitate selective attachment of proteins and cells by the application of electrochemical

charging. This could be utilized in stimulation or recording electrodes, as already demonstrated in

neural probe applications by Lee and Schmidt (2010), who studied the attachment of fibroblasts

and astrocytes on PPyHA, and discussed their applications in neuroprosthetic devices where the

attachment of cells or the formation of high impedance tissue is highly undesirable. Another

possible application area for the electronically tunable cell binding property is in cell sorting.

   Future work will concentrate on gathering direct evidence of the protein organization

(conformation) on nanoscopically homogenously charged surfaces. This can be utilized by

examining the surface topography and charge distribution and correlating the data with

organization of the protein ad-layers imaged by appropriately functionalized AFM tips. Perhaps the

biopolymer doped PPy surfaces could be used as a “tunable” cell adhesion platform to study single

protein adsorption or even facilitate direct cell attachment through membrane protein electrostatics

with the biopolymer surface, without the help of plasma proteins.

6.6 Electrical stimulation in 2D and 3D cell cultures

   In Publication 4 PPyCS and PPyHA coated 2D stimulation electrodes were applied in the

electrical stimulation of hASC on 24 multi-well plates. PPyCS supported the proliferation and

homogenous spreading of hASCs significantly more than PPyHA. This observation is in

accordance with work reported by other investigators of HA dopant in PPy, which state that HA,

although biologically active, presents very few non-specific binding sites for proteins and hence cell

binding (Lee and Schmidt, 2010; Cen et al., 2004). The different biological responses of ASCs

cultured on the two PPy surfaces may be due to different surface morphologies originating from the

CS and HA dopants, as evidenced by AFM (section 5.1), or by other factors such as surface

elasticity and charging, as discussed in sections 2.13 and 5.1.

   Both PPyCS and PPyHA supported early osteogenic differentiation of hASCs over time. The

mineralization of hASCs was significantly greater with PPyCS under electrical stimulation using 4 h

a day for 14 days with a ±200 mV amplitude pulsed DC, 2.5 ms pulse width and 100 Hz pulse

repetition frequency, delivering approximately 50 µA/cm2 current density on the cells. The electrical

stimulation did not show significant effects on hASC proliferation or osteogenic differentiation. This

result is in contrast with the results from Hammerick et al., (2010) and McCullen et al. (2010), who

reported enhanced expression of osteogenic markers in electrically stimulated hASCs. The

discrepancy is likely due to the different means of delivering the stimulation current to the cells:

their studies utilized very large stimulation voltages and salt bridges for electrode isolation

(Hammerick et al., 2010) and interdigitated ITO microelectrodes (McCullen et al. 2010). Although

giving highly promising results, their setups were designed for stimulation on a single dish cell
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culture, and could not be practically used in the 24 well plate experiment of Publication 4.

Stimulation of the cell using the setup described could be realized by using higher stimulation

current, up to the electrochemical stability limits of Au electrode (at about +700 mV vs. SHE) in a

two electrode setup. However, utilizing such large potential will likely induce significant electrode

effects, even in electrochemically stable Au (Howlader et al., 2013).

   PPyCS can be recommended over PPyHA for osteogenic coating in bone tissue engineering

scaffolds for future studies. Furthermore, based on the results of Publication 3, we can anticipate

that applying a positive bias voltage could be beneficial in the attachment of cells on 3D PPyHA

electrically conductive scaffold, to better facilitate the osteogenic properties of HA hydrogels (JHa

et al., 2011).

6.7  In vivo biocompatibility of PPyCS

  Finally, in Publication 5 it was demonstrated in a 26 week pre-clinical study with New Zealand

rabbits that PPyCS coating on implanted PLGA-TCP bone fixation screws was beneficial in

promoting new bone formation and osteointegration of the implant. PPyCS coating and its erosion

products did not show any increased adverse reactions locally or systematically. These results

highlight the potential of PPy as a multifunctional osteogenic coating material to facilitate better

bone tissue-implant interactions. In addition, none of the implants induced any systemic or local

toxicity. The results suggest that PPy is biocompatible with bone tissue and is a potential coating

for enhancing osteointegration in orthopedic implants.  Further in vitro assessment of the erosion,

biodegradation, and possible biological elimination pathways in vivo are needed to fully draw

conclusions about the biostability of the PPyCS. This is still one important aspect for future studies.
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7. Conclusions
   In this work, utilizing electrochemical and chemical synthesis strategies, the surface properties,

stability and the performance in hASCs culture were investigated for PPyHA and PPyCS.

Chemically polymerized PPyCS coatings were applied in electrically stimulated 3D PLA tissue

engineering scaffolds and PLGA-TCP bone fixation screws. The main conclusions and the most

important findings from the studies were as follows:

I. Electropolymerized PPyHA, and the materials containing oxidized multi-walled carbon

nanotubes (PPyHA-CNT) as co-dopant, both have large and reversible bulk expansion

property, which could be utilized in electromechanical microactuations, such as in cell

stimulation platforms for tissue engineering. The materials have high electronic conductivity

and reversible redox doping, typical of the other PPys doped with inorganic acids. Both

PPyHA and PPyHA-CNT are very soft, exhibit hydrogel-like elasticity and support hASC

attachment.

II. Simple one-pot chemical polymerization schemes can be utilized to synthesize micrometer

thick, biocompatible and electrically conductive PPyCS coatings on PLA fiber and PLGA-

TCP substrates. The incorporated CS dopant renders the substrates highly hydrophilic,

attractive for hASC attachment and can be utilized in bone tissue engineering and

biomedical implants.

III. Early attachment of hASCs on PPyHA can be significantly enhanced by the application of a

positive bias potential, which serves to improve the uniformity of the nanoscopic surface

charge distribution on the surface. The significance of the effect at 3 hours time point is

statistically equal to the effect of pre-incubation in osteogenic medium containing plasma

proteins. In addition, the application of positive bias reduces the de-doping of PPy chain,

and hence improves the stability of the electrical conductivity during the incubation in

physiological environment.

The observations and conclusions of this thesis support the use of PPyCS coatings in bone tissue

engineering. The electropolymerized films and also the chemically polymerized PPyHA and PPyCS

coatings on bioabsorbable polymer are highly compatible with hASCs, support adhesion and can

be utilized in delivering direct electrical stimulation in vitro. There is also future potential in

designing permanently implantable scaffolds and microstimulation devices, but still further insight

into the biodegradation and biological elimination of PPy in vivo is needed.
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Abstract: Electroactivity of polypyrrole hyaluronic acid,
electropolymerized in the presence of oxidized carbon
nanotubes (PPyHA-CNT) was studied in situ by electro-
chemical atomic force microscopy (EC-AFM) in physiologi-
cal electrolyte solution. In situ Raman spectroscopic and
quartz crystal microbalance (QCM) studies were con-
ducted on layers of the polymer grown on AT-cut 5 MHz
quartz crystals. Human adipose stem cell (ASC) attach-
ment and viability were studied by Live/Dead staining,
and the proliferation was evaluated by WST-1 Cell prolif-
eration assay for polypyrrole samples electropolymerized
on titanium. According to cyclic voltammetry, the meas-
ured specific capacitance of the material on gold is roughly
20% of the reference polypyrrole dodecylbenzene sulfonate
(PPyDBS). Electrochemical-QCM (EC-QCM) analysis of a
210-nm thick film reveals that the material is very soft

G0�100 kPa and swells upon reduction. EC-AFM of sam-
ples polymerized on microelectrodes show that there are
areas of varying electroactivity, especially for samples
without a hydrophopic backing PPyDBS layer. AFM line
scans show typically 20–25% thickness change during elec-
trochemical reduction. Raman spectroscopic analysis sug-
gests that the material supports noticeable polaron conduc-
tion. Biocompatibility study of the PPyHA-CNT on tita-
nium with adipose stem cells showed equal or better cell
attachment, viability, and proliferation compared with the
reference polylactide. � 2009 Wiley Periodicals, Inc.
J Biomed Mater Res 93A: 1056–1067, 2010

Key words: polypyrrole composite; electroactive polymer;
atomic force microscopy; quartz crystal microbalance;
biocompatibility

INTRODUCTION

Polypyrroles form a group of electrically conductive
polymeric materials gaining popularity in biological
applications. Their properties, including interaction
with biological systems may vary greatly depending
on their chemical constituents, for example the
‘‘dopant’’ species. The dopants and modifiers copreci-
pitate with the growing conductive polymer and
become an integral part of its morphology and the re-
sultant properties. For example, anionic bulky alkyl
sulfonates and organics modifiers like long alcohol
cosurfactants1 present in the syntheses are responsible
for the resultant surface morphology, hydrophilicity,
and electrochemical activity. Thus, polypyrroles offer

great flexibility in terms of creating a designed profile
of material properties and surface chemistry by
employing different dopants or modifiers.

The electrical properties of polypyrroles observed
at the macroscopic scale are due to the potentially
very high interchain (bipolaron) p-type conduction
and intrachain electronic hopping conduction along
the ordered conjugated polypyrrole structures.2 The
limiting factor for the electronic charge transport is
the mostly disordered phase surrounding the or-
dered phase. It is generally accepted that the redox
switching of the conductivity that is the ‘‘doping’’
reactions are ultimately limited by the ionic diffusion
of the electrolytes and dopants in the system. The
anionic dopants and the ionic species present in the
polypyrroles can be mobile or practically immobile.
When immobile, the molecules are organized into
the same phase with the individual conjugated poly-
mer chains and remain there during redox cycling

Correspondence to: J. Pelto; e-mail: jani.pelto@vtt.fi

� 2009 Wiley Periodicals, Inc.



(Fig. 1). Immobile dopants are typically large anions
where polymer is observed to expand upon
reduction. Mobile dopants such as small anions
(Cl2, SO4

22) are free to move according to the chemi-
cal potential gradients and exchange with the ions of
the surrounding electrolyte, and the polymer is
observed to contract upon reduction.

The conjugated backbone of polypyrrole doped
with various strong sulfonic acid anions, for exam-
ple, dodecyl benzene sulfonate (DBS)3 exhibit charac-
teristic oxidation and reduction reactions in aqueous
alkali halide electrolytes. PPyDBS reduction reaction
in aqueous sodium chloride is characterized by an
extremely large dimensional change4 that is mechan-
ical stress that can be utilized in macrosopic and mi-
croscopic electrochemical actuators.5

Electrical conductivity of polypyrrole is gradually
increased by several orders of magnitude when the
neutral PPy chain is chemically or electrochemically
oxidized to form a polycation. Physically this
involves increase in the number of free charge car-
riers due to the build-up of polaron- and bipolaron
lattices. Formation of such conjugation increases the
rigidity of the PPy backbone and induces structural
reorganization of the material.6 Charge neutrality
requires that the excess positive charge of the poly-
cationic PPy chain is balanced by the anions of the
dopant species. Indeed, it is generally accepted that
the volume change of PPyDBS is partly due to the
relaxation of the polaronic polypyrrole backbone but
mainly due to dopant and ion movement induced
expansion of the material, accompanied by the solva-
tion shells of the ions involved and the excess sol-
vent driven by osmotic forces.1 The molarity of the
NaCl electrolyte can be very high in polypyrroles
containing polyanionic dopants, up to several moles
per liter. Therefore, the osmotic pressure of water

and hence the actuation capacity is highest in
diluted electrolytes for example those close to physi-
ological molarity 0.1–0.2 M.1

Hyaluronic acid (HA), being a negatively charged
polyelectrolyte is assumed to be a completely immo-
bile dopant for PPy-matrix where the charge is bal-
anced by the relatively free movement of Naþ ions.
It is assumed that some chloride ions must associate
with some of the carboxylic acid groups of the HA
in the polypyrrole and as such the material should
be considered a molecular mixture of PPyHA and
PPyCl.

HA is an high molecular weight polysaccharide
consisting of a disaccharide D-glucuronic acid and
D-N-acetylglucosamine. It is abundant in all verte-
brates as an important constituent of the extracellu-
lar matrix (ECM). HA is constantly digested and
synthesized by cells. It has structural functions due
to its viscous and hydrophilic nature for example as
a damper and lubricant in synovial fluid and a vital
role in skin tissue repair. From the 1970’s, it has
been used as a therapeutic agent for treating osteoar-
thritis and cataract surgery. Recently, HA benzylic
ester nonwoven (HYAFF 11) has gained popularity
as a scaffolding material for cartilage and skin tissue
engineering due to its mechanical integrity com-
pared with crosslinked HA hydrogels.7 HA or hya-
luronan may have also important biological func-
tions. HA plays a major role in tissue growth and
remodeling as it specifically interacts with endoge-
nous receptors regulating cellular migration, growth,
and adhesion.8 The degradation products of
hyaluronan, the oligosaccharides and very low-mo-
lecular-weight hyaluronan, exhibit pro-angiogenic
properties,9,10 making the material attractive for tis-
sue engineering applications.

The PPyHA-carbon nanotube (CNT) composite
studied in this work is designed for use as an electro-
active tissue engineering scaffold that promotes cell
proliferation and attachment. The electroactivity ena-
bles electrical stimulation and control of the surface
charge, which renders the surface selectivity in bind-
ing to proteins and cells. Electropolymerized PPyHA
is a highly hydrophilic and soft material containing
entrapped hyaluronic acid and having relatively low
electroactivity and electrical conductivity, in the
order of 1023 S/cm,11 approximately two orders of
magnitude lower than polypyrroles doped with the
conventional alkyl sulfonic acid dopants. Various
polypyrroles doped with biologically derived polye-
lectrolytes (e.g., polysaccharides, proteins and oligo-
peptides) has been reported to be biocompatible and
support cell adhesion and growth with a number of
different cell types: for example human endothelial
cells on polypyrrole-heparin,12 rat pheochromocy-
toma (PC12) cells on polypyrrole-polystyrenesulfo-
nate,13 human keratinocytes with various polysaccha-

Figure 1. Polypyrrole redox reactions and the chemical
structure of hyaluronic acid.
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ride and protein doped polypyrroles,14 human fibro-
blasts15 and rat mesenchymal stem cells, and their
differentiation toward osteoblasts in vitro.16

The embedded CNTs are intended to increase the
electrical conductivity of the biopolymer doped con-
ductive polymers, such as PPyHA. Microscopic
observation shows that the CNTs also have a
substantial effect on the surface morphology of the
electropolymerized material, usually rendering the
surface porous and more attractive to cells.17

Designing a CNT hybrid material, the possible
cytotoxic effects of the CNTs must be taken into
account, since several studies have shown carbon
nanoparticles (single walled nanotubes, fullerenes
etc.) express dose dependent toxicity in vitro. For
example, necrosis of Alveolar macrophages have
been reported.18 Treatment of nanotubes with hot
concentrated acids facilitates the functionalisation of
the CNTs with oxygenated groups whilst removing
the metal catalyst. This process renders the CNTs
negatively charged such that they are more easily
dispersed in weakly acidic aqueous solutions, and it
also suppresses the cytotoxicity, most probably by
removing the catalyst residue.19,20,21

Recently, atomic force microscopy (AFM) in flu-
ids has become a standard technique for imaging
soft samples like living cells in their biological envi-
ronment.22 Nondestructive imaging of soft samples
is normally successful in dynamic mode where the
interaction force between oscillating AFM tip and
the sample surface is minimized. Fluid dynamic
mode imaging is able to produce high resolution
quantitative information on the samples surface
profiles when the operating conditions and
the AFM tip have been optimized for the sample
characteristics.

Quartz crystal microbalance (QCM) is a sensitive
technique measuring changes in the resonant fre-
quency of a thickness-shear mode oscillating piezo-
electric crystal when the mass density of the surface
of the crystal is changed. QCM is capable of meas-
uring mass changes as small as ng/cm2 routinely.
The technique has been applied for many years to
quantitatively weigh thin films and rigid deposits on
oscillating quartz crystals according to the theory
developed originally by Sauerbrey23—that is the sim-
plest equation relating the measured frequency shift
and the deposited mass [Eq. (1)].

Df ¼ �CfDm ¼ 2nf 20ffiffiffiffiffiffiffiffiffiqqlq
p Dm ð1Þ

For AT-cut 5 MHz quartz crystal used here the
coefficient equals Cf 5 56.6 Hz lg21 cm2. The coeffi-
cient Cf is derived from the resonant frequency of

the unloaded crystal, the harmonic mode of oscilla-
tion, and the shear modulus and density of quartz.
When the change of the resonant frequency is less
than 2% of the crystal frequency (i.e., Sauerbrey
limit), that is the deposited mass is relatively small,
it is a common approach to apply the Eq. (2) without
thickness corrections or any other calibration. For
thicker films, relations taking into account the acous-
tic impedances of both the quartz and the sample
has to be used (so called Z-match method). Meas-
uring in viscous liquid environment and having
viscoelastic polymer samples, a more complex model
has to be utilized.24 This is due to the high visco-
elastic damping in both the sample and the liquid
medium. A more general model was presented by
Bahrami-Samani et al.25 The model links acoustic
impedances and the viscoelastic effects into one
equation containing frequency shift Df and imped-
ance (reported as a resistance DR) outputs from
QCM studies to calculate the complex valued shear
modulus Gf* and film thickness hF of the viscoelastic
polymer body [Eq. (2)].

Zm ¼ DR
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Equation 2 can be solved for the polymer shear
modulus and layer thickness simultaneously when
the imaginary part of shear moduli are set to zero at
5 MHz, which is a reasonable assumption according
to Dynamical Mechanical Analysis of polypyrrole
previously reported.25

Several studies,26,4 have shown that polypyrrole
films with large- and medium size dopants swell
upon electrochemical cycling. The volumetric
changes and surface roughnesses have been meas-
ured by contact mode AFM or ellipsometry and
mass changes by EQCM. AFM results reported for
thickness changes (z-mode) in certain polypyrrole
salts for example for PPyDBS can reach as high as
30–40%.4 The thickness expansion of a supported
film (hence constrained in the plane of the film) was
found to be strongly dependent on the thickness of
the film studied. In Smela’s study, the PPy:DBS was
driven to electrochemical equilibrium (constant
potential over 100 s) before the AFM line scan. A
single reference was found regarding electrochemical
STM measurement of the volume expansion of
PPy:PSSA.27 None of the above cited articles
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reported thickness measurements in fast electro-
chemical switching. Moreover, the authors of this
study did not find any study where the results from
a single characterization technique would have been
correlated to another measure. Therefore, in this
study, an attempt is made to correlate the cyclic vol-
tammetry, mass balance (EQCM), and dimensions
(AFM) for a sample containing an large polyanionic
HA sodium salt—the mobile ionic species being Naþ

ions and their hydration shells. The carbon nano-
tubes serve to increase the electrical conductivity of
the composite material during the reduction phase
of the PPy:HA. The CNTs have an obvious mechani-
cal stiffening effect as well. This will presumably
limit the amplitude of the observed volumetric
actuation but compensate the loss of electrical con-
ductivity in the reduced nonpolaronic polypyrrole.

EXPERIMENTAL

Electrochemical synthesis

Hyaluronic acid sodium salt (2 mg/mL) from Strept.
equi (Fluka, Mw 5 300,000 Da) was dissolved in Millipore
water. Subsequently, 0.25–0.30 mg/mL of the Nanocyl
3151 oxidized multiwalled carbon nanotubes (Nanocyl
AG.) were dispersed in the hyaluronic acid sodium salt so-
lution with 30 min of intense ultrasonic agitation (100 W)
by Hielscher UPS 400S. The nanotubes formed a stable fine
dispersion with the HA. Pyrrole monomer (Acros organics)
was vacuum distilled, stored under argon and kept in at
2188C before the experiments. The purity was considered
sufficient if there was no visible discoloration of the liquid
before use. In a typical synthesis, 0.2 M pyrrole monomer
was added to the dispersion and then sonicated again in
an ultrasonic bath for 15 min before the synthesis. This
large amount of the monomer in the nanotube-HA disper-
sions clearly saturated the system, since, without strong
mechanical stirring an oily pyrrole film formed on the sur-
face above pyrrole concentration of �0.1 M. The harsh ul-
trasonic processing evidently affected the molecular weight
of the HA since the viscosity of the dispersion was greatly
decreased during the processing.

Electropolymerization of PPyHA-CNT on AT-cut 5MHz
Au coated QCM crystals with an active area of 1.37 cm2

was achieved at constant potential in the range of þ0.6 to
þ0.9 V versus Ag/AgCl. The adhesion of the PPyHA-CNT
layer to gold was not very strong even when polymerizing
immediately after UV-ozone cleaning. Delamination of the
polypyrrole usually took place after approximately 10–20
electrochemical cycles.

Polymerization of PPyHA-CNT on inter-digitated 3 lm
line width Au-microelectrodes (A 5 0.5 mm2) was success-
ful in galvanostatic mode (j 5 0.2–0.4 mA/cm2 5 0.5–1
lA/0.005 cm2). Two sets of samples were prepared: the
first set (set A) was polymerized directly after UV-ozone
cleaning of the gold surface. In some experiments, a short
initial potentiostatic activation step was utilized. In another
set of experiments (set B) a PPyDBS supporting layer was

applied. Polymerization charge of 100 lC was consumed
in the synthesis of the PPyDBS supporting layer. The addi-
tional layer rendered the sample stable for hundreds of
cycles in EC testing. The polymerization charge for the
PPyHA-CNT was set to 200 lC which yielded a rough
polymer layer of thickness varying between 350 and 600
nm. The vertical thickness of the gold pattern on silicon
substrate is approximately 160 nm. A reference sample,
200 lC PPyHA without nanotubes in the polymerization
dispersion, was also synthesized.

The conductivity of the HA/CNT/pyrrole polymeriza-
tion mixtures is rather low compared with more conven-
tional systems. Therefore, the kinetics of the polymeriza-
tion are quite slow. Nucleation and growth of the polymer
yields solid deposits on gold only at moderate greater than
þ0.8 V versus Ag/AgCl potentials. Growth of the hyal-
uronic acid doped polymer is greatly enhanced when a
polypyrrole supporting layer is applied. Therefore, to over-
come the nucleation issue and the limited adhesion of the
growing polymer onto gold and carbon surfaces, a thin
PPyDBS adhesion layer was utilized in some of the sam-
ples. All of the electropolymerized PPyHA-CNT samples
exhibited a very rough surface texture, evident from the
AFM images.

Electrochemical QCM

The deposited PPyHA-CNT films on the QCM crystals
were characterized immediately after the synthesis. Stan-
ford Research Systems QCM200 with AT-cut 5 MHz Au-
coated crystals were used. The QCM probe was immersed
in 0.2 M NaCl solution containing Ag/AgCl reference elec-
trode and platinum mesh counter electrode. The potential
of the sample was controlled by a BAS CV-27 potentiostat.
The CV signals and the frequency and admittance signals
from the SRS QCM200 were recorded using Maclab 4/e
DAQ system.

Electrochemical atomic force microscopy

Imaging with Veeco dimension 3100 system

For sample set A the tapping mode imaging in fluid
was done using Veeco Dimension 3100 AFM. In-house
built fluid cell (liquid volume � 1 mL) and silicon nitride
OTR-4 cantilevers (Veeco) attached into the standard
Veeco fluid cantilever holder were utilized. The potential
of the sample in 0.2 M NaCl solution was controlled by a
BAS CV-27 potentiostat. Silver pseudoreference and stain-
less steel counter electrode was utilized.

Imaging with Veeco multimode system

The Veeco multi-mode AFM was equipped with inte-
grated bipotentiostat and a Veeco electrochemical cell
setup. Veeco RFESP silicon cantilevers, silver pseudorefer-
ence, and platinum wire counter electrodes were used.

The AFM was scanning with the slow scan axis turned
off, that is back and forth along a single 8 lm line, trans-
verse to the long axis of the inter-digitated electrodes for
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six successive electrochemical cycles (þ100 to 2900 mV vs.
Ag pseudoreference, 20 mV/s). The aqueous electrolyte
contained 0.13 M NaCl and 0.02 KCl.

All of the AFM data was first order plane fitted before
analysis.

Raman spectroscopy under electrochemical control

Raman spectra of electropolymerized PPyHA-CNT sam-
ple was collected at different electrochemical potentials
between þ200 mV and 21000 mV versus Ag/AgCl refer-
ence (with 3 KCl salt bridge). The potential of the sample
was controlled by BAS CV-27 potentiostat. The Raman
spectra were collected using Horiba Jobin Yvon Labram
HR micro-Raman spectrometer, 632.8 nm laser, 1200 lines/
mm diffraction grating and 503 objective lens. The mea-
surement was done in 0.1 M NaCl solution and at a scan-
ning rate of 5 mV/s. Each recording of a spectrum took

4 s that is the potential of the sample is an averaged spec-
trum over a potential range of 20 mV. The electrochemical
cell (volume 1 mL) utilized was the same custom made
setup used in the AFM experiments with Dimension 3100.
The free liquid surface was covered with microscopic
cover slide to minimize the interference from the liquid-air
surface. The microscope focus point was not changed dur-
ing the experiment.

Biocompatibility test

The aim of this experiment was to study the biocompati-
bility and specifically the adipose stem cell (ASC) viability
and proliferation on the of the polypyrrole-hyaluronic
acid-CNT composite material. The experiment was also set
to confirm that polypyrrole studied (PPyHA-CNT) does
not cause any cytotoxic effects on ASCs. The studied sam-

Figure 2. Morphology of the sample EC241. Height image on the left and phase image on the right (raw data).
Nucleation has initiated in evenly spaced areas The granular polymer surface appears quite smooth on microscopic scale
(Ra 5 56 nm, Rz 5 84 nm). [Color figure can be viewed in the online issue, which is available at www.interscience.wiley.
com.]

Figure 3. Morphology of the sample EC244 (reduced state). Nucleation has initiated in evenly spaced sites which com-
bine through ribbon-like bridges, much like in the EC241 (Fig. 2). (Ra 5 62 nm, Rz 5 125 nm). [Color figure can be viewed
in the online issue, which is available at www.interscience.wiley.com.]

1060 PELTO ET AL.

Journal of Biomedical Materials Research Part A



ples contained electropolymerized PPyHA-CNT covering
pieces of titanium foil. Two pieces (6 3 3 mm2 3 30 lm)
of the polypyrrole coated titanium were mounted on the
polylactide (DL-PLA, D70/L30) disks (diameter 9 mm,
thickness 1 mm), which were also used as a reference ma-
terial in the biocompatibility test. ASC viability was stud-
ied in two time points; 1 and 8 days using Live/Dead
staining. ASC proliferation was studied in 3 time points; 1,
4, and 8 days using WST-1 proliferation assay.

Polypyrrole-DBS adhesion layer (Vpol 5 þ0.8 V vs. Ag/
AgCl, Qpol 5 1 C) was first electro- polymerized on the ti-
tanium 6 3 3 mm2 3 30 lm foil electrodes (Goodfellow
UK, 99.6þ% purity). PPyHA-CNT (Qpol 5 2 C) was poly-
merized subsequently onto the adhesion layer. The initially
hydrophopic and smooth PPyDBS surface turned very
hydrophilic and rough when coated with the PPyHA-CNT
polymer. The samples (24 pcs) were rinsed with 70% etha-

nol and packed into a sterile D18 mm cell culture well
plate for gamma sterilization and subsequent cell testing.

ASC isolation and culture

ASCs were isolated from human adipose tissue samples
collected in surgical procedures from two donors (ages 50
and 46 years). The adipose tissue samples were received
from the Department of Plastic Surgery, Tampere Univer-
sity Hospital. The adipose tissue was digested with colla-
genase Type I (1.5 mg/mL; Invitrogen, Paisley, UK). ASCs
were expanded in T-75 polystyrene flasks (Nunc, Roskilde,
Denmark) in maintenance medium consisting of DMEM/
F-12 1:1 (Invitrogen), 10% FBS (Invitrogen), 1% L-glutamine
(GlutaMAX I; Invitrogen) and 1% antibiotics/antimycotic
(100 U/mL penicillin, 0.1 mg/mL streptomycin, and 0.25

Figure 4. The tapping mode height image (left) and phase image (right) of the hyaluronic acid doped polypyrrole sample
(EC875) showing the smooth morphology of the polymer. (Ra 5 20 nm, Rz 5 11 nm). [Color figure can be viewed in the
online issue, which is available at www.interscience.wiley.com.]

Figure 5. The tapping mode height image (left) and phase image (right) of the hyaluronic acid doped polypyrrole sample
(EC878) containing carbon nanotubes and showing the rough and irregular morphology of the polymer. (Ra 5 88 nm,
Rz 5 110 nm). [Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]
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lg/mL amphotericin B; Invitrogen). Cells of passages 5–6
were used in the experiment.

Cell seeding and culture of ASC-seeded biomate-
rial samples

Two patient samples were pooled together to yield
enough cells for the experiment. On each sample, pre-
treated with maintenance medium for 24 h at 378C, 15,000
cells in a 10 lL medium drop were seeded.

Cell attachment and viability

Cell attachment and viability was studied using Live/
Dead staining. Briefly, ASC-biomaterial samples were incu-
bated for 45 min at room temperature with a mixture of
5 lM CellTrackerTM green (5-chloromethylfluorescein diac-
etate [CMFDA]; Molecular Probes, Eugene, OR) and 2.5
lM Ethidium Homodimer-1 (EH-1; Molecular Probes). The
viable cells (green fluorescence) and dead cells (red fluo-
rescence) were examined using a fluorescence microscope.

Cell proliferation

Relative proliferation of viable cells was assessed quanti-
tatively using Premix WST-1 Cell Proliferation Assay
(Takara Bio Inc, Japan) according to the manufacturer’s
protocol. The fluorescence was measured in a microplate
reader (Victor 1420).

RESULTS

Electrochemical atomic force microscopy

Morphology of the samples

Figure 2 shows the AFM height- and phase images
of PPyHA:CNT sample polymerized directly on gold
microelectrode array (set A). The comparative sam-
ple shown in the Figure 3 has been polymerized oth-

erwise similarly but with a 10 s potentiostatic activa-
tion step (þ0.85 V vs. Ag pseudoreference) before 45
s of galvanostatic deposition. Clearly the polymeriza-
tion parameters have a great effect on the kinetics
and the final morphology of the product.

The AFM images show that the growth of the pol-
ypyrrole layer on Au is nucleated at several points
at a time in the centerline of THE Au-electrodes. The
growth continues along the centerline and the edges
of the Au-electrode, leading eventually to growth
between the adjacent electrode lines.

Tapping mode height and phase images of the
smooth morphology of the hyaluronic acid doped
polypyrrole grown on the PPyDBS adhesion layer is
shown in the Figure 4. The polymer grows thicker
near the edges of the electrode (5 lm line width).
The surface appears rather smooth and uniform. The
thickness of the polymer layer, evaluated from AFM
line scans over the patterned electrode area, is
approximately 450 nm.

Figure 5 shows the corresponding image for the
sample containing carbon nanotubes. The polymer
surface appears rough and irregular. The average
thickness of the polymer is some 200 nm greater
than for the reference PPyHA without CNTs. The
overall appearance of is fibrillar.

In both cases the images show clearly how the
polymer tends to grow laterally from the edges of
the Au-electrodes. In the nanotube containing sam-
ple, the polymer grows laterally between the elec-
trode lines, thus forming electrical shortcuts.

Activity of the samples without supporting layer
(set A)

Bearing analysis of the Height data of the full
images recorded and analysis of single line scans at
give clear indication that both the morphology and
the thickness of the polypyrrole film change upon
electrochemical reduction at cathodic potential 20.8
Volts versus silver pseudoreference. The bearing
analyses are presented in Figure 6. Statistically the
polymer layer is on average 30–50 nm thicker in the
reduced state indicating cation insertion due to the
immobile anion. The thickness change is inhomoge-
neous, however, there are areas of apparently high
electroactivity and much lower activity, which is not
surprising noting the great roughness of the polymer
layer. Analyses of individual line scans reveals up to
40 nm (>26%) thickness change at the extreme points.

Activity of the samples with PPyDBS supporting
layer (set B)

Electrochemical AFM experiments for the sample
set B were performed with Veeco multimode system.

Figure 6. Bearing analysis of the PPyHA:CNT samples
without backing layer.
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Figure 7. Electrochemical AFM of the PPyHA sample
(EC875) containing a PPyDBS adhesion layer. (a) cyclic
voltammetry, separately measured CV of the underlaying
PPyDBS is shown by the dotted line and (b) height of a
single scan line over six successive CV cycles (512 s), pre-
sented over six successive CV cycles. (c) height variation at
the centreline (�100 nm). The Ra and Rz roughness values
for oxidized and reduced states were Ra,oxidized 5 7 nm,
Rz,oxidized 5 17 nm and Ra,reduced 5 9 nm, Rz,reduced 5 17
nm, respectively. [Color figure can be viewed in the online
issue, which is available at www.interscience.wiley.com.]

Figure 8. Electrochemical AFM data of the PPyHA-car-
bon nanotube sample (EC878) (a) cyclic voltammetry (sep-
arately measured CV of the underlaying PPyDBS is shown
by the dotted line) (b) height of a single scan line over six
successive CV cycles (512 s), presented over six successive
CV cycles. (c) height variation at the centreline (�130 nm).
The Ra and Rz roughness values for oxidized and reduced
states were Ra,oxidized 5 80 nm, Rz,oxidized 5 214 nm and
Ra,reduced 5 86 nm, Rz,reduced 5 186 nm, respectively.
[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]
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Figure 7(a–c) presents the data from an electro-
chemical AFM experiment for hyaluronic acid doped
polypyrrole polymerized (200 lC) on a PPyDBS ad-
hesion layer (100 lC). This sample does not contain
carbon nanotubes.

The y-axis in the AFM image Figure 7(b) repre-
sents the time axis during the measurement of the
Height profile of a single line, perpendicular to the
microelectrode array. Projection of the the data, pre-
sented in Figure 7(c) is the measured height differ-
ence (�100 nm) of one point on the scanned line 7b),
presented over six successive CV cycles. The maxi-
mum height difference that is swelling is reversibly
observed at the cathodic 2800 mV potential. Note
that the first of the six CV cycles is different and
induces also the largest swelling. This phenomenon
is repeated after the sample has relaxed at constant 0
mV for some minutes. The reduction charge for the
sample EC875 is about 38 lC.

Figure 8(a–c) presents the corresponding electro-
chemical AFM data for the sample containing hyal-
uronic acid and multi-walled carbon nanotubes. The
appearance of the sample surface is more irregular
and rough (Fig. 5). The swelling occurs during
reduction when the potential is less than 2700 mV

and is not homogeneous. At centerline [Fig. 8(c)], the
swelling is about 130 nm (19%). The reduction
charge for the sample EC875 is about 41 lC.

The electroactivity of the PPyDBS was studied
from a layer polymerized under the same conditions
(galvanostatic 10 lA, 100 lC) as the adhesion layers
for the biopolymer doped samples. The reduction
charge for the PPyDBS layer is about 30 lC. The CV
recorded for the PPyDBS polymer is plotted to the
Figures 7(a) and 8(a) with a dotted line. The maxi-
mum measured height difference for a 100 lC
PPyDBS layer was 80 nm (27%). The data from
EC-AFM the measurements is summarized in the
following Table I.

Raman spectroscopy under electrochemical control

Figure 9 presents the Raman spectra of electropo-
lymerized PPyHA-CNT sample. The approximately
400-nm thick sample was polymerized on 1 cm2 sur-
face of a Au-coated AT-cut QCM crystal. The spectra
in Figure 9 show that the relative intensities of the
bipolaron- and polaron bands vary according to the
potential of the sample. The bipolaron band and 930
cm21 gradually strengthens in relation to the band
at 990 cm21 as the potential is raised from 21000
mV to about 2200 V at the cathodic half-cycle. This
is a marker of electrochemical doping of the poly-
pyrrole backbone, which seems to be highest at the
fully oxidized state at þ200 mV. Another reversible
change is observed during the cathodic half-cycle at
2400 mV (not shown). These findings are direct evi-
dence of true redox-activity of the biopolymer- and
nanotube doped polypyrrole.

The overall intensity of the spectra depends
slightly on the potential of the sample. This may be
partly due to the dimensional changes of the poly-
mer and the resulting slight change in the excitation
laser focus point (i.e., depth of focus). This variation
is in the order of 40 nm. Therefore, it is reasonable
to assume that changes in the spectra are not due to
compositional variation (e.g., polypyrrole/CNT ra-
tio) in the thickness direction. The numerous poly-
pyrrole bands are super-imposed into the CNT G-
and D-bands, at 1600 and 1330 cm21, respectively.
Weak absorption is observed near these particular
wavenumbers only in the fully oxidized PPyHA-

TABLE I
Summary of the Electrochemical AFM Data of Biopolymer Doped Samples with PPyDBS Underlay

Sample ID Underlay Biopolymer Doped Polypyrrole Total Thickness (oxidized) Thickness Change [%]

EC875 PPyDBS 100 lC PPyHA 200 lC 450 22
EC878 PPyDBS 100 lC PPyHA þ MWCNT 200 lC 680 (variable) 19
EC924 PPyDBS 100 lC – 300 27

Figure 9. Raman spectra of PPyHA-CNT in different elec-
trochemical potentials. The changes in the spectra are
markers of electrochemical doping of polypyrrole conjuga-
tion. [Color figure can be viewed in the online issue, which
is available at www.interscience.wiley.com.]
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CNT. The intensity of the numerous polypyrrole and
the CNT band between 1500 and 1610 cm21

increases and the ‘‘elbow’’ arising possibly from the
MWCNT G-band seems to be shifted to lower wave-
numbers upon reduction. It might indicate chemical
interaction between the nanotubes and the polypyr-
role chains or simply an increased intensity of the
polypyrrole band at 1557 cm21, previously reported
for PPyClO4 by Santos et al.28 The complex spectra
and the presence of fluorescence makes it virtually
meaningless to deconvolute the MWCNT bands
from the composite spectrum. The relevant Raman
bands are summarized in Table II.

Quartz crystal microbalance

The 20 mV/s cyclic voltammetry (CV) and fre-
quency and resistance signals are presented in the

Figure 10(a,b), respectively. The CV shows typical
electrochemistry of polypyrroles. A wide reduction
peak centered at 20.45 V and a oxidation wave at
the cathodic half-cycle at 20.3 V can be observed. A
Df � 60 Hz shift in the resonant frequency (5 MHz)
was observed.

Calculation of the corresponding mass change
from the Sauerbray equation [Eq. (1)] yields 1.1 lg
of mass deposited and released during each cycle.
This mass change is attributed to migration of posi-
tively charged Na-cations, and their hydration shells
as the highest mass is observed during reduction.
The thickness of the sample, estimated from a more
sophisticated viscoelastic QCM-model,25 was �210
nm. Making the crude assumption that the PPy den-
sity would remain roughly the same (e.g., 1.3 g/cm3)
during the oxidation and reduction, the 1 lg mass
change implies a 4% thickness change for a con-

TABLE II
Relevant Raman Bands for Polypyrrole and Multiwalled Carbon Nanotubes. The CNT and Polypyrrole Band are

Super-imposed.*28 and References Therein

Raman Band
Wavenumber cm21

(observed)
Wavenumber cm21

(Literature*) Mode of Vibration Note

MWCNT
(super-imposed
to PPy bands)

1595–1610 1600–1610 Tangential (G-band) Characteristic to highly
ordered graphene

1330 1330 (D-band) Disordered graphene
Polypyrrole

Oxidized 1598 1557 Intercycle mC¼¼C Mixed with the 1615 cm21 mC��C mode
1318 1316 mC��C

1245 1253 dring
1047 1081 dC��H i.p.
932 925 dC��H o.p. Characteristic to bipolaron species

Reduced 1545 1620 Intercycle mC��C Mixed with the 1560 cm21 mC¼¼C mode
1308 1310 mC��C

1242 1253 dring
1047 1044 dC��H i.p.
990 990 dring Characteristic to neutral polypyrrole

Figure 10. (a,b) Electrochemical quartz crystal microbalance data for PPyHA-CNT. The frequency signal indicates cation
influx during the reduction and mixed anion/cation fluxes at higher potentials. The resistance signal indicates changes in
the viscoelastic behavior of the material during the electrochemical cycle.
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strained film. Hence, the approximate change in
thickness predicted by QCM is almost an order of
magnitude less than that measured by AFM for the
same system.

The impedance to oscillation of the quartz crystal
(reported as resistance R) is observed to change by
only 4 X indicating that the viscoelastic properties
of the polymer remain essentially unchanged dur-
ing the cycling. Using the more sophisticated visco-
elastic model recently presented25 the shear modu-
lus of the film was estimated to be in the order of
100 kPa. This computational result suggest that the
material is very soft, possibly due to the use of the
polyelectrolyte dopant. A shear modulus of 100
kPa falled within the expected range, as it was
larger than that of a hydrogel but less than that of
highly organized conducting polymers, that are
formed at low temperatures, and often used for
actuators. It should be noted that the calculated
values for Dhf and DG0 depend on certain precalcu-
lation assumptions, for instance the loss modulus
G@ is set zero by default. Therefore, the calculations
are still to be treated as more indicative than the
absolute values.

Cell attachment and viability

Majority of the cells seeded on PLA/PPyHA-CNT
composites were attached on the polypyrrole coated
part of titanium electrodes or the exposed part of the
titanium connectors at day 1. The cell number was
increased at day 8 compared with day 1 on PLA and
PLA/polypyrrole composites.

Representative images (Fig. 11) of viable (green
fluorescence) and dead (red fluorescence) ASCs
attached to surface of the reference PLA and the pol-
ypyrrole sample at two magnifications (� 340 and
3100). At day 8 no differences between the PLA/
PPyHA-CNT composites and PLA samples were
detected on the cell number or the viability of the
cells (Fig. 12). Majority of the cells were viable on
each sample material at 8 days.

Cell proliferation

At 1-day time point there were no differences
between the sample materials (Fig. 12). At 4 and 8
days, the relative proliferation of the viable cells was
higher in ASCs cultured on PLA/PPy composites
compared with PLA samples. The relative cell prolif-
eration increased in time in all sample materials. The
polypyrrole coating on the titanium electrodes
seemed a favorable surface for ASCs to attach and
proliferate.

CONCLUSIONS

Polypyrrole hyaluronic acid electropolymerized in
the presence of carbon nanotubes are electroactive
in physiological electrolyte that is well recognizable
redox behavior, associated polaron doping detected
by in situ Raman spectroscopy and cation
exchange.

The swelling of the polypyrrole material was at-
tributable mainly to cation migration, in this case so-
dium ion transport upon the electrochemical reduc-
tion at 20.45 V versus Ag/AgCl. Quartz crystal

Figure 12. Relative proliferation of ASCs cultured for 1,
4, and 8 days on polylactide and polylactide-polypyrrole
composite electrodes, measured with WST-1 proliferation
assay. Results are expressed as mean þSD. The polypyr-
role surface seemed a favorable surface for ASC viability
and proliferation. [Color figure can be viewed in the
online issue, which is available at www.interscience.
wiley.com.]

Figure 11. Representative images of viable (green fluores-
cence) and dead (red fluorescence) ASCs attached to
surface of the samples. REF: polylactide-polypyrrole
composite electrode. Scale (a) 200 lm and (b) 500 lm.
[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]
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microbalance (4%) and fluid AFM (19–27%) studies
showed that the total swelling capacity the the
PPyHA-CNT material on gold electrodes is strongly
affected by the adhesion of the polymer to the sub-
strate. The material is very soft with a shear modu-
lus G0 of about 100 kPa, calculated from the QCM
data. The adhesion and electroactivity of the poly-
mer layer can be enhanced by polymerizing a more
hydrophilic and strongly electroactive PPyDBS
underlay. Fluid AFM imaging shows that the
nanotubes render the surface of the PPyHA polymer
very rough.

Biocompatibility study of the PPyHA-CNT on ti-
tanium with ASCs showed equal or better cell
attachment, viability, and proliferation compared
with the reference PLA. The hydrophilic nature of
the polymer along the surface roughness probably
contribute to the excellent biocompatibility results.
The findings suggest that the polymer has potential
as a cell culturing surface. Since the material is elec-
troactive, it can be utilized in electrical and mechan-
ical stimulation of cell for example in 3D tissue
engineering scaffolds or AC microstimulation
electrodes.

I would like to thank Ms. Anna-Maija Honkala for excel-
lent technical assistance. This research was supported by
the Finnish Funding Agency for Technology and Innova-
tion (TEKES), the competitive research funding of the Pir-
kanmaa Hospital District.
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Original Article

Novel Polypyrrole-Coated Polylactide Scaffolds
Enhance Adipose Stem Cell Proliferation

and Early Osteogenic Differentiation

Jani Pelto, MSc,1 Miina Björninen, MSc,2–4 Aliisa Pälli, MSc,2–4 Elina Talvitie, MSc,4,5

Jari Hyttinen, PhD,4,5 Bettina Mannerström, PhD,2–4 Riitta Suuronen Seppanen, MD, DDS,2,4–6

Minna Kellomäki, PhD,4,5 Susanna Miettinen, PhD,2–4 Suvi Haimi, PhD2–4,7

An electrically conductive polypyrrole (PPy) doped with a bioactive agent is an emerging functional biomaterial
for tissue engineering. We therefore used chondroitin sulfate (CS)-doped PPy coating to modify initially elec-
trically insulating polylactide resulting in novel osteogenic scaffolds. In situ chemical oxidative polymerization
was used to obtain electrically conductive PPy coating on poly-96L/4D-lactide (PLA) nonwoven scaffolds. The
coated scaffolds were characterized and their electrical conductivity was evaluated in hydrolysis. The ability of
the coated and conductive scaffolds to enhance proliferation and osteogenic differentiation of human adipose
stem cells (hASCs) under electrical stimulation (ES) in three-dimensional (3D) geometry was compared to the
noncoated PLA scaffolds. Electrical conductivity of PPy-coated PLA scaffolds (PLA-PPy) was evident at the
beginning of hydrolysis, but decreased during the first week of incubation due to de-doping. PLA-PPy scaffolds
enhanced hASC proliferation significantly compared to the plain PLA scaffolds at 7 and 14 days. Furthermore,
the alkaline phosphatase (ALP) activity of the hASCs was generally higher in PLA-PPy seeded scaffolds, but due
to patient variation, no statistical significance could be determined. ES did not have a significant effect on hASCs.
This study highlights the potential of novel PPy-coated PLA scaffolds in bone tissue engineering.

Introduction

Polylactide-based polymers have been extensively used
in various applications for over two decades. However,

lack of bioactivity has limited their use especially in tissue
engineering applications.1,2 To overcome this problem, sev-
eral approaches have been developed, such as integrating
growth factors, or other bioactive agents into the polymer
structure.3,4 Another potential strategy to functionalize
polylactide scaffolds could be the application of conductive
polymers as a functional surface coating. Among these con-
ductive polymers, polypyrrole (PPy) has emerged as a
promising polymer group for tissue engineering due to its
high biocompatibility and its good electroconductive prop-
erties.5

The surface roughness, hydrophilicity, and elasticity of
PPys can be tailored by the choice of the dopants or surfac-
tants used in their synthesis.6,7 One of the most studied

biopolymer dopants is chondroitin sulfate (CS), a naturally
occurring ubiquitous glycosaminoglycan.8,9 CS is found not
only in the ECM, but was also discovered on the cell surfaces
of most mammalian cells and reported to be involved in
osteogenic processes, including development, maturation,
remodeling, and repair.10,11 CS has previously been shown to
enhance bone remodeling when applied together with hy-
droxyapatite/collagen bone cement.9 Due to the osteogenic
potential of CS, we hypothesized that by using CS-doped
PPy coating, we could stimulate the osteogenic differentia-
tion of human adipose stem cells (hASCs), a potential mes-
enchymal stem cell (MSC) group in the field of skeletal tissue
engineering.

In an earlier study, we already verified the good bio-
compatibility of PPy using hASCs.7 The effect of PPy sur-
faces with or without electrical stimulation (ES) has been
studied with various cell types, such as skeletal muscle cells,
neurites, endothelial cells, fibroblasts, osteoblasts, and

1VTT Technical Research Centre of Finland, Tampere, Finland.
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3Science Centre, Pirkanmaa Hospital District, Tampere, Finland.
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MSCs.12–17 However, so far, the effects of PPy on osteogenic
differentiation of human ASCs have not, to the best of our
knowledge, been reported either with or without ES.

ES has been applied to a number of cell types to enhance
proliferation and to direct cell differentiation, but mainly to
electrically active cells, such as neurons or cardiomyoblasts.18

Interestingly, a few recent publications have focused on the
stimulation of electrically inactive MSCs, demonstrating that
ES has a significant impact on ASC proliferation and differ-
entiation.19–21 ES has also been successfully applied via PPy
for different cell types resulting in increased cell proliferation
and significant changes in other cell functions.22–24 This
article is the first to report the effects of novel conductive
poly-96L/4D-lactide/PPy (PLA-PPy) scaffolds and their
combined effects with the ES on hASC viability, prolifera-
tion, and early osteogenic differentiation studied in a three-
dimensional (3D) culture system.

Materials and Methods

Materials

Medical grade PLA with an inherent viscosity of 2.1 dL g-1
(PURAC biochembv) was used in melt spinning and scaffold
manufacturing. Pyrrole monomer, ammonium perox-
ydisulfate oxidant (APS), and chondroitin 6-sulfate sodium
salt from bovine trachea were purchased from Sigma-
Aldrich. Pyrrole was distilled in a vacuum before use. Other
reagents were used without any further purification. Dis-
tilled water was used in the polymerizations.

Synthesis of 3D scaffolds

Polylactide fibers and nonwoven scaffolds. PLA was
extruded (GimacMicroextruder TR 12/24 B.V.O.; Gimac)
and hot-drawn to 16ply multifilament fiber. The diameters
of the single filaments were 10–20 mm. To manufacture the
nonwoven scaffolds, the fibers were cut and carded using a
manually operated drum carder (Elite Drum Carder; Louët
BV). Several cards were then combined by needle
punching using a James Hunter Needle Punching Machine
( James Hunter Machine Co.) to obtain 10 · 10 · 2 mm size
scaffolds.

Chemical oxidative polymerization of PPy. The poly-
merization parameters were optimized to ensure optimal
conductivity and uniformity of the coating; the pyrrole
concentration varied between 0.03–0.3 M, the CS concentra-
tion between 0.5–2 mg/mL, the oxidant concentration be-
tween 0.01–0.1M, and the polymerization time from 30 s to
15 min in an ambient temperature. The following optimized
concentrations were used for all the in vitro samples: [pyr-
role] = 0.036 M, [APS] = 0.1 M, and [CS] = 1 mg/mL, poly-
merization time 150 s.

Before polymerization, CS and APS were dissolved sep-
arately in distilled water. CS and APS solutions were
combined and pyrrole added immediately with vigorous
stirring. The sample was placed in the polymerization bath.
The nonwoven scaffolds were pretreated in ethanol before
polymerization. After polymerization, the samples were
rinsed thoroughly with water and dried in air. Samples
were sterilized by gamma irradiation (BBF Sterilizations
service GmbH) with an irradiation dose of >25 kGy.

Characterization

Hydrolysis and conductivity measurements. Gamma ir-
radiated scaffolds were incubated in sealed plastic specimen
chambers containing either a phosphate buffer solution PBS
(Sörensen, pH 7.4 – 0.2; Na2HPO4 0.0546 mol l-1, KH2PO4

0.121 mol l-1) or a maintenance medium consisting of the
Dulbecco’s modified Eagle’s medium/Ham’s Nutrient Mix-
ture F-12 (DMEM/F-12 1:1 1 · ; Invitrogen), 10% human
serum type AB (HS; PAA Laboratories GmbH), 1% L-
glutamine (GlutaMAX I; Invitrogen), and 1% pen-strep
(100 U/mL penicillin, 0.1 mg/mL streptomycin; Lonza) at
+ 37�C for up to 42 days. Test conditions were set as specified
in ISO-15814:1999(E) standard. The pH of the buffer solution
was measured and changed every 3 days twice a week to
exclude the acidic autocatalytic hydrolysis of PLA.

Directly after the synthesis and during the hydrolysis test,
the direct current (DC) conductivity of air-dry scaffolds was
measured using custom-made copper flat alligator clips
(contact area 6 mm2) and Fluke 189 multimeter. Non-
sterilized samples were used for conductivity measurement
since the electrical properties of PPy have been reported to be
stable25 with the irradiation dose used.

Electrospray ionization mass spectroscopy. Gamma-
sterilized, noncoated PLA and PPy-coated samples of 10 mg
were hydrolyzed for 30 days at + 60�C in 1.0 mL pure water.
The hydrolyzed samples were analyzed with a single qua-
druple Perkin Elmer SQ 300 electrospray mass spectrometry
(MS) system (PerkinElmer) in the positive ion mode. The
drying gas (nitrogen) temperature was set at + 175�C and the
drying gas flow rate at 8 L/min. The capillary exit voltage
was varied between 60 and 200 V to screen the onset of
cracking of the PLA oligomers. The MS was operated in a
scan mode (mass range 200–1000) and dwell time was set at
0.1 ms. Briefly, the (hydrolysis) solution was filtered through
0.45-mm PTFE filter, 0.5 mL methanol was added to the
mixture (water/MeOH 2:1 v/v) and the sample injected by a
syringe pump into the mass spectrometer at a flow rate of
5 mL/min.

Scanning electron microscopy. Noncoated PLA and
PPy-coated PLA scaffolds were imaged by JSM–6360 LV
SEM ( JEOL). Low 3 kV acceleration voltage was applied to
prevent sample damage and to induce contrast between
electrically conductive and insulating areas. For the non-
coated scaffold, the imaging was first done without metallic
surface coating and, subsequently, a thin 20-nm sputter-
coated gold layer (SCD 050; Balzers AG).

Atomic force microscopy. The morphology of individual
PLA-PPy fibers in air was imaged by noncontact mode
atomic force microscopy (Park XE-100 AFM; Park Systems).
Silicon probes (ACTA-905M, Applied NanoStructures, Inc.)
with a nominal resonance frequency of 300 kHz and spring
constant of 4 N/m were applied with a pyramidal shaped
tip (radius < 10 nm) and an aluminum reflective coating.
5 · 5 mm2 scans were taken with a scan rate of 0.5 Hz. The
surface roughness of the hydrolyzed sample was deter-
mined from the data by Park Systems XEI image process-
ing software (Park Systems). For the roughness data, the
analyzed area size was varied to test the consistency of
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the result. Roughness analysis was done on the raw data.
For the presentation of the surface topography of the
curved surfaces, the raw data was 0th order flattened along
the fiber axes, which were parallel to the slow axis of
the AFM.

Electrical stimulation

Stimulation setup. The scaffolds were placed in custom-
made bottomless 24-well plates (Greiner Bio-One GmbH).
The two electrodes were in galvanic contact with the cell
culture medium in each well (Fig. 1A). The top and the
bottom electrodes were sputter-coated polyethylene-naph-
thalate (PEN)/Au films (125 mm DupontTeonex�, with 50 nm
Au-coating applied by VTT). The bottom electrode (PEN/Au
film) was attached to the well plate with biomedical grade
Silastic� Q7-4720 liquid silicone rubber. The top electrodes
were bent strips of PEN/Au-film, partly extending to the cell
culture medium (Fig. 1A). The four strips were connected in
parallel (Fig. 1B). Hence, the individual wells were also
electronically connected in parallel. The electrode surface
area was approximately 1 cm2 for the top electrode and ap-
proximately 1.5 cm2 for the bottom electrode in each well.
The distance between the top and the bottom electrodes was
approximately 2 mm, matching the thickness of the scaffolds
under mild (< 10 kPa) compression. Hence, the fibers of the
scaffolds were in physical contact with both the top and
bottom electrodes.

Human ASCs were exposed to symmetric biphasic pulsed
DC voltage repeated at a frequency of 1 or 100 Hz, ES for
4 h/day. Stimulation waveforms were generated by AFG
3010B (Tektronix Inc.) and the stimulation signal supplied by
a laboratory voltage amplifier (VTT). The waveforms for the
1 and 100 Hz stimulation were pulsed DC voltages 250 ms

(+ 200 mV)/250 ms (- 200 mV)/500 ms (0 mV) and 2.5 ms
( + 200 mV)/2.5 ms ( - 200 mV)/5 ms (0 mV), respectively. A
schematic illustration of the voltage is presented in Figure
1C. According to cyclic voltammetry (CV), the PEN/Au-
electrodes were electrochemically stable in the – 200 mV
potential window (CV data not shown). The transient cur-
rent generated by the pulsed DC signal was monitored for
the 24-well plate assembly with Tektronix TDS 3054B oscil-
loscope and 100 O series resistor. The measured peak current
into the 24-well plate assembly in series with the 100 O was
2 mA. The measured steady state (DC) current after the
2.5 ms and the 250 ms pulses was in the range of 40–50 mA/
cm2, corresponding to cell impedance of 5 kO. Such a low
current level could be only roughly measured with the 100 O
resistor and the oscilloscope. Therefore, the range of the
current densities was also based on the impedance spectro-
scopic data recorded earlier in the DMEM.

The electrical charge of one pulse containing both the
transient electrical double layer charging of the Au-electrodes
(Q1, Q2 in Fig.1C) and the contribution of the ionic DC
current (dashed line in Fig.1C) of the 1 and 100 Hz wave-
forms were estimated 28.0 and 8.2mC, respectively. The
charging conditions for the top and the bottom electrodes
were not balanced electronically and the open circuit voltage
of the system was not measured. A nonstimulated group was
used as a control.

Impedance of the electrode, cell culture medium, and the
nonwoven scaffolds. Impedance spectra of circular parallel
1 cm2 PEN/Au-film electrodes and parallel rigid TiN-coated
steel electrodes (electrode material TiN) in the DMEM were
measured using an HP 4192A impedance analyzer. In the
measurement a 100 O series resistor and excitation voltage of
sinusoidal 50 mVp-p was used.

FIG. 1. (A) Schematic illustration of the stimulation device geometry as the side projection. Top and bottom electrodes were
made of gold-coated polyethylene-naphthalate film. (B) The voltage waveform applied to the samples. Biphasic pulses are
shown in blue color. The dashed line presents an estimation of the transient net current. Q1 and Q2 present both the transient
electrical double layer charging of the Au-electrodes. (C) Schematic illustration of the stimulation device geometry as the
above projection.
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Subsequently, the impedance of the insulating PLA scaf-
fold and the electrically conductive PLA-PPy scaffold was
measured between the rigid TiN electrodes (Oerli-
konBalzersSandvik Coating). TiN electrodes were utilized as
they provided an electrochemically stable, smooth, and me-
chanically rigid construction for the measurement cell.
Constant phase element analysis (CPE) was done using the
curve fitting tool provided in OriginPro 8.5.1 software (Ori-
ginlab Corporation) using protocols described by Tandon
et al.26

hASC culture

The experiments were repeated three times, each with a
different human hASC line. The cells were isolated from the
adipose tissue collected in surgical procedures from three
females (aged 39, 43, and 79) at the Department of Plastic
Surgery, Tampere University Hospital. Human ASC isola-
tion from the tissue samples was conducted in accordance
with the Ethics Committee of Pirkanmaa Hospital District,
Tampere, Finland. The minced tissue samples were digested
with collagenase type I (1.5 mg/mL; Invitrogen) and cell
isolation was performed as previously described.27 After
primary culture in T-75 flasks, hASCs of passage 1 were
harvested and analyzed by flow cytometry (FACSAria; BD
Biosciences). Monoclonal antibodies against CD14-PE-Cy7,
CD19-PE-Cy7, CD45RO-APC, CD49D-PE, CD73-PE, CD90-
APC, CD106-PE-Cy5 (BD Biosciences Pharmingen); CD34-
APC, HLA-ABC-PE, HLA-DR-PE (Immunotools GmbH
Friesoythe); and CD105-PE (R&D Systems, Inc.) were used.
Analysis was performed on 10,000 cells per sample, and the
positive expression was defined as a level of fluorescence
99% greater than the corresponding unstained cell sample.

Cell expansion and experiments were carried out in the
maintenance medium. When the ASCs reached 80% conflu-
ence, the cells were passaged. Cells of passages 4 to 5 were
used for all experiments. Each scaffold was pretreated with
the maintenance medium for 48 h at 37�C in custom-made
24-well plates. The scaffolds were seeded with 87,500 cells in
a volume of 30mL of the maintenance medium and the cells
were allowed to attach for 3 h.

Viability. Cell attachment and viability were evaluated
qualitatively using live/dead viability assay (Molecular
Probes) at 7- and 14-day time points. CellTracker� Green [5-
chloromethylfluorescein diacetate (CMFDA; Molecular
Probes) and ethidium homodimer-1 (EthD-1; Molecular
Probes) were utilized to dye viable cells (green fluorescence)
and dead cells (red fluorescence), respectively, as previously
described.7

Proliferation and differentiation. The DNA content in the
hASC-seeded scaffold constructs was measured after 1, 7,
and 14 days’ culture using the CyQUANT� Cell proliferation
assay kit (Molecular Probes–Invitrogen) according to the
manufacturer’s protocol and as earlier described.27 To uni-
formly extract the DNA, cells were lysed in the scaffold using
0.1% Triton X-100 followed by a freeze–thaw cycle, and then
the scaffold was disrupted and the cell lysate carefully col-
lected from the scaffolds for the analysis. The fluorescence
was measured with Victor 1420 Multilabel Counter; Wallac).
The quantitative alkaline phosphatase (ALP) measurement

was performed at time points of 7 and 14 days according to
the Sigma ALP procedure (Sigma Aldrich)27 with minor
modifications. Quantitative ALP activity results were nor-
malized to the total amount of DNA measured from the
same samples.

Statistical analysis. The statistical analyses were per-
formed with SPSS, version 17. All assays were performed in
triplicate and the data were presented as mean – standard
deviation (SD) for both quantitative analyses. The equal
variance assumption was checked by the Levene’s Test. All
statistical analyses were performed at a significance level
p < 0.05 using one-way analysis of variance (ANOVA) or the
T-test. Bonferroni post hoc correction for multiple corrections
was used. The effects of different culturing periods (1 day vs.
7 days vs. 14 days), scaffold materials (PLA vs. PLA-PPy),
and stimulation setup (ES 1 Hz vs. ES 100 Hz vs. control)
were evaluated from the combined data of the three exper-
iments.

Results

Effect of hydrolysis on DC electrical conductivity

Incubation of the PPy-coated PLA fiber scaffolds in PBS
(pH 7.4) resulted in a significant decrease in DC conductivity
during the first day (Fig. 2). Directly after the synthesis the
in-plane resistance of the air-dried samples was 50 – 20 kO.
Rinsing with deionized water increased the resistance to
90 – 40 kO on day 0. At day 1, the measured resistance was
2.5 – 0.8 MO and steadily increased to 29 – 14 MO on day 7.
According to optical microscopy, the surface of the fiber was
still fully covered with the PPy coating on day 20. The DC
conductivity of the hydrolyzed scaffolds could be partly re-
stored by rinsing with a diluted hydrochloric acid (pH 2)
solution and subsequent air drying. Roughly, 5%–10% of the
conductivity of the hydrolyzed scaffold was restored by the
acid rinse irrespective of the hydrolysis time.

FIG. 2. Resistance of the poly-96L/4D-lactide-polypyrrole
(PLA-PPy) scaffold in air (n = 4). The samples were rinsed
with deionized and air-dried before each measurement. The
conductivity of the sample remains at a level relevant for
electrical stimulation for at least 2 days.
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Impedance of the electrode, cell culture medium,
and the nonwoven scaffolds

The results of the impedance measurement are summa-
rized in the following Table 1.jZjcell is the magnitude of cell
impedance, CPE represents the capacitance of the cell, and Z
is a fit parameter describing the ideality of capacitance in the
CPE model.26

According to the measured data, the PLA and the PLA-
PPy scaffolds both had a significant effect on cell impedance
in the DMEM. The low-frequency impedances specially were
significantly lower for the cell containing the scaffolds in the
DMEM (either PLA or PLA-PPy) than for the empty cell
containing only the medium. As anticipated, the PLA-PPy
scaffold induced the most significant decrease in cell im-
pedance at lower frequencies. The ideality coefficient Z was
low (0.83) for the PLA-PPy scaffold, suggesting that the ca-
pacitive CPE model did not describe the cell impedance
spectrum in this case. Contrary to expectations, the PLA
scaffold also decreased the cell impedance. This was sur-
prising since the relative permittivity of the medium (around
80) is much higher compared with the dry PLA polymer
(around 3.5). The result can be explained by a marked en-
hancement of (low-frequency) ionic conductivity along the
PLA fibers. The low-frequency impedance was three-fold
higher, and the capacitance was 10-fold lower for the Au-
electrodes than for the TiN electrodes.

We used impedances derived from sinusoidal test signals
(2.4.2) for estimating the order of magnitude for the stimu-
lation current during the biphasic pulses. The Ohm’s law and
the impedances measured at 1 Hz and 10 kHz were used for
estimating the current densities in the Au-electroded stimu-
lation 24-well setup. Theoretical current densities I1,2,DC –
13.3 mA/cm2 I1,2,max – 16.7 mA/cm2 for the DC current and
the transient current were calculated, respectively. The real
transient current density, which is not directly measurable
using our system, was limited by the current amplifier to
roughly – 0.4 mA/cm2. The discrepancy between the ob-
served and the calculated values was likely due to the dis-
crepancies between the impedance measurement and the ES
setup. However, both the measured and the estimated DC
and transient currents were within a physiologically relevant
range, but could be considered minimally invasive for the
hASCs.28

Electrospray ionization mass spectroscopy

The electrospray ionization-MS (ESI-MS) spectra for the
PLA-PPy and PLA scaffolds were very similar (Fig. 3). The
spectra contained peaks of PLA hydrolysis products29 and
the corresponding Na peaks. No significant peaks associated

with potential PPy or CS degradation products, such as ox-
idized pyrrole oligomers or oligosaccharides, were found in
the studied m/z range of 200–1000.

Scanning electron microscopy

According to scanning electron microscopy (SEM) images,
the surfaces of the PPy-coated PLA fibers were covered with
a conductive layer. This was clearly detected (Fig. 4, left),
since the fiber scaffold did not build up any electrostatic
charge under the electron beam at 3-kV acceleration voltage.
The surface of the metallized (20 nm Au) PLA fibers ap-
peared smooth in comparison to the PPy-coated fibers (Fig.
4, right).

Atomic force microscopy

Figure 5 shows representative topography and the mea-
sured surface roughness of individual PPy-PLA fibers after
hydrolysis in PBS. The long axis of the fiber in each AFM was
set parallel to the slow scan axis (45 degrees in the images in
Fig. 5A). On day 0, the fiber surface appears extensively
covered by fine nodular material individual nodules being
200 nm in diameter. This presented the typical morphology
for PPys prepared by chemical polymerization. On day 10,
the nodular surface morphology of the fibers was detected as
on day 1. However, smoother areas and coarser (>400 nm)
nodules with fine structure had appeared on day 10. On day

Table 1. Summary of Impedance Spectroscopic Data Measured in Dulbecco’s Modified Eagle’s

Medium and the Corresponding Constant Phase Element Analyses

Sample jZjcell at 1 Hz (U) jZjcell at 10 kHz (U) CPE capacitance (lF) idealitycoeff. g

PEN/Au/film 240000 15 2 0.97
TiN 83000 17 20 0.94
TiN/PLA scaffold 13000 26 20 0.90
TiN/PLA-PPy scaffold 1700 12 14 0.83

HP 4192A impedance analyzer, excitation voltage is sinusoidal 50 mVp-p
CPE, constant phase element; PEN, polyethylene-naphthalate; PLA-PPy, poly-96L/4D-lactide-polypyrrole.

FIG. 3. Electrospray ionization-mass spectrometry spectra
of the hydrolysis products from PLA-PPy and PLA scaffolds.
All detectable peaks are found in the m/z range of 200–700.
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20, the fraction of smoother areas had further increased from
day 10. According to optical microscopy, the fibers were still
fully covered with PPy after the 20 days in PBS. Hence, the
observed changes were probably due to the changes of the
PPy coating morphology and/or the hydrolysis of the PLA
surface under the PPy coating.

The changes in the AFM images were reflected in the surface
roughness values (Ra) derived from the images (Fig. 5B). Within
10 days, the Ra values decreased significantly from about
160 nm to less than 80 nm. The roughness analysis showed a
consistency independent of how the analyzed surface area was
chosen from the images (5 · 5mm2, 2 · 2mm2 subareas).

FIG. 4. Scanning electron
microscopy image of PLA-
PPy scaffold (left) without
sputtered gold layer and PLA
scaffold (right) with 20 nm
gold coating. At 3-kV
acceleration voltage, the PPy-
coated PLA scaffold could be
readily imaged, but the
electrically insulating PLA
scaffold could not be imaged
without a thin coating layer
(typically gold or carbon) due
to heavy electrostatic
charging.

FIG. 5. Atomic force microscopy images (A) and the sur-
face roughness (B) of the PLA-PPy scaffold at day 0, 10, and
20 over a scanning area of 10 · 4mm. The surface of the fiber
is gradually losing its fine granular morphology and
changing its appearance toward smoother surface. Z-scale in
the images is 600 nm.Color images available online at
www.liebertpub.com/tea
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Cell culture

Flow cytometry. The flow cytometric analysis demon-
strated that hASCs show high expression of CD105 (endoglin),
CD73 (ecto 5¢ nucleotidase), and CD90 (Thy-1), moderate ex-
pression (<50% >2%) of CD34 (hematopoietic progenitor and
endothelial cell marker), and CD49d (integrin a4), while lack-
ing expression (£2%) of CD14 (monocyte and macrophage
marker), CD19 (B cell marker), CD45RO (pan-leukocyte
marker), CD106 (vascular cell adhesion molecule 1), and HLA-
DR (HLA class II). Surface marker expression characteristics of
undifferentiated ASCs from one donor cell line is presented in
Figure 6. The results showed that hASCs expressed several of
the specific antigens proposed by the Mesenchymal and Tissue
Stem Cell Committee of the ISCT30 defining human stem cells
of mesenchymal origin. According to ISCT, CD34 should not
be expressed in stem cells of mesenchymal origin; however, it
showed moderate expression with high donor variation.
However, varying results have been reported for CD34 on
hASCs cultured in a medium supplemented with human se-
rum31–33 and fetal bovine serum.31,34,35

Viability. Live/dead staining showed that the majority
of hASCs were viable and spread homogenously in both
scaffold types with and without ES on day 14 (Fig. 7). By
qualitative estimation, the number of hASCs was higher in
PLA-PPy scaffolds than in the plain PLA scaffolds at all time
points. This difference was evident on the cell seeding surface
(Fig. 7) and the bottom surface of the scaffolds as well as
inside the scaffolds (Supplementary Figs. S1 and S2; Supple-
mentary Data are available online at www.liebertpub.com/
tea). The ES did not seem to have any effect on cell viability or
the cell number.

Proliferation and early osteogenic differentiation. The
number of hASCs was assessed quantitatively using the

CyQUANT proliferation method (Fig. 8), which is based on
the relative absorbance values according to the amount of
DNA. As demonstrated with live/dead staining, the number
of hASCs was higher in PLA-PPy scaffolds at each time point
compared to PLA scaffolds. This difference was statistically
significant, excluding 7-day time point, in the nonstimulated
and in the stimulated (100 Hz) group. In addition, the cell
number in PLA scaffolds did not increase over time, whereas
the cell proliferation during the 14-day culture period was
detected in PLA-PPy scaffolds. Neither did the stimulation of
1 Hz nor 100 Hz show any effect on cell proliferation.

ALP analysis was performed on the same samples as used
for DNA amount analysis (Fig. 9). ALP activity of hASCs
was higher in PLA-PPy scaffolds in each stimulation group
than in the PLA scaffolds at 7 and 14 days. One donor line
did not show reliably detectable ALP activity at any of the
measured time points. Therefore, data from two other re-
peats only are shown. The ALP activity values varied nota-
bly between the two donor lines; hence, no significant
differences were detected between different scaffold types or
stimulation groups.

Discussion

As our main finding, the PPy coating enhanced hASC
proliferation. A similar trend was also seen in ALP activity, but
no significant differences were detected. ALP activity peaked at
the 7-day time point, which is typical behavior for ASCs in 3D
scaffolds in the maintenance medium.36 To the best of our
knowledge, this is the first study to investigate the effect of ES
on hASCs in a 3D culture system on PLA-PPy scaffolds by
exploiting the conductivity properties of PPy. For the ES in the
3D culture system, we designed a custom-made stimulation
setup, where multiple scaffolds could simultaneously be stim-
ulated. Symmetric biphasic pulsed DC voltage with – 100 mV/
mm pulse amplitude (2.5 ms/250 ms pulse duration and

FIG. 6. Surface marker
expression characteristics of
undifferentiated adipose
stem cells (ASCs) from one
donor cell line as analyzed by
flow cytometry. Relative cell
number (y-axis) and
fluorescence intensity
(x-axis). Unstained control
cells (empty histograms) and
cells stained with antibody
(filled histograms). Unstained
control sample dot plot
showing particle size and
granularity (side scatter vs.
forward scatter).
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100 Hz/1 Hz pulse frequencies, respectively), was chosen on
the basis of earlier studies demonstrating their physiological
relevance, safety, and applicability to stimulating hASCs.19,21

ES can be considered a potential way to stimulate hASCs
as it offers a means to exert similar influence on cells as, for
example, growth factors, but in a safer, more inexpensive
and repeatable way.19 Nevertheless, no significant differ-
ences in early osteogenic differentiation or proliferation were
detected between electrically stimulated and nonstimulated
hASCs in our setup. This result was in contrast to many
recent studies reporting favorable effects of ES on hASC
osteogenic differentiation. McCullen et al. demonstrated
hASC mineralization and differentiation toward bone tissue
under ES in a 2D culture system19 when the osteogenic
medium was used (the maintenance medium supplemented
with 50 mM ascorbic acid, 0.1 mM dexamethasone, and
10 mM b-glycerofosfate, while Tandon et al.21 demonstrated
that hASCs align and elongate in the presence of ES. Similar
to our study, no differentiation medium or growth factors
were used to increase the differentiation processes. As a re-
sult, they did not detect osteogenic differentiation, but rather
fibroblastic or vasculogenic differentiation. As our study set

out to investigate early osteogenic differentiation, it remains
to be determined if differentiation into other lineages oc-
curred.

Hammerick et al. used mouse ASCs and stimulated them
using very similar parameters to ours. Their results on pro-
liferation were consistent with ours since they did not detect
any effect of ES on proliferation during a 10-day culture
period. On the other hand, osteogenic differentiation was
observed only in combination with ES and the osteogenic
medium (the maintenance medium supplemented with
100 mg/mL of ascorbic acid and 10 mM b-glyceropho-
sphate).

It should also be noted that most of the studies of using ES
for stem cells have not been done in combination with elec-
trically conductive biomaterial. PPy and ES may have syn-
ergistic effects, such as redox activity upon potential changes
and bioactive molecules as dopants, which can affect also to
the cell response in addition to the applied ES.6

The electrical impedance of the Au-electrodes in the
DMEM changed significantly in the frequency range of si-
nusoidal (50 mV) 1–1000-Hz test signals, as confirmed by
impedance spectroscopy. Indeed, the nonlinearity of the

FIG. 7. Representative images of viable (green fluorescence) and dead (red fluorescence) human adipose stem cells at 14-
day time point attached to PLA and PLA-PPy scaffolds visualized at top/cell seeding side of the scaffolds. Scale bar is
500 mm. Color images available online at www.liebertpub.com/tea

FIG. 8. Relative DNA
content of human adipose
stem cells cultured for 1, 7,
and 14 days in PLA and PLA-
PPy scaffolds. The results are
expressed as mean – SD, n = 3.
The total number of technical
samples was 9. *p < 0.05 with
respect to the corresponding
PLA scaffold.
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stimulation cell impedance was found to be an important
factor in designing electronic stimulation setups and wave-
forms for stem cells. As anticipated, the electrically conduc-
tive PPy-PLA scaffold placed between the circular 1 cm2 TiN
electrodes decreased the impedance of the TiN/DMEM/TiN
cell significantly, in particular, in the lower frequency range.
A less significant, but a surprising decrease in cell impedance
was also observed for the PLA scaffold, which is an excellent
electrical insulator in air. In both cases, a possible explana-
tion would be a marked enhancement of the conductivity of
the fibers, extending to the interior of the scaffold. In the case
of PLA fibers, the enhancement was likely due to increased
surface ionic conductivity. For the PLA-PPy fiber, the en-
hancement was more easily understood since PPy is an
electronic conductor both in air and in a medium. Our results
suggest that an electronically conductive PPy can better de-
liver the stimulation currents to the cells located in the in-
terior of the scaffold, which may have an additional effect on
cell response. It is noteworthy that a significant enhancement
of the electronic conductivity resulted from only 2–3 wt-% of
the conductive PPy in the composite PLA-PPy fibers.

The in-plane DC resistance of air-dried PLA-PPy scaffolds
was 50 kO on day 0. The DC conductivity of the PPy coating
was roughly 10–30 S/m, based on an order of magnitude
estimation of the DC conductivity of the PPy-layer and a
careful extrapolation of the impedance spectroscopic data to
very low frequencies. The estimated conductivity was within
the range of the electronic volume conductivity reported for
bulk PPy-sulfate powders prepared by APS oxidation in
water.37 Hence, the incorporation of the CS dopant did not
adversely affect the electronic conductivity of PPy. The loss
of DC conductivity of PPy coating was partly restored by
acid doping in pH 2. Therefore, the loss of electronic con-
ductivity was partly due to reversible de-doping of PPy
chains in high pH 7.4.6 Other mechanisms, such as PLA
degradation, were also affecting the PPy coating and/or
detachment, and cracking of the PPy layer. According to the
impedance spectroscopy (1–10 kHz) and the DC measure-
ments, the AC conductivity (electronic and ionic) of the PPy
layer remained considerably (>2 decades) higher than the
ionic conductivity of the DMEM at least on days 0–2. Al-
though the impedance measurement cannot discriminate
between the electronic conductivity and the ionic conduc-
tivity of the scaffold material, we find this a clear indication

that the scaffold will enhance the stimulation current flow for
periods far exceeding 2 days.

Irreversible changes were also apparent in the morphol-
ogy of the fibers according to AFM topography images,
which showed that the appearance of the fibers changed
significantly during incubation. According to optical micros-
copy, the fibers were still fully covered with PPy after the 20
days in PBS. The data suggested extensive morphological
changes in the thin PPy layer due to dopant ion exchange,
hydration, osmotic pressure, and/or hydrolysis of the PLA
surface under the PPy coating. Both factors may have affected
the morphology of PPy, the local adhesion of the PPy coating,
and consequently, the electronic conductivity of the coating.

Between the electrochemical potentials of the ES signals
( – 200 mV) used, the PPy remained in oxidized state. Thus, it
is unlikely that redox chemistry had any significant effects on
PPy morphology. Hydration and hydrolytic degradation of
the outermost surface of the PLA may have been affected by
the PPy coating and the ES, mainly due to the high ionicity of
PPy. However, we found no direct evidence of such effect
using SEM, AFM, and ESI-MS. This should be further stud-
ied in future.

Under the oxidative polymerization conditions, the CS
was rapidly split into fragments (C4–C6) as evidenced by the
viscosity measurements (data not shown). Although it was
evident that the CS induced permanent hydrophilicity of the
PPy coating, the role of the CS dopant in the cell response of
PPy coating remained unclear. After hydrolysis in deionized
water at + 60�C, we did not detect pyrrole oligomers or CS
fragments in the hydrolysis products of the PLA-PPy fibers
by ESI-MS. It is therefore debatable if molecular fragments of
the CS remained in PPy. This needs elucidation since CS
fragments have well reported biological activity both in vitro
and in vivo.38,39 Nevertheless, our results showed that the
effect of PPy coating on hASC response was as strong with
and without ES, suggesting that the surface chemistry of PPy
plays a more important role in triggering cell response than
in the electrical conductivity of PPy.

According to the ESI-MS spectra, the influence of PPy
coating on the hydrolysis of the PLA scaffold was negligible.
According to our interpretation, the thin PPy coating was not
hydrolytically degraded in water and had little effect on the
hydrolytic degradation of the PLA scaffolds in vitro.

In conclusion, the novel PPy-coated scaffolds significantly
enhanced hASC proliferation. In addition, early osteogenic
differentiation was consistently more enhanced by PPy
coating than by plain PLA scaffolds. This study highlights
the future potential of PPy-coated PLA scaffolds seeded
with hASCs in clinical bone tissue engineering applications.
The ES of the relatively noninvasive biphasic pulsed volt-
age waveforms in 3D geometry did not have a significant
effect on hASC proliferation or differentiation on days 1, 7,
and 14.
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ABSTRACT: Surface properties and electrical charges are critical factors
elucidating cell interactions on biomaterial surfaces. The surface potential
distribution and the nanoscopic and microscopic surface elasticity of organic
polypyrrole−hyaluronic acid (PPy-HA) were studied by atomic force
microscopy (AFM) in a fluid environment in order to explain the observed
enhancement in the attachment of human adipose stem cells on positively
charged PPy-HA films. The electrostatic force between the AFM tip and a
charged PPy-HA surface, the tip−sample adhesion force, and elastic moduli
were estimated from the AFM force curves, and the data were fitted to
electrostatic double-layer and elastic contact models. The surface potential of the charged and dried PPy-HA films was assessed
with Kelvin probe force microscopy (KPFM), and the KPFM data were correlated to the fluid AFM data. The surface charge
distribution and elasticity were both found to correlate well with the nodular morphology of PPy-HA and to be sensitive to the
electrochemical charging conditions. Furthermore, a significant change in the adhesion was detected when the surface was
electrochemically charged positive. The results highlight the potential of positively charged PPy-HA as a coating material to
enhance the stem cell response in tissue-engineering scaffolds.

1. INTRODUCTION

Polypyrrole (PPy) is a prototype of an electroactive organic p-
type semiconductor that is widely applied as a surface coating
on a range of metallic conductors and insulative biomaterials
such as tissue-engineering scaffolds.1 The electroactivity of PPy
stems from the property of the neutral and electrically
insulating PPy0 chains becoming positively charged (polaronic
PPy+) and electronically conductive when oxidized in electro-
lytes. The charge of the PPy+ backbone is always compensated
for by negatively charged species, called dopants, or ions from
the surrounding electrolyte. Any excess surface charge of
electrochemically charged polypyrrole is dependent not only on
the bulk doping charge of the polymer but also on the surface
chemistry in the electrolyte. Factors such as the mobility of the
dopants and properties of the electrolyte solution (e.g., salt
concentration and pH) are involved in the surface chemistry.2

We have previously reported that PPy doped with hyaluronic
acid (HA) shows potential as a substrate material in supporting
the growth of human adipose stem cells (hASC).3 HA is an
extracellular matrix polysaccharide that has been widely studied
as a biocompatible polymeric dopant of polypyrrole. It is an
extremely hydrophilic anionic polymer that renders the
polymer (i.e., PPy-HA) very hydrophilic, and under certain
synthesis conditions, a soft polymer with a Young’s modulus in

the range of megapascals can be produced. According to its
charging state, PPy-HA may reversibly absorb salt and water
from the surrounding electrolyte, a process that contributes to
the elasticity of the polymer surface.4 Serra Moreno et al.5 have
studied the effects of synthesis parameters of polysaccharide-
doped PPy, including the effect of their surface roughness, on
osteoblast adhesion and proliferation. Their findings suggest
that smooth surfaces allow the best adhesion of osteoblasts on
electropolymerized films. A similar PPy-HA coating has been
recently designed to inhibit the unwanted adhesion of
astrocytes and fibroblasts onto neural probes.6 Cell interactions
with PPy-HA-coated surfaces are likely to depend not only on
the specific chemistry of the dopant type but also on other
physical surfaces properties (modulus, surface potential, and
morphology) that are influenced by the presence of the dopant
and parameters (e.g., polymerization charge of polymer
growth) used to synthesize the polymer.7,8

However, there are still gaps in the fundamental under-
standing of cell−surface interactions at the single-molecule
(atomic and nanoscopic) level and on micrometer scales related
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to processes involving initial cell attachment, spreading, and
adhesion. Therefore, the role of the interface and its various
surface properties, including nanoscale and microscale surface
roughness, elasticity, and electrical charges, needs further
elucidation for a full understanding of cell interactions on
biomaterials. This is particularly the case given the ongoing
emergence of new and diverse biomaterials, including electro-
active polymers that are continually under development
because of their easy modification, functionalization, and
doping with biological constituents (e.g., glycosaminoglycans,
drugs, and proteins). Although some studies on electroactive
polymers have examined the effect of their physical surface
properties on cell interactions,1,3,5,6 such as proliferation,
adhesion, and differentiation, few studies in this context have
been undertaken using approaches that quantify and correlate
variations in nanoscale surface properties. With that said, many
studies using atomic force microscopy (AFM) have shown that
electroactive polymers display characteristic nanoscale lateral
variations, or effective phase separations, of the modulus,
surface potential, conductivity, and interaction forces that occur
across the polymer surface and are related to its nanoscale
morphology.7

Of particular interest is how these nanoscale properties are
manifested under natural physiological conditions, in particular,
variations in surface charge arising spontaneously on ionized
chemical groups and electrical double layers at surfaces
immersed in physiological fluid. Electrical double layer forces,
strong van der Waals interactions, and steric forces are present
in colloidal aqueous systems, including biological interfaces.
Hence, the physical interactions among the continuum of
biomaterial surfaces, plasma proteins, and surface receptors of
living cells are clearly attributable to their electrostatic charges
and/or hydrated polymers on their surfaces.9 Lubarsky et al.10

have shown that electrical double layer forces drive human
serum albumin adsorption more efficiently onto nonoxidized
and less negatively charged tissue culture polystyrene plates in
phosphate-buffered saline (PBS). According to a recent review
(Dubiel, Martin, and Vermette9), the importance of the
electrostatic double layer forces in adhesion proteins and cell
adhesion has been well stated in recent studies.
Surface charges measured with different analytical techniques

are quite different. Atomic force microscopy (AFM) measure-
ments in fluid yield “effective” nanoscopic information on the
surface charge/potential based on the Gouy−Chapman−Stern
(GCS) treatment of the diffuse electrical double layer, whereas
electrokinetic measurements yield information about the
averaged surface zeta potential, which by definition are different
quantities. Both of these parameters have been used to describe
the attachment of charged biopolymers and cells on
biomaterials, but neither can be directly deduced from the
electrochemical (bulk or surface) charge injected into the
biomaterial and/or the properties of the physiological electro-
lyte. Because there is no universally applicable theory available
linking the electrochemical charge and the effective surface
charge and potential, they must be determined using some
probing technique, such as AFM.11 Hence, the role of the
surface charge in the adhesion of biopolymers in biological
environments, in particular, for electroactive polymers on the
nanoscale, has remained difficult to quantify directly, and their
effects on biological interactions are unclear.
The significance of gaining an improved understanding of

nanoscale surface forces is evident from the mechanisms of cell
attachment and spreading that require the initial adsorption of

ECM proteins followed by the application of piconewton or
even nanonewton forces to the substrate via focal adhesion
complexes, all of which are also influenced by the elastic
response of the substrate.12,13 Emerging evidence suggests that
the mechanochemical response originating from the cell−
substrate interactions is specific to the cell phenotype, the
understanding of which has already been utilized to great effect
in the differentiation and sorting of cell types12 and could also
be applied to electroactive polymers through the modulation of
redox surface properties.
In this study, we have utilized Kelvin force probe microscopy

(KFPM) and AFM to elucidate nanoscopic lateral variations in
the roughness, elasticity, and surface charge across the surface
of PPy-HA substrates as a function of the redox state of the
polymer. In particular, we attempt to relate these variations in
surface properties, in addition to the surfaces forces operating
in fluid, to observed differences in human adipose stem cell
(hASC) adhesion and spreading on thin, potentiostatically
electropolymerized, charged PPy-HA surfaces.

2. MATERIALS AND METHODS
2.1. Polypyrrole−Hyaluronic Acid Synthesis. Polypyrrole

samples were electropolymerized onto indium tin oxide (ITO)
substrates (surface resistance 40 Ω/square, Sigma-Aldrich, St. Louis,
MO) using a potentiostat (Parstat 261A, EG&G, Oak Ridge, TN).
Another set of samples for the electrical characterization was grown on
Au-Mylar (rf-sputtered 50 nm Au, VTT, Finland) films. For the
electropolymerization, 0.2 M distilled pyrrole (Sigma) was dissolved in
a 1 mg/mL solution of HA extracted from human umbilical cords
(Sigma). Constant potential +1.0 V versus Ag/AgCl was applied to the
working electrode substrate. A platinum counter electrode was used.
The polymerization was continued until a polymerization charge of 0.5
C/cm2 had been consumed. At this point, the PPy-HA film thicknesses
were 600−800 nm, as confirmed by AFM.

After the synthesis, the PPy-HA samples were rinsed with deionized
water and dried in air. Samples grown on ITO substrates were gamma
sterilized (20 kGy radiation dose) before cell seeding or before the 2
day preincubation period in the maintenance medium consisting of
DMEM/F-12 1:1 (Invitrogen, Paisley, U.K.), 10% FBS (Invitrogen),
1% L-glutamine (GlutaMAX I, Invitrogen), and 1% penstrep (100 U/
mL penicillin, 0.1 mg/mL streptomycin, Invitrogen). Corresponding
PPy-HA films grown on Au-Mylar were used in the electrical
characterization.

2.2. Electrochemical Charging. We examined the effect of the
charged state of PPy-HA on hASCs adhesion. For charged samples,
the PPy-HA films were electrochemically charged by applying the
+200 mV versus Ag/AgCl reference directly before seeding hASCs and
during the cell culturing period (Table 1). For uncharged samples
(defined as samples where +200 mV was not applied), the as-
synthesized films were connected to a reference +0 mV electrode.
Therefore, both groups of samples were set to a potential during cell
culturing. For the AFM experiments, the charged and uncharged
samples were identically prepared, with the charged samples being
subjected to the application of +200 mV versus Ag/AgCl (0.005 M

Table 1. PPy-HA Samples Were Categorized in Four Groups
According to the Pretreatment and Charging Conditions

abbreviation
pretreatment prior to ASC seeding and

charging
electrochemical

charging

0/preinc preincubated in maintenance medium
48h

set to 0 mV

+/preinc preincubated in maintenance medium
48h

oxidized at
+200 mV

0 rinsing with PBS set to 0 mV
+ rinsing with PBS oxidized at

+200 mV
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NaCl) in the AFM electrochemical cell shortly before the AFM scan.
The sample potential was controlled using an EDAQ EA161
potentiostat and a platinum wire counter electrode immersed into
the AFM electrochemical cell. During the AFM scan, the sample
potential was not controlled.
2.3. Cell Culture. 2.3.1. Human Adipose Stem Cells. Human

ASCs were isolated from the adipose tissue samples of subcutis
collected from surgical procedures from two females (ages 45 and 50),
kindly provided by the Department of Plastic Surgery, Tampere
University Hospital. Isolation of hASCs from the tissue samples was
conducted in accordance with the Ethics Committee of Pirkanmaa
Hospital District, Tampere, Finland (R03058). The adipose tissue was
digested with collagenase type I (1.5 mg/mL, Invitrogen). Human
ASCs were expanded in T-75 polystyrene flasks (Nunc, Roskilde,
Denmark) in a maintenance medium. Cells of passages 5−7 were used
in the experiments. Cells were seeded onto each PPy-HA sample in a
medium volume of 1 mL, with 25 000 cells per sample, and cultured
for up to 3 h.
The hASCs of passages 2−3 were harvested and analyzed by flow

cytometry (FACSAria, BD Biosciences, Erembodegem, Belgium).
Monoclonal antibodies against CD9-PE, CD10-PECy7, CD13-PE,
CD29-APC, CD49d-PE, CD90-APC, CD106-PE-Cy5, CD146-PE,
and CD166-PE (BD Biosciences); CD45-FITC (Miltenyi Biotech,
Bergisch Gladbach, Germany); CD31-FITC, CD34-APC, CD44-
FITC, and HLA-ABC-PE (Immunotools GmbH Friesoythe, Ger-
many); and CD105-PE (R&D Systems Inc., Minneapolis, MN, USA)
were used. Analysis was performed on 10 000 cells per sample, and
unstained cell samples were used to compensate for the background
autofluorescence levels. The flow cytometric analysis on hASCs
demonstrated an expression for markers substantiating the mesen-
chymal origin of cells and showing a low or lack of expression of
markers, suggesting a hematopoietic and angiogenic origin of the cells.
The characterization data comply with the existing results on
hASCs.14−16

2.3.2. Cell Attachment and Viability. Cell attachment and viability
were studied using live/dead staining (Invitrogen) according to the
manufacturer’s protocol at the 3 h time point. The viable cells (green
fluorescence) and dead cells (red fluorescence) were examined using a
fluorescence microscope. For AFM visualization, similarly treated
samples as for live/dead staining were fixed before imaging. After the 3
h culturing period, cell-seeded samples were washed with DPBS and
fixed with 5% glutaraldehyde-fixative in 0.1 M phosphate buffer (pH
7.4) for 48 h. Glutaraldehyde cell fixation (5%) is a standard cell
fixation method that we have used in our previous studies with human
adipose stem cells for morphology imaging.17,18 Fixative was replaced
by Dulbecco’s phosphate-buffered saline (DPBS), where samples were
stored until imaging. Three to five representative optical images of the
cells, selected from different areas of each PPy-HA sample, were
analyzed to measure the surface area of the individual cells (n = 26)
using i-Solution Lite image acquisition and measuring software (IMT
i-Solutions Inc.).
2.4. Characterization of the Polypyrrole Films. 2.4.1. Kelvin

Force Probe Microscopy. For the KFPM analysis, the dried samples
were first immersed in a dilute 0.005 M NaCl electrolyte.
Subsequently, the samples were either charged (+200 mV vs Ag/
AgCl) or shortcut to the Ag-pseudoreference electrode (0 mV vs Ag).
The samples were carefully rinsed to remove any salt solution and left
to dry under ambient conditions. The surface charge distribution of
the PPy-HA samples in air was measured using an Asylum MPF-3D
AFM in standard Kelvin force probe mode. Olympus OMCL-
AC240TM probes with a platinum coating, a cantilever spring
constant of ∼2 N/m, and a resonance frequency of 70 kHz were used
for imaging at a scan rate of 0.5 Hz. The topography of the sample area
was acquired in ac mode while simultaneously recording the surface
potential of the polymer films. Relative differences in the surface
potential across the films were obtained.
2.4.2. AFM Force Spectroscopy. AFM force−distance curves were

acquired using an Asylum MPF-3D AFM in force volume mode. The
measurements were made in dilute 0.005 M NaCl electrolyte in an

open measurement cell at room temperature. Silver wire was used as a
pseudoreference electrode in those experiments with a biased AFM tip.

The characterization of the surface charge was carried out using
biased (−200 mV) or neutral (0 mV) gold-coated silicon nitride tips
OBL (Olympus Corp, Tokyo, Japan). The spring constant of the OBL
cantilever was determined to be 0.020 N/m by the Sader method,19

and the cantilever sensitivity in the electrolyte was measured from the
slope of the recorded force curves. The low concentration of salt
(0.005M) was applied in order to be able to project the electrostatic
interactions to long distances where they can be distinguished from
hydration and steric forces. Negative or zero bias voltage kept the tip−
sample interaction in the repulsive regime, indicating the negative
surface charge of PPy-HA. The negative surface charge was confirmed
by initial testing with both positive and negative bias on the tip, of
which only the negative bias resulted in a repulsive interaction. A
maximum applied force of 0.7 nN was kept constant for the individual
curves, which were obtained at a scan rate of 300 nm/s. Force curve
maps (32 × 32) were collected for both the neutral (0 mV) and
negatively biased (−200 mV) tip. To elucidate the effect of
electrostatic double-layer forces on the tip−sample interaction under
physiological conditions qualitatively, the force curve data was fitted to
two simple DLVO models.20,21 The DLVO fitting gave estimates on
the range of the repulsion forces for comparison with the theoretically
calculated double layer. In addition, the polarity and relative
magnitude of the excess surface charge density (surface potential)
could be estimated.

The surface elasticity was measured using ANSCM-PC platinum−
iridium-coated pyramidal silicon tips (Applied Nanostructures Inc.,
Santa Clara, CA, USA). A maximum applied force of 1−1.5 nN was
kept constant for the individual curves, which were obtained at a scan
rate of 300 nm/s. Force curve maps (64 × 64) were collected with a
neutral (0 mV) tip. The spring constant of the ANSCM-PC cantilever
was determined to be 0.034 N/m by the Sader method,19 and the
cantilever sensitivity in the electrolyte was measured from the slope of
the recorded force curves. The force curves were converted to force
versus indentation curves and fitted with the Hertz model to quantify
the Young’s modulus. The analysis procedure was carried out using the
Asylum AFM Software (Igor Pro, Wavemetrics) according to
previously described methods.7

2.5. Statistical Analyses. Statistical analyses were performed
using Origin Pro (Originlab Corporation, Northampton, MA, USA),
version 8. The statistical significance of the cell spreading data was
assessed using the student’s t test and ANOVA at a significance level of
0.01. Levene’s test for equal variance and Bonferroni’s post hoc
correction and test for equal means were used with ANOVA.

The significance of the possible variation in the surface potential
derived from the AFM force spectroscopy data was assessed by the
student’s t test at a significance level of 0.05.

3. RESULTS AND DISCUSSION

3.1. Cell Attachment and Viability. The spreading of
hASCs on nonpreincubated (1A and B), preincubated (1C and
D), and either charged (1B and D) or uncharged (1A and C)
PPy-HA surfaces are presented in the representative optical
images (Figure 1A−D, left panel). The majority of hASCs were
uniformly adhered at the 3 h time point on charged sample
surfaces. However, hASCs seeded on noncharged PPy-HA
surfaces were unevenly spread, and many cells were
incompletely attached.
Analyzing the average cell areas showed that both the

preincubation and charging influenced the cell spreading
significantly (Figure 2): student’s t test statistics for equal
means between preincubated groups (+/preinc) versus (0/
preinc) gave p < 0.001, between nonpreincubated groups (+)
versus (0) p < 0.001, and between groups (+/preinc) and (0) p
< 0.001. The effect of the preincubation and the charging
compared in the groups (0/preinc) versus (+) were not
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statistically significant (p = 0.28). Qualitatively, the charged
(+200 mV) PPy-HA samples supported hASC attachment and
spreading notably more than the noncharged (0 mV) samples.
Levene’s test indicated significantly different variances

F(3,135) = 28.8, p < 0.001. According to one-way ANOVA,
the average cell areas were significantly different between the
groups F(3135) = 55.1, p < 0.001. The Bonferroni test

indicated that the difference between groups (0/preinc) and
(+) was not significant at a level of 0.01, which was consistent
with the result of the pairwise t test.
In summary, the combined effect of preincubation and

charging resulted in a 215% increase in the hASC surface area
compared to nonpreincubated and noncharged control. The
viability of the hASCs was not significantly affected by charging
or the preincubation of the PPy surfaces, as indicated by live/
dead images (Figure 1A−D, right panel).
Therefore, the main finding from these observations is that

the charged surfaces, even those not exposed to serum proteins
for longer incubation times in the media, promoted cell
adhesion to a greater extent than uncharged samples treated
under the same conditions. This suggest that the application of
a positive bias of +200 mV was beneficial in promoting cell
adhesion, which may have occurred by increased adsorption of
serum proteins (e.g., fibronectin, vitronectin) either during
preincubation and/or immediately upon cell seeding and
settling over 3 h or through direct electrostatic interactions
with the cell membrane.22 The effect of preincubation on cell
attachment was not as clear as the effect of charging, although
preincubation also seemed to facilitate cell adhesion to the
polymer.

3.2. Characterization of the Surface Charge. 3.2.1. Kel-
vin Force Probe Microscopy. AFM topography images (left)
and their corresponding surface potential maps (right) of
uncharged (+0 mV) (Figure 3A,B) and charged (+200 mV)
(Figure 3C,D) PPy-HA obtained from KFPM are presented in
Figure 3. The root-mean-square (rms) (average) roughness
values of the uncharged and charged PPy-HA were 8.9 and 9.4
nm, respectively, indicating that the surface roughness was not
significantly affected by the electrochemical charging. These
roughness values, along with the geometric area of the images,
also equate to comparable surface area values of 4.52 μm2

(uncharged) and 4.57 μm2 (charged). The surface potential
images in Figure 3B,D display relative (not absolute) changes in
the surface potential across the uncharged and charged films,
with average variations of 4.38 mV rms and 2.91 mV rms,
respectively. As evident in the surface potential images, the
uncharged (+0 mV) films showed phase separation in the
surface potential where more negative potentials (darker
regions in Figure 3B) correlated with the nodule structures
whereas areas of more positive surface potential correlated with
the peripheries of the nodules (brighter regions in Figure 3B).
In contrast, the surface potential of the charged films showed a
more uniform distribution of the surface potential with no clear
correlation with the topography (Figure 3D). In some cases, it
did appear that the larger nodules showed a more positive
potential than the surrounding areas. These observations were
also confirmed in previous studies using KPFM,23 conductive
AFM,24 and recently AFM phase imaging.7,25 Previous
observations in the surface potential, conduction current, and
AFM phase signals showing that the application of a positive
electrochemical potential largely removes this phase separation
are in accordance with the observations of this study. Many of
these studies, as well as ours here, support the presence of more
crystalline, heavily doped, and electrically conductive parts of
the PPy-HA in the nodules. In this study, we also applied a
positive bias to the PPy-HA films with a moderate oxidizing
potential (+200 mV vs Ag) in the presence of a dilute saline
electrolyte to avoid overoxidation of the polaronic PPy+ chain
and the accumulation of excess salt on the PPy-HA surface
upon drying. It is likely that charge compensation by sodium

Figure 1. (Top) Spreading of hASCs on nonpreincubated (A and B),
preincubated (C and D), and either the charged (B and D) or
uncharged (A and C) PPy-HA surface at 3 h. Scale bars are 100 μm.
(Bottom) Corresponding live/dead images with a scale bar of 500 μm.

Figure 2. Average surface area of the hASCs at 3 h, as measured from
three to five representative optical microscope images per group (n =
26 in each group). According to the t-test and ANOVA, the differences
in cell areas were very significantly (at a level of 0.01) different (p <
0.001) within the preincubated and the PBS rinsed groups but not
between the (0/preinc) and (+) groups.
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and chloride ions in the dilute electrolyte would have occurred
immediately; therefore, the extent and role of the negatively
charged HA molecules remained unclear in the PPy. We have
learned from our previous X-ray fluorescence elemental analysis
(unpublished data) that a significant number of chloride ions
remain in the PPy-HA films after being rinsed with water.
However, the PPy-HA surface remained extremely hydrophilic,
implying that the surface exposed to the electrolyte contains
significant amounts of HA fragments and/or polymers.
Nevertheless, it is possible that that ion exchange between
the chloride ions and acid groups of the HA were at least
partially responsible for the structural and electrical reorganiza-
tion observed in this study and the preceding studies.7,22−25

3.2.2. AFM Force Mapping. Force maps for the uncharged
and charged samples with no potential bias applied to the tip
and obtained in 5 mM NaCl are shown in Figures 4 and 5,
respectively. For the uncharged sample, the topography image
gave an rms (average) surface roughness of 23.7 nm (surface
area, 1.23 μm2) (Figure 4A). As each pixel in the topography
image represents a single force curve, we were able to correlate
the latter with specific x−y positions on the film. The inset in
Figure 4B shows two force curves taken on a nodule structure
(position 1) and the periphery of the nodules (position 2) from
the marked region (red square) in the topography image.
Neither of the curves exhibited adhesion, but the slope of their
contact regions differed (Figure 4B). The slope of the contact
region in the force curves for the nodule structure (solid line)
was steeper compared to the nodule periphery (dashed line),

indicating that the former had a higher stiffness. Variation in
both the adhesion and stiffness properties, extracted from the
force curves, could be further assessed as a function of the
morphology by plotting these two parameters as function of the
x−y coordinates to display adhesion (Figure 4C,D) and
Young’s modulus (Figure 4E,F) maps. Figure 4C of the
adhesion map, which is also overlaid on a 3D topography image
in Figure 4D, showed low adhesion (rms average = 45 pN)
between the tip and polymer and no correlation with the
surface topography. A higher modulus (lighter areas) was
observed at the nodule structures compared to their peripheries
(Figure 4E,F), indicating a phase separation in the stiffness of
the film. The rms (average) values of Young’s modulus
estimated from the AFM analysis gave a value of 2.3 MPa,
which is very low compared to previously measured Young’s
modulus values for electroactive polymers.7 In comparison, the
charged sample showed the same morphology and a similar rms
(average) roughness of 29.2 nm (surface area, 1.28 μm2)
(Figure 5A), indicating that the charging of the film did not
have a significant effect on the surface topography. Individual
force curves on the nodules (position 1, inset from the marked
region in Figure 5A) showed no adhesion (Figure 5B, solid
curve), but in this case, adhesion was observed at the nodule
periphery. This was clearly observed in the adhesion maps
(Figure 5C) and the adhesion overlay with the topography
(Figure 5D), which showed significantly greater adhesion (rms
634 pN) that strongly correlated with regions of only the
nodule peripheries. The charged surface had a slightly higher

Figure 3. Kelvin force probe microscopy. (A and B) Corresponding height (8.9 nm rms) and surface potential images (4.38 mV rms) for the
uncharged PPy-HA film. (C and D) For the same film, the corresponding height (9.4 nm rms) and surface potential images (2.91 mV rms) after
charging (+200 mV).

Langmuir Article

dx.doi.org/10.1021/la4009366 | Langmuir 2013, 29, 6099−61086103



Young’s modulus (rms average, 5.5 MPa) than the uncharged
surface though both of the surfaces showed that the nodule
regions (rms average 5.4 MPa) were stiffer than their
peripheries (rms average 2.3 MPa). See Figures 5E,F and 4E,F.
Although the increase in the modulus for the charged

samples was not significant, the oxidation−reduction cycling of
conducting polymers has previously been shown to induce
significant changes in the stiffness of PPy films.3,4,7,26 It has
been well stated in the literature that both the osmotic pressure

mediated by the water of hydration and the ion concentration
gradients of the electrolyte salt and/or inherent stiffness change
of the polypyrrole chains in response to doping are relevant
factors explaining the observed changes in the elasticity in PPy
doped with sulfonic acids.26 For PPy-HA in aqueous NaCl
electrolyte, the exchange of both Na+ and Cl− ions (and their
water of hydration), driven by the Donnan potentials of the
ions, is likely to occur.26 However, we did not observe a
significant change in Young’s modulus attributable to an excess

Figure 4. Uncharged film. (A) Height image (23.7 nm rms) obtained from the force map. (B) Representative curves taken from the different regions
(inset) of the film. Curves 1 and 2 are taken from nodules and peripheries, respectively. (C) Adhesion map. (D) Three-dimensional image of
adhesion overlaid on topography. (E) Modulus map (2.3 MPa rms). (F) Three-dimensional image of modulus overlaid on topography. Tip potential
0 mV.
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concentration of Na+ (or Cl−) ions within PPy-HA upon
charging. Interestingly, Young’s modulus values measured for
PPy-HA in this study are two orders of magnitude lower than
previously reported values. For example, the incorporation of
HA into PPy was qualitatively shown to result in rougher and
more brittle films when compared to PPy-PSS films,1 whereas
Gelmi et al.7 obtained values of 600−700 MPa in phosphate-
buffered saline using similar AFM approaches. The large
variation in the reported Young’s moduli is attributable to the
different polymerization methods and reagents, especially the
origin and molecular weight of the HA. The thickness of the

PPy-HA films in this study was significantly greater than in the
previous studies.1,5,7,25 The typical Young’s moduli of
conducting polymers, including PPy and commonly applied
poly(3,4-ethylenedioxythiophene) (PEDOT), on the order of
several hundred MPa to a few GPa remain one caveat in their
use as biomaterials because there is often a modulus mismatch
between the polymer and much softer target tissue (e.g., nerve
and muscle). Therefore, our particularly low modulus values
(2−5 MPa) are representative of more mechanically compatible
conducting polymers with values that are even lower than for
PPy doped with poly(methoxy aniline sulfonate) (PMAS) (30

Figure 5. Charged film (+200 mV). (A) Height image (29.2 nm rms) obtained from the force map. (B) Representative curves taken from the
different regions (inset) of the film. Curves 1 and 2 are taken from nodules and peripheries, respectively. (C) Adhesion map (634 pN rms). (D)
Three-dimensional image of adhesion overlaid on topography. (E) Modulus map (5.3 MPa rms). (F) Three-dimensional image of modulus overlaid
on topography. Tip potential 0 mV.
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MPa), whereby PMAS introduces hydrogel-like properties and
a high water content (>90%). An important conclusion that
could be drawn from the above force maps is that the charging
of the films did not have a significant effect on the topography
and Young’s modulus but clearly increased the adhesion,
specifically at the nodules, between the AFM tip and polymer.
By excluding the topography and Young’s modulus, we suggest
that the interactions (e.g., electrostatic forces) and surface
properties related to increased adhesion on the charged films
are likely to be responsible for increased cell spreading and
adhesion on these films, as observed in Table 1 and Figure 1.
Compared to the previous force maps, an applied bias to the

tip enabled further investigation of the interaction forces,
particularly electrostatic and adhesion, by providing a known
surface potential at the AFM tip that could be controlled
externally. Figures 6 and 7 present a total of 20 representative

force curves for the uncharged (0 mV) and charged (+200 mV)
PPy-HA surfaces, respectively, obtained from force maps taken
in 5 mM NaCl with a bias of −200 mV applied to the AFM tip.
Force curves were selected either from the nodules (Figures 6A
and 7A) or from the peripheries of the nodules (Figures 6B and
7B). For the uncharged surfaces, a repulsive interaction upon
approach and no adhesion were observed on the nodules,
whereas in contrast, an increased “snap-in” or small-range
attractive force upon the approach and adhesion of ∼350 pN
rms were observed in the peripheries (Figure 6A,B). In
particular, we show below that the observed repulsive
interactions for both the nodules and their peripheries are
due to electrostatic forces and suggest that the small-range
attractive forces occurring only on the peripheries contribute to
the observed adhesion (Figure 6B). When the film was charged
(+200 mV), small-range attractive forces upon approach and
increased adhesion appeared on the nodules and remained on
the nodule peripheries (Figure 7). The appearance of small-
range attractive forces on the nodule areas again correlates with
adhesion at these locations. Furthermore, the effect of charging

on the surface potential in the KFPM images and the above
surface forces is clearly more pronounced in the nodule regions.
Occasionally multiple small-range attractive forces were
observed on the charged films, indicating that some of these
interactions were attributable to the tip penetrating the sample
surface. Indeed, the observed low elastic modulus of these films
makes them susceptible to penetration by the AFM tip, which
may contribute to the adhesion. The presence of these multiple
snap-ins, however, makes the analysis somewhat more difficult
because of the fact that small-range attractive forces also arise as
a result of the break-up of the double-layer repulsion and the
subsequent effect of the attractive (van der Waals) force
experienced by the tip in the proximity of the surface. The
presence of increased attractive forces and decreased electro-
static repulsion on the nodules of charged surfaces compared to
the uncharged can additionally result in increased adhesion. It is
therefore possible to elucidate the fundamental surface forces
that play a role in the nanoscale and molecular interactions at
these polymer surfaces in liquid.
Individual force curves were fitted to DLVO models to assess

the relative magnitude of the excess surface charges and
potentials. In total, eight force curves per sample were analyzed,
including fitting comparisons between force curves taken on the
nodules and peripheries, for both uncharged and charged films.
The significance of the possible variation in the surface
potentials between the samples was assessed by the student’s
t test at a level of significance of 0.05. The linear DLVO model
comprising a single-exponential function fitted reasonably well
to the data (nonweighted χ2, R > 0.96) using the two-parameter
(surface potential and Debye length) model, and the fitted
curves were consistent with the theoretical Debye length of the
0.005 M NaCl(aq) electrolyte (4.3 nm). Figure 8 shows
representative examples of the fitting for force curves taken
from the nodule regions of the uncharged (Figure 8A) and
charged surfaces (Figure 8B). Long-range repulsion forces on
the order of 10−100 pN were present in all analyzed curves and
attributable to double-layer electrostatics of a slightly negatively

Figure 6. Force−distance curves for an uncharged (0 mV) PPy-HA
film. (A) Approach curve and retracting curve on the nodules. (B)
Approach curve and retraction curve on the peripheries of the nodules.
Tip potential −200 mV in 0.005 M NaCl(aq) electrolyte.

Figure 7. Force−distance curves for a charged (+200 mV) PPy-HA
film. (A) Approach curve and retracting curve on the nodules. (B)
Approach curve and retraction curve on the peripheries of the nodules.
Tip potential −200 mV in 0.005 M NaCl(aq) electrolyte.
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charged surface and negatively charged AFM tip (−200 mV).
For example, the quantified surface potential was in the range
of −5 to −50 mV for the films. Initial qualitative observations
showed that the repulsive forces were weaker for the charged
films than for the uncharged films, as expected because of the
application of a positive bias (+200 mV) to these surfaces and
are quantitatively supported by the data fitting to the force
curves. From the DLVO fitting, it was confirmed that the
nodules of the charged film were significantly more positive
than the nodules of the uncharged film (p < .001 at a
significance level of 0.05), but there was no significant
difference in the estimated surface potentials of the peripheries
of the uncharged and charged films (p = 0.11 at a significance
level of 0.05). When comparing differences across the polymer
surfaces, the estimated surface potentials of the nodules were
slightly but not significantly more positive than that of the
peripheries of the uncharged surfaces (p = 0.086 at a
significance level of 0.05). In contrast, the estimated surface
potential of the nodules was significantly higher than that of the
peripheries (p < .001 at a significance level of 0.05) for the
charged films.
It is noted that the nonlinear DLVO model (eq 2, Figure

8A), which is more appropriate for larger surface potentials, did
not fit the data as well as the linear model and hence showed a
larger error in the calculated surface potential values. The
nonlinear model also estimated shorter Debye lengths (3.0 nm)
that were not consistent with expected theoretical values (4.3
nm). The weakness of the nonlinear model may be due to its
greater sensitivity to error in defining the zero distance (contact
region) from the force curve recorded for soft materials such as
the compliant PPy-HA films. Fitting the data to the nonlinear
DLVO model (eq 2, Figure 8A) systematically predicted a 10−
25 mV more negative surface potential, both on the nodules
and on the peripheries. Nonetheless, the general trends were
identical to the linear model.

4. CONCLUSIONS
This work highlighted that the application of a relatively small
potential bias of +200 mV to a PPy-HA film may have a large
effect on the early attachment and spreading of hASCs. The
majority of hASCs were uniformly adhered at the 3 h time
point on charged sample surfaces; however, cells seeded on
noncharged PPy-HA surfaces were unevenly spread, and many
cells were not well adhered. The enhancement was significant

with and without a preincubation period in the cell culture
medium containing plasma proteins. Preincubation alone had
statistically equal significance in enhancing cell attachment. By
using KPFM and AFM force mapping, it was possible to
investigate the effects of charging on surface properties,
including the topography, modulus, surface potential, and
adhesion, with the intention of correlating these properties with
the hASCs cell adhesion. As it turned out, charging did not
have a significant effect on topography and only slightly
increased the modulus but did significantly alter the surface
potential and adhesion forces acting between the AFM tip and
polymer. AFM force measurements with a negatively biased tip
(−200 mV) showed that prior to charging of the PPy-HA films
short-range attractive forces and adhesion were restricted to the
nodule peripheries but appeared on the nodules and uniformly
across the film upon charging. The exact reason for such
changes to occur only at the nodules is unclear, though these
regions are known to be more highly doped and conductive. As
expected, the charging of the films increased the surface
potential, as shown by both KPFM and DLVO analysis of the
force curves, which had the effect of also decreasing the
magnitude of the electrostatic repulsion between the tip and
polymer. These changes in the interaction potential profile,
namely, the decreased repulsion and increased short-range
attraction and adhesion, give insight into the nature of the
interaction forces that may play a role in promoting cell
adhesion. Future work will concentrate on imaging the surface
interactions of the PPy-HA surface with an AFM tip
functionalized with plasma proteins and systematically adjusting
the salt concentration and pH to investigate further the double-
force electrostatics.
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Abstract—Polypyrrole (PPy) is a conductive polymer that
has aroused interest due to its biocompatibility with several
cell types and high tailorability as an electroconductive
scaffold coating. This study compares the effect of hyalu-
ronic acid (HA) and chondroitin sulfate (CS) doped PPy
films on human adipose stem cells (hASCs) under electrical
stimulation. The PPy films were synthetized electrochemi-
cally. The surface morphology of PPy–HA and PPy–CS was
characterized by an atomic force microscope. A pulsed
biphasic electric current (BEC) was applied via PPy films
non-stimulated samples acting as controls. Viability, attach-
ment, proliferation and osteogenic differentiation of hASCs
were evaluated by live/dead staining, DNA content, Alkaline
phosphatase activity and mineralization assays. Human
ASCs grew as a homogenous cell sheet on PPy–CS surfaces,
whereas on PPy–HA cells clustered into small spherical
structures. PPy–CS supported hASC proliferation signifi-
cantly better than PPy–HA at the 7 day time point. Both
substrates equally triggered early osteogenic differentiation
of hASCs, although mineralization was significantly induced
on PPy–CS compared to PPy–HA under BEC. These
differences may be due to different surface morphologies
originating from the CS and HA dopants. Our results suggest
that PPy–CS in particular is a potential osteogenic scaffold
coating for bone tissue engineering.

Keywords—Mesenchymal stem cells, Osteogenic, Electrical

stimulation, Polysaccharide.

ABBREVIATIONS

BEC Biphasic electric current
ES Electrical stimulation
hASC Human adipose stem cells
PPy–CS Chondroitin sulfate doped polypyrrole
PPy–HA Hyaluronic acid doped polypyrrole
PS Polystyrene cell culture plate

INTRODUCTION

Conducting polymers are an arising interest in the
field of tissue engineering as they can deliver electro-
chemical as well as electromechanical stimulation to
cells. From those polypyrrole (PPy) and poly(3,4-eth-
ylenedioxythiophene) (PEDOT) are the most investi-
gated for biomedical applications owing to their good
biocompatibility in vivo and in vitro.8 PPy is intensively
investigated for bone9,37,38,46 and neural applica-
tions41,50 due to its easy modification with bioactive
agents in ambient conditions and highly adjustable
properties, such as surface charge and topogra-
phy17,18,44,46 whereas PEDOT studies concentrate more
on neural electrodes and nerve grafts1–5,13,20,21,35,42

mostly owing to PEDOT’s higher electrical conductivity
and stability compared to PPy.8 In addition to bone and
neural tissue engineering, PPy has so far been studied as
bioactive coatings to improve osseointegration,11 in
biosensors,7 drug delivery systems50 and actuators.34

Regards to the comprehensive research supporting
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PPy’s use in bone tissue engineering, we chose PPy and
evaluated the effects of the two most potential bioactive
dopants, hyaluronic acid (HA) and chondroitin sulfate
(CS) in the PPy films.

In electrochemical polymerization of PPy, charged
biomolecules, such as negatively charged glycosami-
noglycans (GAGs), can be incorporated into the
structure by doping when PPy is electrochemically
polymerized by oxidation. Dopants play an important
role in mediating the electric charges between the PPy
chains.23 In addition, the surface topography and
mechanical properties of PPy can also widely be
altered by the choice of dopant.17,18

CS and HA are GAGs commonly found in the
extracellular matrices (ECMs) of most animal tissues.
CS is a major proteoglycan component in organic
matrix of the bone and is involved in the mineraliza-
tion of the bone tissue whereas HA takes part in var-
ious cellular processes, such as ECM organization and
metabolism.43 Both GAGs are reported to support
osteogenic differentiation of mesenchymal stem cells
(MSCs) in scaffold structures in vitro.28,53

As regards integrating HA and CS into PPy sur-
faces, HA doped PPy (PPy–HA) has been studied with
mouse bone marrow derived MSCs resulting in pro-
moted osteogenic differentiation46 and with MC3T3-
E1 osteoblasts confirming cell differentiation on the
surface.45 In addition, we recently were the first to
report an excellent attachment, proliferation and early
osteogenic differentiation of hASCs on chemically
synthetized PPy–CS coating in non-woven polylactide
fiber scaffolds.38 As both biomolecules are potential
dopants for PPy coating in osteogenic applications, a
systematic comparison is required to understand their
benefits and differences with human MSCs.

Inherent electrical currents and fields are essential in
terms of the growth and remodeling of bone tissue.
This was first demonstrated by Fukada and Yasuda,
who reported bone formation under tension when
positive charge was dominating, and the opposite in
case of a negative charge and compression.15 This
remark led to the development of electrical stimulation
(ES) devices for treating severe bone defects.22

Even though ES has been acknowledged as a bone
treatment method for several decades, the exploitation
of ES to MSCs in bone tissue engineering has been
studied only recently.25,26,31,36 These studies have
shown that various types of ES can be applied to
improve osteogenic differentiation and proliferation of
MSCs, yet no specific parameters for the efficient dif-
ferentiation of MSC towards mature osteoblasts have
so far been identified. In addition, most of the above
mentioned studies exploited inert conductive sub-
strates; hence a conductive coating with bioactive
molecules and topographical cues may yield interesting

synergy mimicking the natural environment in the
bone tissue more closely. We therefore wanted to
evaluate hASC spreading, proliferation and osteogenic
differentiation on PPy surfaces under ES with our
novel ES device developed in-house. To the best to our
knowledge, this is the first paper to systematically
compare HA and CS doped PPy coatings for hASCs.

MATERIALS AND METHODS

Polypyrrole Synthesis

Pyrrole (Sigma-Aldrich, St. Louis, USA) of 0.07 mL
and 1 mg of HA from Streptococcus equi (Sigma-
Aldrich) or CS A from bovine trachea (Sigma-Aldrich)
were added per 1 mL of water. PPy–HA and PPy–CS
films were grown electrochemically on a sputter-coated
polyethylene-naphthalate film (PEN)/Au films
(125 lm Dupont Teonex�), with 50 nm Au-coating
(VTT Technical Research Center of Finland) as a
working electrode, platinum mesh as a counter elec-
trode and Ag/AgCl as a reference electrode. Constant
potential of 1.0 V was applied to the films until
300 mC cm22 polymerization charge had passed the
cell. The stimulation plates and plate covers were
sterilized by gamma irradiation (BBF Sterilisations-
service GmbH, Kernen, Germany) with an irradiation
dose of >25 kGy that has not been reported to sig-
nificantly alter the conductivity of the films.12,54

Surface Characterization of Polypyrrole Film

The surface morphology and roughness (Ra) values
of the PPy films were characterized by an atomic force
microscope (AFM; Park Systems XE-100, Korea) in
both dry and wet conditions due to the significant
water absorption and hence swelling phenomenon of
wet PPy films in physiological conditions.39,48 PPy–HA
and PPy–CS films were incubated for 4 days in oste-
ogenic medium (OM) containing 250 mM ascorbic
acid 2-phosphate (Sigma-Aldrich), 5 nM dexametha-
sone (Sigma-Aldrich) and 10 mM b-glycerofosfate
(Sigma-Aldrich) supplemented to maintenance med-
ium consisting of Modified Eagle Medium/Ham’s
Nutrient mixture F-12 (DMEM/F-12 1:1 Invitogen),
10% fetal bovine serum (FBS; Invitrogen), 1% L-glu-
tamine (GlutaMAX I; Invitrogen) and 1% antibiotics/
antimycotic (100 U mL21 penicillin, 0.1 mg mL21

streptomycin; Invitrogen).
To distinguish the swelling effect from the

typical polysaccharide doped PPy nodular morphol-
ogy,17,18,39,45,47 and in order to image the nanoscopic
details of the soft films,17,38 dried samples were ana-
lyzed using non-contact AFM (Park Systems XE-100)
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in air using silicon probe ACTA-905M (Applied
NanoStructures, Inc.) with a nominal resonance fre-
quency of 300 kHz, spring constant 40 N m21 and tip
radius <10 nm. Images of 5 9 5 lm2 were acquired
with a scan rate of 0.5 Hz. Prior to imaging, the sample
surfaces were carefully rinsed with deionized water and
dried in ambient air.

The films pre-incubated in OM were imaged in
Dulbecco’s phosphate-buffered saline (PBS; Lonza
Biowhittaker, Switzerland) using a contact mode
AFM. Silicon nitride probes HYDRA-6R100N (Ap-
plied Nanostructures, Inc., Santa Clara, USA), with a
nominal force constant 0.28 N m21 and a tip radius of
curvature <8 nm were applied. Areas of 20 9 20 lm2

were scanned at 7 and 20 nN force set points for PPy–
HA and PPy–CS surfaces respectively. Images of
12 9 12 lm2 were acquired with the scan speed of
1 Hz.

Ra value analysis of the raw 512 9 512 pixel data
was conducted. Ra values for 10 randomly chosen
4 9 4 lm2 subareas were calculated using Park Sys-
tems XEI 1.7.5 image analysis software. AFM image
data was 4th order plane fitted to show the nanoscale
details of the PPy–HA and PPy–CS surfaces.

Characterization of Electrical Properties of the Films

Electrochemical impedance spectroscopy (EIS) and
cyclic voltammetry measurements were taken from
1 cm2 of doped PPy films on gold Mylar that was
acting as working electrode. Platinum mesh acted as
counter electrode and Ag/AgCl (3.0 M NaCl) as ref-
erence electrode. Impedance measurements were
recorded by using CH 660D Electrochemical Analyzer/
Workstation (CH Instruments, Austin, USA). Imped-
ance spectra were obtained from 100 mHz to 100 kHz
using an AC amplitude of ±200 mV. All EIS mea-
surements were performed at their resting potential
ranging from +70 to +195 mV vs. the reference
electrode to prevent destruction in the films. Average
impedance and the standard deviation at 10 and
100 Hz were calculated from three samples per film
type.

Cyclic voltammetry of the films was recorded in PBS
by CH 660D Electrochemical Analyzer/Workstation in
similar electrode setup as impedance recordings.
Measurements were performed at the scan rate of
50 mV s21 within the range of 20.6 to 0.5 V.

After the cell culture experiments, the through plane
electrical conductivity of PPy films was monitored in
air using a simple two-wire test setup (Fluke 170
multimeter, Washington, USA). The top and bottom
electrodes applied were a round Au contact electrode
(contact area of 16 mm2) and the PEN/Au film,
respectively.

Isolation and Culture of Human Adipose Stem Cells

The adipose tissue was obtained from tissue har-
vests from surgical procedures on three female donors
with an average age of 54 ± 12 years in the Depart-
ment of Plastic Surgery, Tampere University Hospital.
The tissue harvesting and the use of hASCs were
conducted in accordance with the Ethics Committee of
the Pirkanmaa Hospital District (R03058). The hASC
isolation method was presented earlier by Haimi
et al.24. Briefly, the samples from adipose tissue were
digested with collagenase type I (1.5 mg (ml; Invitro-
gen, California, USA). After centrifugation and fil-
tration, the isolated hASCs were maintained and
expanded in T-75 cm2 polystyrene flask (Nunc, Ros-
kilde, Denmark). The experiments were repeated three
times, each time using different donors.

Before the cell seeding, PPy–CS and PPy–HA films
were rinsed with PBS and pre-treated with mainte-
nance medium at 37 �C for 48 h. PPy–CS and PPy–
HA coated plates were cell seeded at passage 3 with a
density of 16000 cells cm22. Cells were allowed to
attach for 24 h before initiation of ES. On the first day
of stimulation the maintenance medium was replaced
by OM and medium was changed twice a week.

Flow Cytometric Surface Marker Expression Analysis

Cells were characterized by a fluorescence-activated
cell sorter (FACSAria; BD Biosciences, Erembodegem,
Belgium) at passage 1 after primary culture in T-75
flasks. This was described earlier by Lindroos et al.33.
Monoclonal antibodies were used against the following
surface markers: CD14, CD19, CD49d-PE, CD90-
APC, CD106-PECy5 (BD Biosciences); CD45-FITC
(Miltenyi Biotech, Bergisch Gladbach, Germany);
CD34-APC, HLAABC-PE, HLA-DR-PE (Immuno-
tools GmbH, Friesoythe, Germany) and CD105-PE
(R&D Systems Inc., MN, USA). Analysis was per-
formed on 10,000 cells per sample and unstained cell
samples were used to compensate the background
autofluorescence levels.

Biphasic Electrical Stimulation of Human
Adipose Stem Cells

The stimulation plate assembly was earlier described
by Pelto et al.39 As an exception to the previous setup,
PPy film was polymerized on the bottom electrode. ES
was performed in a cell culturing incubator (37 �C, 5%
CO2). Samples were stimulated for 4 h a day for 14 days
with a biphasic electric current (BEC) of ±0.2 V
amplitude, 2.5 ms pulse width and 100 Hz pulse repe-
tition frequency. Non-stimulated samples acted as
controls in each film type. The shortest vertical distance
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between the top (Fig. 1: 1) and the bottom (Fig. 1: 2)
electrodes immersed in each well was 2 mm. The mea-
sured steady state direct current after the 2.5 ms pulses
was in the range of 40–50 lA cm22, corresponding to a
cell impedance of 5 kX. The direction of the current was
perpendicular to the PPy films.

Cell Attachment and Viability

Cell attachment and viability were evaluated quali-
tatively using live/dead staining (Molecular Probes,
Eugene, USA). Cells were incubated in PBS-based dye
solution containing 0.5 lM of CellTrackerTM Green (5-
chloromethylfluorescein diacetate, CMFDA; Molecular
Probes) and Ethidium homodimer-1 (EthD-1; Molecu-
lar Probes) at room temperature for 45 min. Samples
were examined with a fluorescence microscope (Olym-
pus IX51, Olympus Finland PLC, Vantaa, Finland).
Standard polystyrene (PS) culturing plates (Nunc,
Roskilde, Denmark) served as a positive control for the
cell viability and morphology evaluation.

Cell Proliferation

Cell proliferation was studied with CyQuant� Cell
Proliferation Assay Kit (Molecular Probes). The exper-
iment was performed according to the manufacturer’s
protocol. Briefly, on the day of the analysis, samples
were carefully washed with PBS and cells were sus-
pended in 0.1% Triton-X 100 buffer (Sigma-Aldrich) in
PBS and stored at 270 �C until analysis. After thawing,
20 ll of three parallel samples was mixed with
CyQuant� GRdye and lysis buffer. The fluorescencewas
measured with a microplate reader (Victor 1420 Multi-
label Counter, Wallac, Turku, Finland) at 480/520 nm.

Osteogenic Differentiation

Alkaline phosphatase (ALP) activity was deter-
mined using an ALP Kit (Sigma-Aldrich) according to

the manufacturer’s protocol. The ALP activity was
determined from the same Triton-X 100 lysates as in
the cell proliferation assay. The samples were incu-
bated with 50% alkaline buffer solution (2-amino-2-
methyl-1-propanol, 1.5 mol L21, pH 10.3; Sigma-Al-
drich) and 50% of stock substrate solution (p-nitro-
phenyl phosphate; Sigma-Aldrich) at 37�C for exactly
15 min. To stop the reaction 1.0 mol L21 sodium
hydroxide was added. The intensity of the color was
measured at 405 nm using a microplate reader (Victor
1420).

The mineralization of the ECM was studied with
Alizarin Red staining. Samples were rinsed with PBS
and fixed in ice cold 70% ethanol (Altia Corporation,
Helsinki, Finland) for 60 min at room temperature.
Samples were then rinsed with distilled water before
the addition of 2% Alizarin Red solution (pH 4.2;
Sigma-Aldrich) for 5 min. After incubation, samples
were rinsed three times with distilled water and once
with 70% ethanol. Samples were then incubated in
cetylpyridium chloride (Sigma-Aldrich) for 3 hours.
Supernatant was pipetted in triplicate on a 96-well
plate (Nunc, Roskilde, Denmark) and absorbance
measured at 544 nm using a microplate reader (Victor
1420).

Statistical Analysis

The statistical analyses of Ra values, DNA content,
ALP activity and mineralization were performed with
SPSS, version 19. Ra values of the films were analyzed
with Student’s t test and the equal variance assumption
was checked by Levene’s Test. A one way analysis of
variance (ANOVA) with Bonferroni post hoc correc-
tion was used to determine the effect of the PPy
coating and ES on DNA content, ALP activity and
mineralization. The effect of culture duration on pro-
liferation and ALP activity was analyzed using Stu-
dent’s t test for independent samples. The cell culture
experiments were repeated three times with three par-

FIGURE 1. (a) Schematic illustration of the stimulation device geometry side projection. Top (1) and bottom (2) electrodes were
made of gold coated PEN film. Cells were seeded to the bottom electrode (4) coated with PPy layer.
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allel samples, each repetition using a different hASC
donor. The data from the three experiments were
combined and presented as mean ± standard devia-
tion (SD) and the results were considered statistically
significant when p< 0.05.

RESULTS

Surface Characterization of Polypyrrole Film

The measured Ra values of the wet and the dry PPy
films are presented in Table 1. PPy–HA films had
significantly higher Ra values than PPy–CS in PBS,
whereas dry PPy–HA film had significantly lower Ra

values when measured with non-contact AFM in air.
The non-contact AFM data (Figs. 2a and 2b) show

the nanoscopic details of the dry PPy–CS (Fig. 2a) and
PPy–HA (Fig. 2b) films. PPy–CS surface texture
(Fig. 2a) consisted mainly of nodules, sized 40–50 nm
in diameter and 5–10 nm in measurable height, which
were organized into a porous web. The surface texture
of PPy–HA (Fig. 2b) consisted of larger nodules, 150–
160 nm in diameter and 30–35 nm in height. In both
films, protrusions were sparsely distributed. The pro-
trusions in the PPy–CS and PPy–HA films were similar
in size, 500 nm in diameter and 100 nm in high. The
nanoscopic texture was only observed in the dry sam-
ples and was not resolvable by AFM in PBS.

Imaging in PBS (contact mode) revealed a strongly
undulating morphology of both films consisting of
uniformly spread small 800–1000 nm nodules (Figs. 2c
and 2d) and sparsely spread 4–10 lm circular protru-
sions covered with nodules (not visible in the flattened
image data in Fig. 2).The nodules were typically of
100–150 and 200–300 nm in height for the PPy–HA
(Fig. 2d) and PPy–CS (Fig. 2c) respectively. It is
noteworthy that the hills caused by the undulating
morphology as well as the protrusions were signifi-
cantly higher than the nodules, typically 400–500 and
600–800 nm for the PPy–CS and PPy–HA films
respectively. The protrusions in the PPy–CS were cir-
cular whereas those in PPy–HA were more oval. Hence
the Ra values obtained from the AFM in PBS based on

raw imaged data were not only representative of the
nodules’ height and shape but of the height of the
protrusions.

Electrical Properties of the Films

The impedance of PPy–HA and PPy–CS films did
not vary significantly yet PPy–CS showed slightly
higher impedance values at 10 and 100 Hz (Table 1).
Both films showed similar trend in the impedance
spectra (Fig. 3). Both films showed well-defined vol-
tammetric profiles though PPy–CS had slightly higher
electrochemical activity and doping level compared to
PPy–HA, as evidenced by the integrated surface areas
covered by the respective voltammograms (Fig. 4). The
conductivity of the films was confirmed to be in similar
1023 S cm21 levels as before the experiment when
measured in air (data not shown).

Flow Cytometric Surface Marker Expression Analysis

Surface marker expression of hASCs was charac-
terized by flow cytometric analysis. The cells used in
this study expressed the surface markers CD73, CD90
and CD105 as shown in Table 2. Moderate expression
was expressed by CD34, CD49d, HLA-ABC and
HLA-DR whereas no expression was detected in
CD14, CD19, CD45 and CD106. According to the
results, hASCs expressed several of the specific anti-
gens that verify the mesenchymal origin of hASCs.33

Cell Attachment and Viability

Cell attachment and viability were determined by
live/dead staining which revealed extensive clustering
of hASCs on PPy–HA surfaces as shown in Figs. 5e,
5f, 5g and 5h. In contrast, hASCs on PPy–CS were
homogenously spread already after 1 week of culture
(Figs. 5a, 5b, 5c, and 5d). This homogenous mono-
layer of hASCs was only evident on PPy–CS, since
hASCs cultured on PS (Fig. 5i and 5j) were also
sparsely spread on day 7. The increase in cell number
over time was most obvious on PS, which had decid-

TABLE 1. Ra values of non-contact AFM data of air-dried PPy films and contact mode AFM of wet films in PBS as well as
impedance at 100 Hz frequency.

Sample Ra in air (nm) Ra in PBS (nm)

Impedance at

10 Hz in PBS (X)

Impedance at

100 Hz in PBS (X)

PPy–CS 14 ± 0.8 320 ± 28 54 ± 13 45 ± 6

PPy–HA 8.6 ± 0.2 420 ± 40 51 ± 6 45 ± 2

Ra values were calculated from 10 successive measurements over randomly selected 4 9 4 lm2 sub-areas. The differences between PPy–

CS and PPy–HA were significant in both wet and dry films.

Comparison of CS and HA Doped Conductive PPy Films



FIGURE 2. Surface topography of dry PPy–CS (a) and PPy–HA (b) films imaged using non-contact AFM in air. The sparsely
distributed protrusions are seen as white areas. Scanned area is 5 3 5 lm and Z-scale 20 nm/division. (c) Surface topography
images of wet PPy–CS and (d) PPy–HA films imaged with contact AFM in PBS. 800–1000 nm nodules are seen as white areas.
Scanned area is 12 3 12 lm and Z-scales of the images are 40 nm/division.

FIGURE 3. Impedance spectra for PPy films recorded in PBS.
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edly fewer cells than PPy–CS at both time points. As
regards BEC, no notable differences in cell number
were seen between the control and stimulated group
with neither of the dopants. The majority of the cells
were viable on both PPy films at both time points in all
experimental groups.

Cell Proliferation

Cell proliferation was evaluated quantitatively by
measuring the total DNA content (Fig. 6). In the
control group, the cell number on PPy–CS was sig-
nificantly higher than PPy–HA on day 7. The increase
in cell number on PPy–CS followed a similar trend at
both time points under BEC compared with PPy–HA.
However, no further significant differences were found.
Consistently with the live/dead staining, no significant
differences in cell number were found between the
control and the stimulation group. The cell number
increased significantly over time with both PPy–CS
and PPy–HA without stimulation. In the stimulated
group, only PPy–CS showed a significantly increasing
cell number.

Osteogenic Differentiation

Both PPy–HA and PPy–CS supported hASC early
osteogenic differentiation (Fig. 7) and no significant
differences were detected between these two different
material groups. However, ALP activity increased
significantly over time only in the PPy–CS with and
without stimulation. No significant differences between
BEC and control groups were detected.

Under BEC, PPy–CS triggered significantly higher
mineralization compared to PPy–HA (Fig. 8), whereas
in the control group no significant differences were
detected. Consistently with proliferation and ALP
activity, no significant differences were found between
BEC and the control group. One donor line did not
show reliably detectable mineralization at the 14 day
time point, therefore only data from two other repe-
titions are shown.

DISCUSSION

It has recently been reported that nanoscopic rough-
ness in combination with microscale roughness are
essential for the adhesion, proliferation and osteogenic
differentiation of cells of mesenchymal origin.19 More-
over, strong cell–ECM interactions enhanced by specific
surface characteristics have an important role in osteo-
genic commitment among MSCs,14 whereas prolifera-
tion is required for effective occupation of the scaffold.

As a main finding, our results demonstrate that CS
was a superior dopant to HA by triggering significantly
higher proliferation of hASCs after 1 week of culture.
Both PPy films supported early osteogenic differenti-
ation of hASCs yet PPy–CS showed significantly
higher mineralization than PPy–HA in the stimulation
group. Importantly, hASCs cultured on PPy–CS
showed typical MSC morphology and already formed
a homogenous monolayer on the PPy–CS film by day
7, whereas PPy–HA triggered clustering of the cells

FIGURE 4. Cyclic voltammogram of PPy–CS and PPy–HA in
PBS.

TABLE 2. Surface marker expression of the undifferentiated hASCs after primary culture in maintenance medium.

Surface protein Antigen Mean SD Expression

CD14 Serum lipopolysaccharide binding protein 1.7 0.8 Negative

CD19 B lymphocyte-lineage differentiation antigen 0.9 0.4 Negative

CD34 Sialomucin-like adhesion molecule 9.3 8.75 Moderate expression

CD45 Leukocyte common antigen 1.1 0.3 Negative

CD49d Integrin a2, VLA-4 11 13 Moderate expression

CD73 Ecto-50-nucleotidase 91.2 12.7 Positive

CD90 Thy-1 (T cell surface glycoprotein) 99 0.3 Positive

CD105 SH-2, endoglin 85.3 12.1 Positive

CD106 VCAM-1 (vascular cell adhesion molecule) 0.7 0.3 Negative

HLA-ABC Major histocompatibility class I antigens 9.2 7.0 Moderate expression

HLA-DR Major histocompatibility class II antigens 7.0 0.4 Moderate expression

Data presented as mean ± SD obtained from the three different hASC donors.
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leading to detachment from the film. Aggregation of
cells is an undesired effect in osteogenic applications
and more characteristic of chondrogenic differentiation

as it is one of the earliest signs of chondrogenesis. This
suggests that PPy–HA could be a potential scaffold
coating candidate for chondrogenic applications.55

FIGURE 5. Live/dead images of hASCs on PPy–CS controls (a, b) and BEC stimulated group (c, d), PPy–HA controls (e, f) and BEC
stimulated group (g, h) and PS (i, j) on days 7 and 14. Scale bar is 500 lm.
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As both dopants are commonly used macromole-
cules in bone tissue engineering, the reason why PPy–
HA caused clustering of hASC most probably lies in
the physical surface properties, such as the morphol-
ogy, hydrophilicity and elasticity of the PPy–HA sur-
face. Even though the non-uniform microscopic
morphology was present in both PPy–CS and PPy–HA
wet films, the swollen protrusions were significantly
higher in the PPy–HA, consequently reflecting the
measured Ra values in contact mode imaging. Similar
differences between PPy–HA and PPy–CS morphology
have also been reported by Gelmi et al.17 In addition,
Gilmore et al. compared thin and thick PPy films,
formed by different polymerization charges, and
examined various dopants. They concluded that PPy–
HA did not support myoblast adhesion or differenti-
ation and the elevated Ra values were one of the
parameters correlating with the poor performance of
PPy–HA. Greater surface thickness of PPy–HA com-
pared to other films, such as PPy–CS, was deduced to
lead to the development of greater nodules.18 More-
over, smooth surface morphology polymerized with
low current densities (100–700 lA cm22) was demon-
strated to be the key parameter for MC3T3-E1
osteoblast adhesion on PPy–HA surfaces, whereas
those polymerized with higher current densities
(~1 mA cm22) exhibited more irregular surface and
did not ensure good cell adhesion.45 The current den-
sity in our study stayed under 700 lA cm22 implying
that surface roughness should be within suitable ranges
in means of cell adhesion during the ES.

The optimal AFM imaging conditions in PBS for the
PPy–CS (force setpoint 20 nN) and PPy–HA (7 nN)
films were different from those measured in air, indi-
cating that PPy–HA was softer than PPy–CS in wet
state. This was also supported by the occasional adhe-
sion of the AFM tip to the PPy–HA surface. Compar-
ison of AFM images in wet and dry state also showed
that both PPy–CS and PPy–HA films absorbed signifi-
cant amounts of PBS, resulting in swelling, large
dimensional changes and softening of the films to
hydrogel-like materials. Earlier studies with similar films
have estimated the swelling percent to be 11–
25%.39,46,48 In contrast, Gelmi et al. did not detect any
significant swelling of the PPy–HA and PPy–CS films.17

Furthermore, the nanoscopic textures of the dry sam-
ples were significantly different from those of the wet
samples. The characteristic nodular nanomorphology
was detected for both PPy films in PBS consistent with
earlier reports on PPy–CS and PPy–HA.17,18,47

Hills caused by undulating morphology may result
from the local detachment of the material from its
metallic substrate, which has been previously observed
for electropolymerized PPy–HA films on Au micro-
electrodes upon repeated electrochemical cycling.

FIGURE 6. Relative DNA content of hASCs cultured for 7 and
14 days on PPy–CS and PPy–HA substrates with and without
BEC. PPy–CS had significantly higher DNA content than did
PPy–HA in control. The cell number increased significantly
over time in the control group, on both PPy–CS and PPy–HA
samples. In the stimulated group, only PPy–CS showed sig-
nificantly increasing cell number. The results are expressed
as mean 6 SD and *p < 0.05.

FIGURE 7. Relative ALP activity of hASCs cultured for 7 and
14 days on PPy CS and PPy–HA substrates with and without
BEC. ALP activity increased significantly over time on PPy–
CS control and BEC group. The results are expressed as
mean 6 SD.

FIGURE 8. Relative ECM mineralization of hASCs cultured
for 14 days on PPy CS and PPy–HA substrates with and
without BEC. PPy–CS had significantly higher mineralization
under BEC compared to PPy–HA. The results are expressed
as mean 6 SD and *p < 0.05.
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However, the characteristic pattern of the microscopic
circular protrusions has not been observed on micro-
electrodes of other substrates.39

Regarding electrical properties of the films, the
choice of dopant did not pose drastically different
impedance either at 10 or at 100 Hz, yet the decrease in
impedance was more evident for PPy–CS from 10 to
100 Hz. In contrast to our study, Gilmore et al. has
earlier compared impedance of electrochemically grown
thick PPy–HA and PPy–CS films reporting substan-
tially higher impedance for PPy–HA at 10 Hz.18 Cyclic
voltammetry showed slightly higher electrical activity
and doping level of PPy–CS. Higher acidic strength of
dopants has been shown to enhance charge carrier (bi-
polaron) formation in the PPy chains, hence, the
stronger acidity of the sulfonic acid groups in CS
compared to less acidic carboxylic acid groups in HA
could potentially yield higher doping ratio in PPy–CS.32

The selected parameters of the ES in our study were
based on earlier study with ASCs in osteogenic appli-
cations.25 According to Hammerick et al., ALP activity
increased in mouse ASCs in response to pulsed electric
field stimulation. We chose a pulsed BEC waveform
since it is expected to prevent the accumulation of
charged proteins and keep the pH of media at steady
levels.31 In addition to our present work, only one study
has examined the effect of a combination of PPy and ES
on osteogenic differentiation for conducting a study
with SAOS-2 cells.37 Interestingly, mineralization in our
study was significantly higher in PPy–CS compared to
PPy–HA in BEC group whereas no differences were
detected in control group. Mineralization slightly
increased in both groups, being more substantial in
PPy–CS, yet not significant. This could suggest syner-
gistic effects of PPy–CS and BEC. The reason why no
significant effect of ES on ALP activity could be de-
tected in our study is not clear. One possible reason
might be donor variation in means of osteogenic dif-
ferentiation, which has been reported with MSCs ex-
posed to dexamethasone.6 In our study, one patient had
clearly higher ALP activity than the two others on day
14 (data not shown). In addition, the standard deviation
of the stimulated groups was, in general, slightly higher
than in the control groups, which may have prevented
the detection of some differences between the groups.
The reason for greater deviation could be attributable to
synergy between BEC and PPy coating, such as ove-
roxidation of PPy during high electrochemical poten-
tials that leads to the loss of conductivity,10 and
de-dopingor ion exchangebetweenmediumandPPy.16,27

Moreover, several factors, such as protein deposition
from the culture medium and their interactions with
redox reactions of the PPy surface27 or local detachment
of PPy filmmay have affected on the homogenicity of the
electrical field. To minimize the bias, three parallel sam-

ples were used in all of the assays in every patient lineage.
Despite the slight increase in mineralization under BEC,
more systematic screening of BEC parameters is needed
to find an effective ES pattern for ASCs.

Even though PPy is considered biocompatible by
several in vivo studies, the longest implantation period
has only been six months,29,40,51,52 PPy is not inherently
biodegradable which may pose challenges in its use in
tissue engineering. It may be possible that PPy coatings
do not fully erode during their use of time and therefore
it needs further evaluation of the long term effects in the
body. What comes to the inevitable erosion products,
PPy nanoparticles have shown to be less cytotoxic
compared to silver or TiO2 nanoparticles that are
common wear products of orthopedic implants.30,49

CONCLUSION

PPy–CS supported the proliferation and homogenous
spreading of hASCs significantly more than PPy–HA.
Both PPy–CS and PPy–HA supported early osteogenic
differentiation of hASCs over time but mineralization of
hASCs was significantly greater with PPy–CS under
BEC. PPy–HA is not recommended for osteogenic
applications as it promotes the clustering anddetachment
of hASCs. This is most probably due to different surface
properties since PPy–HAhad a significantly rougher and
softer surface than did PPy–CS in wet conditions. BEC
stimulation showed no significant effects on hASC pro-
liferation or osteogenic differentiation. This is the first
study to report on the suitability of PPy–CS for bone
tissue engineering applications.
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Ms Miia Juntunen for their assistance in the cell cul-
ture work. This study was financially supported by the
Finnish Funding Agency for Technology and Inno-
vation (TEKES), the Academy of Finland and the
Competitive Research Funding of Tampere University
Hospital (Grant 9K020).

REFERENCES

1Abidian, M. R., J. M. Corey, D. R. Kipke, and D. C.
Martin. Conducting-polymer nanotubes improve electrical
properties, mechanical adhesion, neural attachment, and
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htala, S. Räty, H. Kuokkanen, G. K. Sándor, S. Miettinen,
and R. Suuronen. Calcium phosphate surface treatment of
bioactive glass causes a delay in early osteogenic differen-
tiation of adipose stem cells. J. Biomed. Mater. Res. Part A
91A:540–547, 2009.

25Hammerick, K. E., A. W. James, Z. Huang, F. B. Prinz,
and M. T. Longaker. Pulsed direct current electric fields
enhance osteogenesis in adipose-derived stromal cells. Tis-
sue Eng. Part A 16:917–931, 2010.

26Hess, R., A. Jaeschke, H. Neubert, V. Hintze, S. Moeller,
M. Schnabelrauch, H. Wiesmann, D. A. Hart, and D.
Scharnweber. Synergistic effect of defined artificial extra-
cellular matrices and pulsed electric fields on osteogenic
differentiation of human MSCs. Biomaterials 33:8975–
8985, 2012.

27Higgins, M. J., P. J. Molino, Z. Yue, and G. G. Wallace.
Organic conducting polymer–protein interactions. Chem.
Mater. 24:828, 2012.

28Jha, A. K., X. Xu, R. L. Duncan, and X. Jia. Controlling
the adhesion and differentiation of mesenchymal stem cells
using hyaluronic acid-based, doubly crosslinked networks.
Biomaterials 32:2466–2478, 2011.

29Jiang, X., Y. Marois, A. Traore, D. Tessier, L. H. Dao, R.
Guidoin, and Z. Zhang. Tissue reaction to polypyrrole-
coated polyester fabrics: an in vivo study in rats. Tissue Eng.
8:635–647, 2002.

30Kim, S., W. Oh, Y. S. Jeong, J. Hong, B. Cho, J. Hahn, and
J. Jang. Cytotoxicity of, and innate immune response to,
size-controlled polypyrrole nanoparticles in mammalian
cells. Biomaterials 32:2342–2350, 2011.

31Kim, I. S., J. K. Song, Y. M. Song, T. H. Cho, T. H. Lee, S.
S. Lim, S. J. Kim, and S. J. Hwang. Novel effect of biphasic
electric current on in vitro osteogenesis and cytokine pro-
duction in human mesenchymal stromal cells. Tissue Eng.
Part A 15:2411–2422, 2009.

32Kuwabata, S., J. Nakamura, and H. Yoneyama. The effect
of basicity of dopant anions on the conductivity of poly-
pyrrole films. J. Chem. Soc. Chem. Commun. 779–780,
1988.

33Lindroos, B., S. Boucher, L. Chase, H. Kuokkanen, H.
Huhtala, R. Haataja, M. Vemuri, R. Suuronen, and S.

Comparison of CS and HA Doped Conductive PPy Films



Miettinen. Serum-free, xeno-free culture media maintain
the proliferation rate and multipotentiality of adipose stem
cells in vitro. Cytotherapy 11:958–972, 2009.

34Liu, A., L. Zhao, H. Bai, H. Zhao, X. Xing, and G. Shi.
Polypyrrole actuator with a bioadhesive surface for accu-
mulating bacteria from physiological media. ACS Appl.
Mater. Interfaces 1:951–955, 2009.

35Ludwig, K. A., J. D. Uram, J. Yang, D. C. Martin, and D.
R. Kipke. Chronic neural recordings using silicon micro-
electrode arrays electrochemically deposited with a
poly(3,4-ethylenedioxythiophene) (PEDOT) film. J. Neural
Eng. 3:59–70, 2006.

36McCullen, S. D., J. P. McQuilling, R. M. Grossfeld, J. L.
Lubischer, L. I. Clarke, and E. G. Loboa. Application of
low-frequency alternating current electric fields via inter-
digitated electrodes: effects on cellular viability, cytoplas-
mic calcium, and osteogenic differentiation of human
adipose-derived stem cells. Tissue Eng. Part C 16:1377–
1386, 2010.

37Meng, S., Z. Zhang, and M. Rouabhia. Accelerated
osteoblast mineralization on a conductive substrate by
multiple electrical stimulation. J. Bone Miner. Metab.
29:535–544, 2011.

38Pelto, J., M. Bjorninen, A. Palli, E. Talvitie, J. Hyttinen, B.
Mannerstrom, R. Suuronen Seppanen, M. Kellomaki, S.
Miettinen, and S. Haimi. Novel polypyrrole-coated poly-
lactide scaffolds enhance adipose stem cell proliferation
and early osteogenic differentiation. Tissue Eng. Part A
19:882–892, 2013.

39Pelto, J., S. Haimi, E. Puukilainen, P. G. Whitten, G. M.
Spinks, M. Bahrami-Samani, M. Ritala, and T. Vuorinen.
Electroactivity and biocompatibility of polypyrrole-hyalu-
ronic acid multi-walled carbon nanotube composite. J.
Biomed. Mater. Res. Part A 93A:1056–1067, 2010.

40Ramanaviciene,A.,A.Kausaite,S.Tautkus,andA.Ramanav-
icius.Biocompatibilityofpolypyrroleparticles:aninvivostudyin
mice.J.Pharm.Pharmacol.59:311–315,2007.

41Richardson, R. T., A. K. Wise, B. C. Thompson, B. O.
Flynn, P. J. Atkinson, N. J. Fretwell, J. B. Fallon, G. G.
Wallace, R. K. Shepherd, G. M. Clark, and S. J. O’Leary.
Polypyrrole-coated electrodes for the delivery of charge
and neurotrophins to cochlear neurons. Biomaterials
30:2614–2624, 2009.

42Richardson-Burns, S. M., J. L. Hendricks, B. Foster, L. K.
Povlich, D. Kim, and D. C. Martin. Polymerization of the
conducting polymer poly(3,4-ethylenedioxythiophene)
(PEDOT) around living neural cells. Biomaterials 28:1539–
1552, 2007.

43Salbach, J., T. D. Rachner, M. Rauner, U. Hempel, U.
Anderegg, S. Franz, J. C. Simon, and L. C. Hofbauer.
Regenerative potential of glycosaminoglycans for skin and
bone. J. Mol. Med. (Berl) 90:625–635, 2012.

44Serra Moreno, J., S. Panero, M. Artico, and P. Filippini.
Synthesis and characterization of new electroactive poly-
pyrrole–chondroitin sulphate A substrates. Bioelectro-
chemistry 72:3–9, 2008.

45Serra Moreno, J., S. Panero, S. Materazzi, A. Martinelli,
M. G. Sabbieti, D. Agas, and G. Materazzi. Polypyrrole-
polysaccharide thin films characteristics: electrosynthesis
and biological properties. J. Biomed. Mater. Res. Part A
88A:832–840, 2009.

46Serra Moreno, J., M. G. Sabbieti, D. Agas, L. Marchetti,
and S. Panero. Polysaccharides immobilized in polypyrrole
matrices are able to induce osteogenic differentiation in
mouse mesenchymal stem cells. Med: J. Tissue Eng. Re-
gen., 2012.

47Silk, T., Q. Hong, J. Tamm, and R. G. Compton. AFM
studies of polypyrrole film surface morphology II.
Roughness characterization by the fractal dimension ana-
lysis. Synth. Met. 93:65–71, 1998.

48Smela, E., and N. Gadegaard. Volume change in polypyr-
role studied by atomic force microscopy. J. Phys. Chem. B
105:9395–9405, 2001.

49St. Pierre, C. A., M. Chan, Y. Iwakura, D. C. Ayers, E. A.
Kurt-Jones, and R. W. Finberg. Periprosthetic osteolysis:
characterizing the innate immune response to titanium
wear-particles. J. Orthop. Res. 28:1418–1424, 2010.

50Thompson, B. C., S. E. Moulton, R. T. Richardson, and G.
G. Wallace. Effect of the dopant anion in polypyrrole on
nerve growth and release of a neurotrophic protein. Bio-
materials 32:3822–3831, 2011.

51Wang, X., X. Gu, C. Yuan, S. Chen, P. Zhang, T. Zhang, J.
Yao, F. Chen, and G. Chen. Evaluation of biocompati-
bility of polypyrrole in vitro and in vivo. J. Biomed. Mater.
Res. Part A 68A:411–422, 2004.

52Wang, Z., C. Roberge, L. H. Dao, Y. Wan, G. Shi, M.
Rouabhia, R. Guidoin, and Z. Zhang. In vivo evaluation of
a novel electrically conductive polypyrrole/poly(D,L-lactide)
composite and polypyrrole-coated poly(D,L-lactide-co-gly-
colide) membranes. J. Biomed. Mater. Res. Part A 70A:28–
38, 2004.

53Wollenweber, M., H. Domaschke, T. Hanke, S. Boxberger,
G. Schmack, K. Gliesche, D. Scharnweber, and H. Worch.
Mimicked bioartificial matrix containing chondroitin sul-
phate on a textile scaffold of poly(3-hydroxybutyrate) al-
ters the differentiation of adult human mesenchymal stem
cells. Tissue Eng. 12:345–359, 2006.

54Wolszczak, M., J. Kroh, and M. M. Abdel-Hamid. Some
aspects of the radiation processing of conducting polymers.
Radiat. Phys. Chem. 45:71–78, 1995.

55Wu, S., J. Chang, C. Wang, G. Wang, and M. Ho.
Enhancement of chondrogenesis of human adipose derived
stem cells in a hyaluronan-enriched microenvironment.
Biomaterials 31:631–640, 2010.
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Abstract

Polypyrrole (PPy) has gained interest as an implant material due to its multifunctional
properties  and  its  high  compatibility  with  several  cell  and  tissue  types.  For  the  first
time, the biocompatibility and osteogenic induction of PPy coating, incorporated with
chondroitin sulfate (CS), were studied in vivo by implanting PPy-coated
bioabsorbable polymer composite bone fixation screws into New Zealand white
rabbits. Uncoated bioabsorbable polymer composite screws and commercially
available stainless steel cortical screws were used as reference implants. The rabbits
were euthanized 12 and 26 weeks after the implantation. The systemic effects were
evaluated from food and water consumption, body weight, body temperature, clinical
signs, blood samples, internal organs weights, and histological examination. Local
effects were studied from bone tissue and surrounding soft tissue histology. New bone
formation was evaluated by micro-computed tomography, tetracycline labelling and
torsion tests.

The coated screws induced significantly more bone formation than the uncoated
screws. In addition, none of the implants induced any systemic or local toxicity. The
results suggest that PPy is biocompatible with bone tissue and is a potential coating
for enhancing osteointegration in orthopedic implants.

Keywords: Polypyrrole (PPy); Absorbable screw; Biocompatibility; In vivo;

Osteointegration.
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Introduction

Poly-(lactide/glycolide) copolymers (PLGA) are widely used as bioabsorbable
polymers in bone fracture fixations due to biocompatibility, non-toxicity and simple
processability (Tian et al., 2012). However, common disadvantages of polylactide and
its copolymers as a bone implant material are their non-polar and hydrophobic surface
properties, which limit cell attachment on the implant surface (Ajiro et al., 2012;
Wang et al., 2005). Several surface modification methods have been tested for
overcoming this problem, including incorporation of growth factors and mixing
polymers with osteoconductive calcium phosphates (Son et al., 2011; Zhang et al.,
2009; Zhou et al., 2012). These methods may contribute to distinct properties, such as
enhancement of osteointegration in the case of calcium phosphates (Zhou et al., 2012),
but they face limitations when highly controllable multifunctionality is desired.

Polypyrrole (PPy) is a promising polymer coating for medical implant materials
due to its multifunctional properties, such as controlled drug delivery,
biocompatibility and relatively high electrical conductivity (De Giglio et al., 2001). It
is the most frequently investigated conductive polymer due to its easy synthesis, good
tunability of the surface properties and long-term ambient stability (Shi et al., 2004).
Furthermore, PPy incorporated with a variety of biomolecules has been investigated
in several osteogenic applications in vitro (Castano et  al., 2004; Meng et al., 2013;
Meng et  al., 2011; Pelto et al., 2013; Serra et  al., 2012; Zhang et  al., 2013). Among
these  studies,  Pelto  et  al.  studied  a  chemically  polymerized  PPy  coating  on  fibrous
non-woven polylactide scaffolds seeded with human mesenchymal stem cells (MSCs);
they reported enhanced early osteogenic differentiation on the PPy-coated scaffolds
(Pelto et al., 2013). In addition to MSCs, PPy has also proven to be compatible with
many other cell types such as endothelial cells, PC-12 cells and osteoblasts (De Giglio
et al., 2000; Garner et al., 1999; Pelto et al., 2013; Schmidt et al., 1997).

The in vitro and in vivo biocompatibility of PPy, in both chemically and
electrochemically synthetized forms, has been investigated in depth by Wang et al
(Wang X. et al., 2004).  When a PPy coated silicone tube was applied to bridge the
gap of the transected sciatic nerve of rat, they observed only a mild inflammatory
reaction 6 months postoperatively. The PPy extraction solution was found to possess
neither acute nor subacute toxicity, which further suggested the high biocompatibility
of PPy with nerve tissue.  Furthermore,  PPy has been demonstrated to have a high in
vivo compatibility with several other tissue types, such as the hypodermis of rats,
guinea pig brain, and mice peritoneum (Cui et al., 2003; Jiang et al., 2002;
Ramanaviciene et al., 2007; Wang X. et al., 2004). PPy-coated polyester fabrics have
been reported to show a similar or milder inflammation in comparison to non-coated
fabrics when implanted into the backs of rats (Jiang et al., 2002). Moreover, no
significant inflammation was detected in another study where PPy/hyaluronic acid
and PPy/polystyrene sulfonate composite was implanted into subcutaneous pouches in
rats for 6 weeks (Collier et al., 2000).  PPy  has  also  shown  its  potential  as  a
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blood-contacting material without adverse effects on hemolysis or coagulation (Zhang
et al., 2001).

Despite the several in vivo compatibility studies and the proven osteogenic
potential of PPy in vitro, the influence and compatibility of PPy in bone tissue in vivo
had not been shown before. We therefore investigated the in vivo biocompatibility
and new bone formation of the PPy coating on bioabsorbable bone fixation composite
screws of poly-(lactide/glycolide) copolymer (PLGA) and -tricalcium phosphate
(TCP).

Materials and methods

Polypyrrole coating

Pyrrole monomer, ferric chloride hexahydrate (FeCl3)  and  chondroitin  6-sulfate  A
sodium salt (CS) from bovine tracheae were purchased from Sigma-Aldrich (St. Louis,
USA). Pyrrole was distilled for purity in a vacuum before use. Other reagents were
used without any further purification. Distilled water and ethanol (Altia Oyj,
Rajamäki, Finland) were used in the polymerizations. PPy was oxidatively
polymerized on PLGA- -TCP-composite screws (ActivaScrew™ TCP, Bioretec,
Tampere, Finland) consisting of 85:15 PLGA mixed with 10 wt% of -TCP. The
screws  were  2  mm  in  diameter  and  10  mm  in  length  (Fig.  1).  The
PLGA- -TCP-composite screws had an x-ray positive marker made of -TCP
inserted into the tip of the screws. FeCl3 was used as an oxidant and CS as a counter
ion to introduce hydrophilicity to the coating. First, the screws were soaked in pyrrole
monomer solution in ethanol (1.3 mol/l, 67 min soaking time) and then transferred
into a freshly prepared FeCl3 aqueous solution (0.5 mol/l, 15 min polymerization time)
containing 1 mg/ml CS. The coated screws were then carefully rinsed with deionized
water  in  an  ultrasonic  bath  and  air-dried.  Gamma  irradiation  of  17.5–26  kGy  (by  a
commercial supplier) was used for the sterilization of the coated and uncoated
bioabsorbable screws. The stainless steel screws (Synthes 211.010, diameter 2.0 mm,
length 10 mm) were sterilized by autoclaving at 121 C.
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Fig. 1. The coated (black), uncoated (white) bioabsorbable screws and a steel screw, which
were implanted into the rabbits’ femurs and tibiae. The screws are 2 mm in diameter and 10
mm in length.

Implantation

The  animal  experiments  were  authorized  by  the  Animal  Ethics  Committee  of  the
Zhongshan Hospital, Fudan University, China [SYXK(2008)-039]. The studies were
conducted  on  17  female  New  Zealand  white  rabbits  with  a  mean  weight  of  3.1  ±
0.1kg. The rabbit was the smallest possible animal model for conducting the study
according to the standard ISO 10993-6 for biocompatibility studies for bone implants.

The animals were randomly separated into 2 groups. In the coated group, 3
rabbits had 3 PPy coated screws implanted in the left leg (n=18). The right leg was
left intact in the group euthanized 12 weeks postoperatively, whereas the rabbits
euthanized 26 weeks postoperatively had steel screws implanted in the right leg in
similar manner to the left leg. In the control group, uncoated screws were implanted in
the left leg (n=18) in a similar manner to coated screws and 3 steel screws were
implanted in the right leg (n=36) as a reference for foreign body reaction. For torsion
tests, 5 rabbits were operated on, implanting 3 PPy coated screws in the left leg (n=15)
leg and 3 uncoated screws in the right leg (n=15).

The surgery was performed under sedation and general anesthesia with diazepam
(2 mg/kg, SunRise Pharma, Shanghai, China) and ketamine (40 mg/kg, GuTian
Pharma, Fujian, China) by intramuscular injection (i.m.). NaCl (0.9 %) (HuaLu
Pharma, Shandong, China) was applied to the eyes to prevent drying. Anesthesia was
maintained by administrating 40 mg/kg ketamine by i.m.

Two mini-incisions were made on the medial side of the distal femur, exposing



6

the distal femur and the upper tibia. The implant hole was drilled with a 1.5 mm drill
bit to a depth of 10 mm and slightly countersunk (2.0 mm) to fit the head of the screw
flush with the bone surface. The holes were tapped (2.0 mm) and the screws were
inserted (Fig. 2). One screw was implanted into the distal femur and 2 screws into the
proximal tibia. The wound was closed with non-absorbable surgical sutures (Ping’An
Medical Equipment CO. Ltd, Huai’an, China) by suturing in 2 layers after saline
(HuaLu Pharma, Shandong, China) irrigation. Penicillin (130,000 U/kg, HuaBei
Pharma, Hebei, China) was used as an antibiotic by i.m. intraoperatively and on the
first postoperative day to prevent infection. For analgesia, animals were dosed with a
subcutaneous injection of buprenorphine hydrochloride (0.03 mg/kg, Drug Research
Pharma, Tianjin, China) once a day for 3 days after the operation.

Fig. 2. Implantation of two coated screws through one mini-incision in the upper tibia (a:
turning screws into the tibia with a screwdriver, b: two screws in the tibia).

To monitor the correct placement of the implants, postoperative radiographs of
both  hind  legs  were  taken  in  the  medio-lateral  projections  (49  kV,  5.0  mA,  33  ms,
digital X-ray machine, Siemens, Germany) 8 weeks postoperatively. The animals
were euthanized 12 and 26 weeks postoperatively with an overdose of ketamine
hydrochloride (GuTian Pharma, Fujian, China). For tetracycline fluorescence
detection, tetracycline (30 mg/kg, Sigma, USA) was injected intramuscularly 8 and 1
days before euthanasia.

Clinical signs

The rabbit’s appearance, behavior and food and water consumption were observed
twice  daily  on  weekdays  and  once  daily  on  weekends.  Implantation  sites  were
examined for the first 5 days postoperatively and weekly throughout the study. Body
temperature and weight were measured prior to the implantation as well as 48 hours
and 2, 4, 12 and 26 weeks postoperatively.
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Hematology and clinical chemistry

For subchronic toxicity testing of the coated screws, hematology and clinical
chemistry were performed prior to the implantation as well as 48 hours, and 2, 4, 12
and 26 weeks postoperatively. The blood samples were drawn from the central
auricular artery under anesthesia without overnight deprivation of food. The
hematological analyses were performed on an automatic hemocyte analyzer
(XS-1000i and CA1500, Sysmex Japan) and chemical analyses on a biochemical
automatic analyzer (P800/ P2400, Roche, Switzerland) at Labway Clinical Laboratory
Limited (Shanghai, China).

Organ examination

Organs were weighed immediately after dissection to avoid drying and subsequently
false low values. For bilateral organs, the left and right organs were weighed together.
Subchronic toxicity was examined from organ weights, macroscopic examinations
during necropsy, and histology of the internal organs. All the organ samples were

xed in 10 % neutral buffered formalin (XingYinHe Chemical Ltd, Hubei, China) and
the samples were dehydrated and embedded in paraffin (FangZheng Chemical Ltd,
Sichuan, China). Paraffin blocks were cut into thin sections of 5 m in thickness and
stained with Hematoxylin and Eosin (Vaijayanthimala et al., 2012). Histological
evaluation was performed under an optical microscope (Axio Imager M1, Zeiss, Jena,
Germany) with AxioVision SE64 software (Zeiss, Jena, Germany).

Soft tissue examination

Soft tissue of 3 mm thickness around the head of the screws (uncoated, coated and
steel screws) was selected for routine histology. The soft tissue samples were
processed in the same manner as the organ samples. The coated and uncoated screw
samples were evaluated semi-quantitatively, including the quantitative comparison of
inflammation polymorphonuclear cells, lymphocytes, plasma cells, macrophages and
giant cells, as well as qualitative comparison of the extent of necrosis,
neovascularization, fibrosis and fatty infiltrate.

Torsion test

To characterize the attachment strength of the bone to the screws, torsion tests (Iijima
et al., 2008) were performed on the day of euthanasia. Adherent soft tissue and newly
formed bone tissue were carefully dissected around the screw head. The front tooth
structure of metal rod was locked with the screw head. A hexagonal screwdriver
linked to the sensor of a digital torque meter (HDP-5, Tuojing Measuring Instrument
Limited Co, Shanghai, China) was then used to rotate the screws in order to capture
the peak value of the torsion force (Fmax, Nm) during the course of screw’s loosening.
The longitudinal axis of a hexagonal screwdriver was aligned with the metal rod’s
fixed direction. According to the manufacturer’s guideline, the absorbable screws start
to degrade after 16 weeks, hence the torsion test was carried out 12 weeks after
implantation.
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Micro-CT examination

The bone specimens with the implanted screws were harvested and bony tissue
surrounding the coated and uncoated screws in the rabbit’s femur and tibia was
scanned non-destructively by micro-CT (µCT-80, Scanco Medical AG, Zurich,
Switzerland at the 12-week time point; Inveon PET/CT, Siemens AG, Munich,
Germany  at  the  26-week  time  point).  As  the  diameter  of  the  screw  was  2  mm,  a
circular area with a diameter of 2.2 mm was selected for scanning the screw and its
surrounding tissue. A similar scan was repeated with a 2.0 mm diameter and deducted
from the first area. The relative amount of mineralized tissue (including new and old
bone tissue) was calculated from the residual area. At the 12-week time point, the
micro-CT (µCT-80) images were recorded on a 1024×1024 charge-coupled device
detector, with the pixel size set to 20 m. 3D histomorphometric analysis, including
the measurements of total volume and mineral density of the implants, was performed
automatically with the FEA software (Scanco Medical AG, Zurich, Switzerland). The
samples at the 26-week time point were recorded on a 1888×2048 charge-coupled
device detector with an effective pixel size of 9.5 µm. The images were analyzed with
Inveon Research Workplace software (Siemens AG, Munich, Germany). The images
were segmented using a nominal threshold value of 220 at both time points.

Tetracycline labelling

The bone specimens including implants were harvested to observe the bone formation
around the coated and uncoated screws. The bone samples were dehydrated in acetone
for 1 month and embedded in methyl methacrylate (MMA) (Suicheng Chemical Ltd,
Guangzhou, China) without decalcification. Subsequently, the MMA blocks were cut
into 200 µm slices with the EXAKT cutting system (E300CP, Norderstedt, Germany)
and polished to a thickness of 20 m. Distances between the 2 tetracycline
fluorescence lines were measured under a microscope (Axio Imager M1, Zeiss, Jena,
Germany) with AxioVision SE64 software (Zeiss, Jena, Germany).

Hard tissue examination

Hard tissue histology was conducted from the tetracycline-labelled samples. After
examining the tetracycline fluorescence lines of the slices, toluidine blue (ZiYi
Chemical Ltd, Shanghai, China) (Deng et al., 2008) was added on the slices for 15
min. Subsequently, coverslips were mounted for 2 days at room temperature. The
slices were analyzed under an optical microscope (Axio Imager M1). The number of
osteoblasts and chondroblasts at the bone-implant contact (BIC) was counted under
the microscope (Di Iorio et al., 2006).

Statistical analysis

The statistical  analyses  were  performed with  SPSS version  17  (SPSS,  Chicago,  IL).
One-way analysis of variance (ANOVA) with Fisher's Least Significant Difference
(LSD) was used for analyzing blood samples. Student’s T test was used to compare
the  mean  values  of  the  coated  and  uncoated  group  within  the  time  points  for  the
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torsion test, micro-CT, tetracycline labelling hard tissue histology, weight and
temperature. All quantitative data is presented as mean ± standard error of mean
(SEM) and p< 0.05 was considered statistically signi cant.

Results

Postoperative examination

All rabbits recovered uneventfully after surgery with the exception of 1 decubitus
ulcer and 1 slight dehiscence of the surgical wound 3 weeks postoperatively.
Radiography showed that the X-ray markers of the biodegradable screws were visible
and correctly positioned (Fig. 3.).

Fig. 3. Radiographs of one rabbit 8 weeks postoperatively. The red arrows show the -TCP
marker in the bone, the yellow arrows point at the steel screws.

Hematology and clinical chemistry

The monocyte and platelet count and blood urea nitrogen were significantly higher in
the uncoated group compared to coated group 2 weeks postoperatively. Furthermore,
the white blood cell count and platelet count were significantly higher in the uncoated
group than in coated group 12 weeks postoperatively. No significant differences
between the coated and uncoated group were found at any other time points. When
the  blood  samples  taken  prior  to  surgery  were  used  as  a  baseline,  the  values  in  the
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uncoated group did not vary significantly. However, in the coated group creatinine
values per weight were significantly higher 2 and 4 weeks after the surgery (79.67 ±
3.71 mol/l and 92.23 ± 5.24 mol/l respectively), yet still within normal ranges
(26.5-115 mol/l; Giessler et al., 2007); the values recovered to baseline level after 12
weeks. At the 26-week time point, there were no statistically significant differences
between the coated and uncoated groups.

Organ examination

Macroscopic and microscopic examination of the organs during the necropsy revealed
that there were no significant differences in weights and histology between the 2
groups at the 12- and 26-week time points.

Soft tissue examination

All the heads of the coated, uncoated and steel screws were covered by a new callus
that was greater in size at the 26-week time point than at the 12-week time point. Only
slight hematoma, edema or encapsulation were found in the soft tissue around the 3
implantation sites that did not show obvious differences in macroscopic examination
at the 12- and 26-week time points. Semi-quantitative evaluation also showed no
differences among the 3 screw types (data not shown) at the 12-week time point.
However at the 26-week time point, the irritation level, relative to the corresponding
steel screws, was found to be higher in the uncoated screws compared to the coated.

Torsion test

Torsional forces were captured from all of the samples during the course of screws’
rotation even though 5 coated screws and 2 uncoated screws broke during the
mechanical testing. A significantly higher torsional peak value was measured for the
coated screws when compared to the uncoated screws (Fig. 4) at the 12-week time
point.

Fig. 4. The peak values of the torsion force of the coated screws were significantly higher
than those of the uncoated screws at 12-week time point. (*) Significant difference (p < 0.05).
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Micro-CT evaluation

Micro-CT measurements taken 12 and 26 weeks postoperatively revealed a
significantly greater amount of mineralized tissue in the coated samples than in
uncoated ones (Fig. 5). Representative images from each group are shown in Fig. 5a.
The cylinder shaped -TCP marker of the bioabsorbable screw shown in the images is
surrounded by PLGA- -TCP composite. Due to the selected micro-CT parameters
PLGA- -TCP composite is not apparent in the figures. Mineralized areas were
evident in the surrounding tissue in most of the samples.

Fig. 5. Micro-CT measurements of the implant areas. (a) Representative 3D images of the
absorbable implants harvested 26 weeks postoperatively. (a1 and a4) Screw heads facing
towards the viewer. (a2 and a5) Side projections of the screws. (a3 and a6) Representative
images of the micro-CT measurement area around the screws (b) Quantitative micro-CT
analysis revealed that the bone volume of the coated screws was significantly higher than that
of the uncoated screws at the 26-week time point. (*) Significant difference (p < 0.05).
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Tetracycline fluorescence measurement

Coated samples (Fig. 6b, Fig. 7b) showed a significantly longer distance between the
2 tetracycline lines than the uncoated samples (Fig. 6a, 7a) as presented in Fig. 6c and
7c at the 12- and 26-week time points, respectively. This reflects the significantly
greater new bone formation rate of the coated samples.

Fig. 6. Tetracycline fluorescence measurement between two yellow bands (blue arrows)
evaluating the new bone formation rate at 12-week time point. (a) Uncoated group ( : part
of an uncoated screw); (b) Coated group ( : part of a coated screw). Scale bar 100 m; (c)
Quantitative analysis revealed that the new bone formation rate of the coated screws was
significantly higher than that of the uncoated screws at 12-week time point. (*) Significant
difference (p < 0.05).
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Fig. 7. Tetracycline fluorescence measurement between two yellow bands (blue arrows)
evaluating the new bone formation rate at 26-week time point. (a) Uncoated group ( : part
of an uncoated screw); (b) Coated group ( : part of a coated screw). Scale bar 100 m; (c)
Quantitative analysis revealed that the new bone formation rate of the coated screws was
significantly higher than that of the uncoated screws at 26-week time point. (*) Significant
difference (p < 0.05).

Hard tissue histological evaluation

At the 12-week time point, the coated samples (Fig. 8b) showed a darker blue band,
indicating a greater amount of new bone compared to the uncoated samples (Fig. 8a).
Furthermore, the total number of osteoblasts and chondroblasts at the BIC in the
coated group was significantly higher than that in the uncoated group (Fig. 8c.). The
parts of the coated and uncoated screws in the marrow cavity were expanded and
degraded, while the parts contacting the bone tissues showed good integrity. The
expansion had most probably occurred during the sample fixation step with acetone.
The solvent was therefore changed to formaldehyde for the 26-weeks samples and no
swelling of the screws was observed at that time point. Some fibrotic tissue was
apparent under the screw threads, which resulted from the compression irritation of
the tissue during the implantation. The BIC showed no inflammation in the coated and
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uncoated group at either of the time points. However, at the 12-week time point, the
BIC of the uncoated group was larger than that of the coated group, as demonstrated
by a white band seen in the uncoated samples. In the coated group at the 12-week
time point, dark bands were found at the BIC, which resulted from PPy stained by
toluidine blue.

At the 26-week time point, woven bone was found in greater amounts in the
coated sample groups than in the uncoated sample groups (Fig. 9), which was
demonstrated by a significantly greater number of osteoblasts and chondroblasts (Fig.
9c.). However, the blue band indicating new bone was now similar in the coated and
uncoated samples. Small traces of PPy were apparent in the coated samples yet the
amount of PPy was notably lower at the 26-week time point than at the 12 week time
point. The area of the PLGA- -TCP composite in both coated and uncoated samples
was substantially smaller than those observed at the 12-week time point, and new
bone tissue appeared in close proximity to the -TCP marker.
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Fig. 8. Toluidine blue staining 12 weeks after implantation for hard tissue samples. (a)
Uncoated screw (scale bar 500 m). (a’) The magnification of the interface between the
uncoated screw and bone revealed a thin detectable new bone (NB) band (scale bar 100 m).
(b) Coated screws (scale bar 500 m). (b’) The magnification of the interface between the
coated screw and bone (scale bar 100 m). NB was clearly detectable as indicated by a thick
band on the surface. PPy coating appears as a black band. (MC: marrow cavity, M: PLGA
and -TCP, T: pure -TCP). (c) The total number of osteoblasts and chondroblasts at the BIC
in coated group was significantly higher than that in the uncoated group. (*) Significant
difference (p<0.05).
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Fig. 9. Toluidine blue staining 26 weeks after implantation for hard tissue samples. (a)
Uncoated screw (scale bar 500 m). (a’) The magnification of the interface between the
uncoated screw and bone revealed a thin detectable new bone (NB) band (scale bar 100 m).
(b) coated screws (scale bar 500 m). (b’) The magnification of the interface between the
coated screw and bone (scale bar 100 m). NB was clearly detectable as indicated by a thick
band on the surface. PPy coating appears as a black band. (MC: marrow cavity, M: PLGA
and -TCP, T: pure -TCP). (c) The total number of osteoblasts and chondroblasts at the BIC
in the coated group was significantly higher than that in the uncoated group. (*) Significant
difference (p < 0.05).
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Discussion
In orthopedic surgery, loosening of the implant is the most common cause of failure
in internal fixation (Cordova et  al., 2014; Scioscia et al., 2001). Therefore many
coating methods have been used to enhance the bonding between bone and the surface
of an orthopedic implant to improve its osteointegration (Bosco et al., 2013; Browne
Gregson, 2000; Chen et al., 2006; De Giglio et  al., 2007; De Giglio et  al., 2001;
Edlund et al., 2008; Somayaji et al., 2010).  Of these coatings,  PPy could provide an
interesting approach due to its multifunctional properties. For instance, PPy could
facilitate exploitation of electrical stimulation in controlled drug delivery (De Giglio
et al., 2001; Sirivisoot et al., 2011).  As  PPy  has  previously  shown  a  good
biocompatibility with several tissues (Meng et al., 2013; Meng et al., 2011; Pelto et
al., 2013; Serra et al., 2012) and has excellent cellular attachment properties in vitro
(Pelto et al., 2013),  we  hypothesized  that  PPy  may  augment  the  attachment  of  the
implant in bone tissue, thereby improving new bone formation.

In the present study, systemic toxicity, biocompatibility and osteogenicity of the
PPy coating was studied for the first  time in vivo. As our main finding, PPy coating
significantly promoted new bone formation when compared to the uncoated screws.
This was consistently demonstrated by tetracycline labelling and supported by
micro-CT and torsion tests. In addition, hard tissue histology showed more new bone
tissue and higher number of osteoblasts and chondroblasts around the coated screws
compared to the uncoated screws at both time points. At the 12-week time point, the
BIC of the coated samples was narrower implying better attachment of the coated
screws to the bone tissue compared to the uncoated screws (Fig. 9). At the 26-week
time point, the differences between the coated and uncoated samples were less
apparent as both screw types had new bone formation at the -TCP marker surface.

In the torsion tests, the coated screws required significantly greater torsional
force to be loosened from the surrounding bone. Five coated screws broke during the
torsion tests whereas this occurred only twice with the uncoated screws. This could
indicate a stronger attachment of coated screws to bone tissue, their faster degradation
rate, or that the coating process had compromised the strength of the screws. The
stage of degradation of both screw types at the 12-week time point showed a similar
pattern according to the histology. However, this needs to be elucidated in the future
with adequate methods. In our recent study we showed that PPy induces MSC
proliferation and early osteogenic differentiation over polylactide in vitro. Moreover,
we have also shown that surface roughness of PPy coating plays a major role in cell
attachment and osteogenic response of MSCs to the PPy substrate. Therefore, the
enhanced tissue response of coated screws may be explained be due to more favorable
surface roughness and hydrophilic properties of PPy coating for surrounding cell
response.

The rates of the new bone formation with the PLGA- -TCP screws were in
similar ranges as in earlier studies with polylactide-based bioabsorbable bone fixation
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devices where bone formation was reported to occur between 6 and 12 weeks after
implantation in bone tissue (Felix et al., 2011; Saikku-Backstrom et al., 2001). As
expected, the bulk degradation of the screws in our study did not occur at the 12-week
time point. According to the manufacturer of the PLGA- -TCP screws, the shear
strength of the screws remains at the initial level for 16 weeks and drops to 35% at 26
weeks.

Hard tissue histology at the 12-week time point showed a clear band of PPy
stained by toluidine blue around the implants suggesting that it was still consistently
distributed around implant and therefore played a key role in tissue attachment. At the
26-week time point, only small traces of PPy were found in the hard tissue histology
as the degradation of the inner lying PLGA- -TCP matrix had caused it to crack and
erode. Macrophages did not seem to play a role in PPy elimination at this stage, as
none was apparent in the histological samples. PPy is not inherently degradable but its
ability to erode may contribute to its final elimination from the body (Shi et al., 2004;
Wang Z. et al., 2004). Small water-soluble PPy chains (1700–3200 Da) have been
reported to be excreted by renal clearance (Zelikin et al., 2002). While the creatinine
values in the coated group were elevated 2 and 4 weeks after surgery compared to the
uncoated group, the increased creatinine values were still within normal levels. This
suggests that the PPy coating started to erode 2 weeks after implantation. The
creatinine levels recovered to baseline level 12 weeks postoperatively, showing no
further statistical differences and indicating that the major erosion occurred between
12 and 26 week time points did not affect renal function.

PPy did not induce acute, subacute or subchronic toxicity and proved to be
compatible with bone tissue. No inflammatory cells or allergic reactions were found
around the coated and uncoated screws in the hard tissue histology (Fig. 8 and 9). No
abnormal findings in terms of hematoma, edema or encapsulation in any of the
samples were found on macroscopic observation. In addition, the histological soft
tissue samples around the screw heads showed no abnormal reactions either in the
number of polymorphonuclear cells and macrophages or in the amount of necrosis
and fatty infiltrate. The PPy coating even seemed to lower the level of irritation of the
absorbable screw according to the semi-quantitative evaluation. This finding is
supported by earlier studies conducted on various tissue types (Collier et al., 2000;
Jiang et al., 2002; Ramanaviciene et al., 2007; Wang X. et al., 2004). Moreover, PPy
did not show any systemic effect according to hematology and clinical chemistry.
Significant differences found between the uncoated and coated group were within
normal ranges when compared to the values measured prior to surgery.

Even though several studies have reported the high biocompatibility of PPy,
slight adverse reactions have also been reported (Castano et al., 2004; Ferraz et al.,
2012; Kim et al., 2011; Vaitkuviene et al., 2013). For instance, different
concentrations of PPy monomer used in polymerization can drastically alter cellular
events as a higher PPy concentration during admicellar polymerization has been
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reported to inhibit MSC attachment. It was suggested that the negative effect on cell
attachment in that study was due to an unfavorable thickness and hence a changed
surface roughness of the PPy layer, and not due to toxic components leaching from
the polymer (Castano et al., 2004). Thin PPy layers have been reported to result in a
better cell attachment in studies conducted in vitro and in vivo (Castano et al., 2004;
Shi et al., 2004; Wang Z. et  al., 2004). PPy nanoparticles may also induce slight
adverse reactions on cells. This has been reported to be highly dependable on particle
size (Kim et al., 2011; Vaitkuviene et al., 2013). Moreover, the aging of the PPy has
been suggested to have a negative effect on its biocompatibility with
nanocellulose-PPy composites, which showed evidence of cytotoxicity in several
conditions after 4 weeks of storage (Ferraz et  al., 2012). The coated screws in our
study were stored in appropriate sterile packages for 10 months at ambient
temperature before implantation, and the PPy did not show signs of increased
cytotoxicity when compared to uncoated screws. Nevertheless, longer-term effects of
the coating require evaluation in the future studies.

Conclusion
The PPy coating on PLGA- -TCP screws significantly enhanced new bone formation
during the 26-week implantation period and significantly facilitated the attachment of
the screws in bone tissue up to 12 weeks postoperatively. Moreover, the PPy coating
and its erosion products did not show any increased adverse reactions locally or
systematically. These results highlight the potential of PPy as a multifunctional
osteogenic coating material to facilitate better bone tissue-implant interactions.
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